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Abstract  

Boreal lakes are important emitters of the potent greenhouse gas (GHG) methane (CH4) to the 

atmosphere. The atmospheric concentration of CH4 has more than doubled since the beginning 

of the Industrial Revolution contributing to an increased uptake of energy by the climate system 

and associated climate change. Once produced in the anaerobic decomposition of organic 

matter in the lake sediment, CH4 can be transported through the water column and released to 

the atmosphere via predominately two emission pathways: ebullition (i.e., bubble flux) and 

diffusion. The goal of this work was to obtain a measure of the CH4 ebullition and diffusion 

from a selection of lakes in the southeast Norway. This was used to examine the variation in 

CH4 emissions from lakes ranging from clear oligotrophic mountain lakes to coloured 

dystrophic forest lakes – a gradient that has received little attention in previous studies of CH4 

emissions from boreal lakes. Ebullition was attempted quantified by mapping of ebullition 

bubbles frozen in lake ice as well as by using bubble traps to capture ebullated CH4, while 

diffusion was estimated using data from The 100 lakes survey conducted in 2019 and 

meteorological data. Unfortunately, due to opaque white ice conditions and several weaknesses 

regarding the bubble trap design, the magnitude of ebullition could not be examined. The 

average diffusive flux was 153 µmol m-2 d-1, but further work is needed to improve the accuracy 

of the estimates. The major governing factors for the CH4 flux were lake area, the amount and 

quality of organic matter, and redox conditions, with larger emissions from smaller lakes and 

with increasing dystrophy.   
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1 Introduction 

The greenhouse effect is an actual factor essential for life as we know it on Earth (Schlesinger 

& Bernhardt, 2013). It depends on radiatively active gases, often termed “greenhouse gases” 

(GHGs), in the atmosphere. These gases are capable of absorbing longwave infrared radiation 

emitted from the sun-warmed surface of the Earth and reradiate it back into the biosphere. 

Atmospheric concentrations of GHGs, such as carbon dioxide (CO2), methane (CH4) and 

nitrous oxide (N2O), have increased since the beginning of the Industrial Revolution, leading 

to an increased uptake of energy by the climate system and an associated climate change (IPCC, 

2014). The largest relative increase has been observed for CH4 - its atmospheric concentration 

has increased by 150% since pre-industrial times (IPCC, 2014). This more than doubling in the 

concentration of CH4 is of major relevance, since CH4 is the second most important carbon-

based GHG in the atmosphere after CO2. The atmospheric lifetime of CH4 (~10 years) is 

relatively short compared to the atmospheric lifetime of CO2 (~100 years), and it exists in far 

lower concentrations than CO2. Still, the increase in CH4 is responsible for about 20% of the 

global warming on Earth induced by long-lived GHGs since pre-industrial times (Kirschke et 

al., 2013). This is due to that CH4 is a stronger absorber of the long range infrared radiation 

emitted from earth than CO2, as assessed by its global warming potential (GWP) of 28 (i.e., 

times greater than CO2) over a 100 year perspective (IPCC, 2014). Global warming and 

associated climate changes are major challenges facing the modern society and sustainability 

goals. Knowledge of the global atmospheric CH4 budget is thus a prerequisite in order to 

produce adequate climate projections and inherently, realistic pathways to mitigate climate 

change.  

The global atmospheric CH4 budget is determined by multiple sources, which are of both 

anthropogenic and natural origin, primarily balanced by one sink, that is, the oxidation of CH4 

by hydroxyl radicals (OH∙) in the troposphere (Ehhalt, 1974; Saunois et al., 2020). Although a 

significant segment of the global CH4 budget is well described, the relative contributions of 

different sources to the total CH4 emission are uncertain, particularly regarding the magnitude 

of CH4 emissions from natural sources (Saunois et al., 2020). Natural sources are estimated to 

account for approximately 40% of the global CH4 emissions, of which wetlands are the main 

contributors, constituting about 20% of the total (natural and somewhat anthropogenic) CH4 

flux (Saunois et al., 2020). While wetlands have been known to be significant natural 

contributors to atmospheric CH4 for a long time, freshwater systems in general, including lakes, 
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rivers, ponds, streams and reservoirs, have during the past two decades been receiving 

increasing attention as important, but uncertain, sources to the global atmospheric flux of CH4 

(Bastviken et al., 2004, 2011; Kirschke et al., 2013; Saunois et al., 2016, 2020). Rough 

estimates, ranging from 8-212 Tg CH4 yr-1, place freshwaters as the second largest natural 

source of atmospheric CH4 after wetlands, of which lakes contribute about 70% of the total 

freshwater emissions (Bastviken et al., 2011; Kirschke et al., 2013; Saunois et al., 2016, 2020). 

Thus, although lakes comprise a small portion of the Earth’s land surface (i.e., only 3.7% of 

Earth’s nonglaciated area), they are important sources of atmospheric CH4, especially at boreal 

high latitudes which are the home to a large fraction of all lakes on Earth (Verpoorter et al., 

2014; Wik et al., 2016). Walter et al. (2007) estimated that northern lakes (>45o N) emit 24.2 ± 

10.5 Tg CH4 yr-1, while Bastviken et al. (2011) estimated emissions from lakes north of 54o N 

to be 13.4 Tg CH4 yr-1. A synthesis by Wik et al. (2016) of field measurements from 733 lakes 

and ponds north of ~50o N suggested that these water bodies emit 16.5 ± 9.2 Tg CH4 yr-1 

implying that they represent a dominant source of CH4 at high northern latitudes.  

Once CH4 is produced in the anoxic sediment of a lake as a waste product of anaerobic organic 

matter decomposition, it faces one of two fates: it can be consumed within the lake or emitted 

to the atmosphere through various pathways, of which diffusion and ebullition (i.e., bubble 

flux) constitute the main emission pathways (Bastviken et al., 2004). While diffusive flux is 

commonly estimated from the concentration of CH4 in the water along with meteorological data 

such as wind speed, the magnitude of ebullition can be examined through bubble surveys on 

frozen lakes. When ice forms on lakes, these rising CH4-rich bubbles are frozen in the ice, 

creating distinct bubble patterns in the lake ice which are associated with different flux 

magnitudes. The winter season at northern high latitudes thus provides a unique opportunity to 

examine the magnitude of CH4 emissions from lakes. Moreover, the ebulating CH4 can be 

captured by deploying submerged bubble traps (Walter et al., 2006).  

A number of studies have assessed the main explanatory parameters for the spatial variation in 

CH4 emissions from northern boreal lakes. These studies found that the major governing factors 

were lake size, along with total organic carbon (TOC) and total phosphorous (TOT-P) 

concentrations. The TOC is a common proxy for the amount of dissolved natural organic matter 

(DNOM), while the TOT-P reflects the trophic state of the lake. Higher emissions per unit area 

were found from smaller lakes, and from lakes with high levels of TOC and TOT-P (Huttunen 

et al., 2003; Bastviken et al., 2004; Juutinen et al., 2009; Kankaala et al., 2013; Yang et al., 

2015). However, the focus of these studies has mainly been on Swedish and Finnish lakes that 
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have relatively small gradients in TOC concentrations (Figure 1-1). Little attention has been 

given to lakes ranging from clear oligotrophic mountain lakes to coloured, dystrophic forest 

lakes – a gradient that is found in the variable Norwegian landscape. Highly coloured lakes (i.e., 

dystrophic lakes) are caused by the input of DNOM from the terrestrial environment (i.e., 

allochthonous). The terrestrial export of DNOM to Nordic lakes has increased during the last 

three decades, causing a pronounced browning of recipient waters, with similar observations 

reported across other parts of Europe and North America (e.g. Worrall et al., 2004; Evans et al., 

2005; Vuorenmaa et al., 2006; Monteith et al., 2007; de Wit et al., 2007, 2016; Garmo et al., 

2020; Hindar et al., 2020). Moreover, this browning is predicted to be further promoted upon 

future climate changes, possibly increasing the oligotrophic-dystrophic gradient (Larsen et al., 

2011a; de Wit et al., 2016). A key issue is thus how past, present, and future browning trends 

affect CH4 emissions from lakes. The input of terrestrial DNOM provides organic substrate 

fuelling heterotrophic respiration. The associated oxygen (O2) consumption stimulates the 

development of anoxic conditions that allow the production of CH4 to proceed and limits its 

oxidation in the water body (Yang et al., 2015; Stanley et al., 2016). Hence, whereas CH4
 has a 

strong influence on climate through its role as a GHG in the atmosphere, climate change and 

associated browning may also influence CH4 emissions from lakes, possibly constituting a 

positive feedback process.  
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Figure 1-1. Map of TOC concentrations in Nordic lakes. Reproduced from Skjelkvåle et al. 

(2001).  

 

1.1 The 100 lakes survey  

This thesis is based on The 100 lakes survey. In close cooperation with the Norwegian Institute 

for Water Research (NIVA), the Centre for Biogeochemistry in the Anthropocene (CBA) at the 

University of Oslo (UiO) conducted a complementary survey on 73 of the ~1000 lakes that 

were sampled in the National lake survey 2019. The National lake survey 2019 is the last in a 

series of corresponding surveys, commonly referred to as the 1000 lakes surveys, and aimed to 

provide an overview of water chemistry and changes since the previous survey in 1995 (Hindar 

et al., 2020). The aim of The 100 lakes survey was to examine additional parameters, including 

the concentrations of dissolved GHGs such as CH4 (CBA, 2020). The sampling was conducted 

more or less simultaneously as the National lake survey 2019, that is, during autumn overturn 

from October to November 2019, and included lakes in southeast Norway covering gradients 

from oligotrophic mountain lakes to dystrophic forest lakes (CBA, 2019). The resulting dataset 
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provides an opportunity to estimate CH4 diffusive fluxes from these lakes to the atmosphere 

and thereby to examine its variation along a gradient that has received little attention in the 

literature.  

 

1.2 Aim of master thesis 

The aim of this master thesis was to examine CH4 emissions from a selection of lakes in 

southeast Norway by 1) conducting ice-bubble surveys and gas sampling using bubble traps, 

and 2) estimating CH4 diffusive fluxes using measurements made in The 100 lakes survey and 

meteorological data. Additionally, the aim was to relate spatial variations in CH4 diffusive 

fluxes to lake characteristics, such as TOT-P and TOC concentrations, and lake area and 

altitude. The hypothesis to be tested is that smaller dystrophic and eutrophic low altitude lakes 

are stronger emitters of CH4 to the atmosphere than larger, high altitude and more oligotrophic 

lakes.  
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2 Theory  

2.1 The role of lakes in carbon cycling  

Despite the small area occupied by lakes on Earth, they play a substantial role in the global 

carbon (C) cycle (Cole et al., 2007; Tranvik et al., 2009; Bastviken et al., 2011). In addition to 

the photosynthetic assimilation of dissolved CO2 (i.e., autochthonous C), the organic C pool in 

lakes is subsidized by DNOM that is exported from the terrestrial environment by runoff (i.e., 

allochthonous C) (Cole et al., 2007; Tranvik et al., 2009). The relative importance of 

autochthonous versus allochthonous organic C is highly variable, but the latter is often the 

predominant fraction of the DNOM pool in boreal lakes (Tranvik et al., 2009). For practical 

purposes DNOM is commonly defined as the fraction of natural organic matter (NOM, i.e., all 

forms of natural occurring organic materials found in nature) in aqueous solution that passes 

through a 0.45 µm filter, which is in contrast to particulate organic matter (POM) that is retained 

on the filter (Perdue & Ritchie, 2003). From a compositional perspective, DNOM can be 

characterized as a heterogenous mixture of organic molecules resulting from the incomplete 

degradation and transformation of plant, animal and microbial remains and excretion products 

(Bolan et al., 2011). Hence, DNOM consists of identifiable organic compounds such as 

carbohydrates, lipids, carboxylic acids, amino acids, proteins and hydrocarbons, as well as a 

fraction of complex uncharacterized compounds known as humic substances. The main 

elements of DNOM are carbon, hydrogen and oxygen, with carbon constituting approximately 

50% of its mass (Perdue & Ritchie, 2003; McDonald et al., 2004).  

Along with other inland waters, lakes serve as connectors, or “pipes”, between land and ocean. 

While previously considered as passive pipes that receive and transport organic C from 

terrestrial landscapes to oceans, lakes are now acknowledged as active components of the global 

C cycle (Cole et al., 2007). In the active pipe model, the amount of organic C that inland waters 

deliver to the oceans is only a fraction of that entering the system from the terrestrial 

environment. This is because a large fraction of the organic C influx is stored in the sediments 

or returned to the atmosphere as CO2 and CH4, formed in the microbial decomposition of 

organic C. Thus, lakes are important agents in the coupling of land, oceans and atmosphere, 

and thereby influence the atmospheric budgets of C-based GHGs. 
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2.2 CH4 - a product of organic matter degradation in lake sediments   

The general principle of metabolic processes is that organisms gain energy by transferring 

electrons from an electron donor to an electron acceptor (Bastviken, 2009). In the presence of 

O2, organic matter is decomposed by heterotrophic bacteria to CO2 and water using O2 as an 

electron acceptor. However, the diffusion of O2 is about 104 times slower through water than 

air, and the summer and winter stratification of dimitic northern lakes prevents vertical mixing 

of the water, and thereby the delivery of O2 to the bottom water (i.e., hypolimnion) (Schlesinger 

& Bernhardt, 2013; Forsgren et al., 2015). Thus, the upper water layer (i.e., epilimnion) readily 

exchanges O2 with the overlying atmosphere and receives O2 from the autotrophic primary 

production in the zone with photosynthetic active radiation (PAR). The hypolimnion, on the 

other hand, receiving a “drizzle” of dead organic matter from the epilimnion, can become 

depleted when O2 consumption by respiration of the organic matter exceeds the rate of delivery 

by diffusion (Megonigal et al., 2003). Moreover, the constraints on O2 delivery causes 

especially lake sediments to be anoxic – a condition with important implications for the 

degradation of organic matter that settles to the lake sediment.  

When O2 is depleted by aerobic respiration, nitrate (NO3
-) becomes the best alternative electron 

acceptor, followed by manganese (IV) (Mn4+), iron (III) (Fe3+) and sulphate (SO4
2-) 

(Schlesinger & Bernhardt, 2013). When all alternative electron acceptors have been exhausted, 

methanogenesis is the final step in the degradation of organic matter – a type of anaerobic 

respiration where the organic C acts as the electron acceptor being reduced to -IV in CH4. 

Hence, methanogenesis is restricted to environments depleted of more thermodynamically 

favourable electron acceptors, but at the same time having sufficient concentrations of organic 

substrates for heterotrophic respiration. Consequently, most of the methanogenesis in lakes 

takes place in the sediments where organic matter is deposited (Bastviken, 2009). Where the 

sediment is overlain with oxygenated water, or is in the proximity of roots of aquatic plants 

releasing O2, there is often a redox gradient over a few millimeters to centimeters. On the other 

hand, if the sediment is overlain with anoxic water and lacks O2 releasing roots, methanogenesis 

may dominate in the whole sediment column (Bastviken, 2009). Despite its low energy yield 

and environmental limitations, methanogenesis represents a dominant pathway for organic 

matter decomposition in lakes due to low concentrations of alternative electron acceptors. It has 

been estimated to account for 30-80% of the anaerobic C decomposition (Bédard & Knowles, 

1991; Fallon et al., 1980; Kuivila et al., 1988; Rudd & Hamilton, 1978), amounting to 10-50% 

of the overall C mineralization (Bastviken et al., 2008).  
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Methanogenesis is performed by methanogenic archaebacteria, or methanogens, which 

constitute the largest and most diverse group in the Archea domain (Megonigal, 2003). 

Methanogens can utilize only a limited number of relatively simple substrates. These thus need 

to be produced through several preceding degradation steps of the organic matter in the 

sediment (Megonigal, 2003; Whalen, 2005; Bastviken, 2009). Organic macromolecules, such 

as proteins, lipids and carbohydrates, are subject to hydrolysis performed by extracellular 

enzymes. The resulting monomers, including amino acids, fatty acids and monosaccharides, are 

simplified further by fermentation to low molecular weight (LMW) products such as CO2, 

hydrogen (H2), alcohols, and acetate and other organic acids. Among these fermentation 

products, acetate or CO2 and H2 are considered the most important substrates in methanogenesis 

in lake sediments and are converted to CH4 through acetoclastic (also known as acetotrophic) 

methanogenesis and hydrogenotrophic methanogenesis, respectively (Megonigal, 2003; 

Whalen, 2005; Bastviken, 2009). Acetoclastic methanogenesis is the fermentation of acetate to 

CH4 and CO2 (Eqn. 2.1), while hydrogenotrophic methanogenesis is the oxidation of H2 using 

CO2 as a terminal electron acceptor (Eqn. 2.2): 

𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2         (2.1) 

𝐶𝑂2 + 4𝐻4 → 𝐶𝐻4 + 2𝐻2𝑂         (2.2) 

 

2.3 Regulation of methanogenesis  

In addition to the presence of more thermodynamically favourable electron acceptors, 

methanogenesis is regulated by organic substrate supply and quality. Both the addition of 

allochthonous and autochthonous organic matter have been reported to increase 

methanogenesis rates in anoxic sediments, with a greater increase following the addition of 

autochthonous organic matter (Schwarz et al., 2008; West et al., 2012; 2016, Grasset et al., 

2018). This probably reflects the different quality, i.e., chemical composition, of organic matter 

obtained from these two different sources, which in turn governs how easily it is degraded to 

substrates available for methanogenesis. In lakes, autochthonous organic matter is usually 

assumed to be more easily degraded, i.e., has higher biodegradability, due to more labile 

compounds that are characterised by LMW and high aliphatic character. This contrasts with 

allochthonous organic matter that is more aromatic and higher in molecular weight due to the 
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degradation and transformation of terrestrial plants having support tissue (lignin) rich in 

complex compounds (West et al., 2012, 2016; Grasset et al., 2018).  

External C loading in the form of DNOM may influence methanogenesis rates in other ways 

than supplying substrate for methanogens through its influence on the functioning of aquatic 

ecosystems. Light-absorbing compounds of DNOM, collectively denoted as chromophoric 

dissolved organic matter (CDOM), are rich in aromatic rings and unsaturated aliphatic groups 

constructed by long conjugated double bonds, allowing absorption of light at ultraviolet (UV) 

and visible (VIS) wavelengths of the electromagnetic spectrum (Mostofa et al., 2013). These 

light-absorbing properties of DNOM limit lake primary productivity by reducing the amount of 

PAR available for photoautotrophic aquatic organisms, and thereby reduces the production of 

O2 (Thrane et al., 2014). Additionally, the absorption of solar radiation increases the 

temperature of the epilimnion, which can cause earlier stratification of the water column after 

ice-out in spring. A longer and stronger summer stratification promotes the development of 

anoxia in the hypolimnion, allowing a larger share of the heterotrophic decomposition of 

organic C in the sediments to occur as methanogenesis (Snucins & Gunn, 2000; Tranvik et al., 

2009; Couture et al., 2015; Forsgren et al., 2015). DNOM also stimulates the production and 

respiration of heterotrophic bacteria, as well as at higher trophic levels, as these organisms are 

consumed by larger members of the aquatic food chain (Jansson et al., 2007; Berggren et al., 

2010). Thus, external input of organic matter drives lakes toward greater heterotrophy, thereby 

creating favourable conditions for methanogenesis (Yang et al., 2015).  

 

2.4 Common proxies for the amount and quality of organic matter  

Common proxies for the concentration of DNOM in water are TOC and dissolved organic 

carbon (DOC). DOC typically constitutes over 90% of TOC in lakes in the boreal region, and 

approximately 50% of DNOM (de Wit et al., 2016; Hindar et al., 2020). Moreover, due to the 

light-absorbing properties of DNOM a commonly used proxy is the absorbance in the UV or 

VIS spectrum. The absorbance depends on the quality of DNOM and can therefore also be used 

to characterise its chemical composition. High molecular weight (HMW) organic compounds 

absorb more radiation of higher wavelength than LMW compounds since they contain longer 

chains of conjugated double bonds yielding a greater ability to absorb light with longer 

wavelength (Mostofa et al., 2013). Thus, high absorbance in the longer wavelengths of the 

spectrum relative to the shorter wavelengths indicates a higher amount of HMW compounds 
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compared to LMW compounds (Vogt et al., 2004). This is reflected by specific absorbance 

ratios (SAR). SARUV is the SAR as the ratio between the absorbance @ λ254 nm and the 

absorbance @ λ400 nm (Eqn. 2.3), while SARVIS is the SAR as the ratio between the absorbance 

@ λ400 nm and the absorbance @ λ600 nm (Eqn. 2.4). 

𝑆𝐴𝑅𝑈𝑉 =
𝐴𝑏𝑠254 𝑛𝑚

𝐴𝑏𝑠400 𝑛𝑚
          (2.3) 

𝑆𝐴𝑅𝑉𝐼𝑆 =
𝐴𝑏𝑠400 𝑛𝑚

𝐴𝑏𝑠600 𝑛𝑚
          (2.4) 

Other proxies for the quality of DNOM include specific Ultraviolet absorbance (sUVa) and 

specific Visible absorbance (sVISa). sUVa is the ratio between UV absorbance of a water 

sample at a given UV wavelength (e.g., @ λ254 nm) and the concentration of DOC (mg C L-1) 

(Eqn. 2.5), while sVISa is the ratio between absorbance at a given wavelength in the VIS region  

(e.g., @ λ400 nm) and the concentration of DOC (mg C L-1) (Eqn. 2.6). High sUVa and sVISa 

are indicatives of greater aromatic content and molecular weight (Weishaar et al., 2003; Hindar 

et al., 2020).  

𝑠𝑈𝑉𝑎 =
𝐴𝑏𝑠254 𝑛𝑚

[𝐷𝑂𝐶]
∙ 100         (2.5) 

𝑠𝑉𝐼𝑆𝑎 =
𝐴𝑏𝑠400 𝑛𝑚

[𝐷𝑂𝐶]
∙ 100         (2.6) 

 

2.5 Trophic status of lakes  

The main limiting nutrient of autochthonous primary production in lakes, and thereby the 

supply of easily degradable organic matter to the sediments, is usually phosphorous (P) (Hindar 

et al., 2020). Methanogenesis is therefore indirectly related to lake trophic status, i.e., the 

classification of lakes into trophic categories according to the concentration of P, typically 

measured as TOT-P. Oligotrophic lakes are clear water, nutrient-poor lakes with low 

productivity. Such lakes are commonly found at high altitudes, but also include large, deep 

lakes in the low land (Hindar et al., 2020). On the other hand, eutrophic lakes are nutrient-rich 

and highly productive. The supply of easily degradable organic matter to the sediments is 

therefore high, and the subsequent microbial decomposition promotes depletion of O2 and other 

electron acceptors, eventually allowing methanogenesis to occur when organic C is the only 

remaining oxidizing agent (Huttunen et al., 2003; Schwarz et al., 2008; West et al., 2012, 2016). 

The active assimilation of dissolved CO2 by primary producers reduces its concentration in 
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water, thereby shifting the equilibrium in Eqn. 2.7 towards the left with an associated increase 

in pH. Thus, the pH in eutrophic lakes can be high and exceed values of 9 in lakes with dense 

phytoplankton blooms (Talling, 1976; López-Archilla et al., 2004; Balmer & Downing, 2011). 

𝐶𝑂2(𝑎𝑞) +  𝐻2𝑂(𝑙) ↔ 𝐻2𝐶𝑂3(𝑎𝑞)        (2.7) 

The concentration of TOT-P is generally low in Norwegian lakes (Figure 2-1) (Hindar et al., 

2020). Lakes with high TOT-P are mainly found in areas located below the marine limit (i.e., 

“The highest former sea level in a given area after the disappearance of the ice” (NGU, 2020)).  

Such areas are mainly found in Trøndelag and in the southeast part of the country, and have 

marine deposits that are relatively rich in P. Additionally, these areas are favourable sites for 

agricultural activities where leaching of excess inorganic P from fertilized soils can contribute 

to elevated TOT-P concentrations in recipient waters. Elevated TOT-P concentrations can also 

be found in lakes with high TOC concentrations, because DNOM functions as a transport vector 

of P from the catchment (Kortelainen et al., 2006). However, high TOT-P concentrations in 

such lakes are not necessarily indicatives of nutrient-rich conditions, because a large fraction 

of P may be bound to DNOM with low biodegradability, causing slow mineralization rates and 

insignificant release of P that can be utilized by primary producers (Hindar et al., 2020).  

Highly coloured lakes with high TOC concentrations caused by the input of allochthonous 

DNOM are classified as dystrophic or humic. The pH in such lakes can be low (<5) due to the 

protolysis of weak acid functional groups in DNOM (Hindar et al., 2020). The variation in TOC 

concentration follow a clear geographical pattern. High concentrations are found in the 

southeast and central regions of Norway as well in the inland regions of northern Norway, while 

low values are found at higher altitudes and latitudes and in the coastal area of western Norway 

(Figure 2-1 and 2-2) (Hindar et al., 2020). This reflects the unique gradients in vegetation, 

hydrology and soils across Norway. The major source of allochthonous DNOM in lakes is 

derived from the degradation and transformation of terrestrial vegetation. The TOC 

concentration in lakes is therefore largely dependent on the amount of terrestrial vegetation, 

which is commonly measured as the Normalized Difference Vegetation Index (NDVI) based 

on satellite imaging. In a survey of 1000 lakes and catchments, Larsen et al. (2011b) found 

NDVI to be the most important predictor of TOC in lakes, with higher TOC concentrations with 

increasing NDVI. An exception was found at the coastal area in west, where high values of 

NDVI were not accompanied by high TOC concentrations. This is probably explained by the 



12 
 

combination of thin soils and large precipitation amounts in this region, causing a dilution of 

the runoff water.   
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Figure 2-1. Map showing the spatial variation in TOT-P concentration (µg P L-1) (left) TOC concentration (mg C L-1) (right) in 1000 Norwegian 

lakes in 2019. Reproduced from Hindar et al. (2020). 
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Figure 2-2. TOC concentration as a function of lake altitude (meters above sea level, m a.s.l.) 

(upper graph) and lake area for lakes smaller than 10 km2 (lower graph). Reproduced from 

Hindar et al. (2020). Labels are translated from Norwegian to English by the author of the thesis.  

 

 

 

 

 

TOC vs altitude 

TOC vs area 

m a.s.l. 

Lake area for lakes < 10 km2 

T
O

C
, 

m
g

 L
-1

 
T

O
C

, 
m

g
 L

-1
 



15 
 

2.6 CH4 oxidation   

Evasion to the atmosphere is only one of two possible fates of CH4 produced in lakes. The fact 

that CH4 is the most highly reduced organic compound means that energy can be released by 

the oxidation of CH4 by O2
 or other oxidants such as SO4

2-, NO3
-, Fe3+ and Mn4+ (Bastviken, 

2009). A large portion of CH4 can therefore be oxidized on its ascent through the water column, 

either anaerobically or aerobically. While anaerobic CH4 oxidation by sulphate-reducing 

bacteria can be considerable in marine environments, the magnitude and relative importance of 

anaerobic CH4 oxidation in freshwaters is unclear and needs further research (Rissanen et al., 

2017; Martinez-Cruz et al., 2018). Aerobic oxidation is performed by methanotrophs, which is 

a subgroup of the methylotrophs, i.e., bacteria capable of utilizing single C compounds. 

Methanotrophs use CH4 as both a C source and energy source, and O2 as a terminal electron 

acceptor, and sequentially oxidize CH4 to CO2 (Whalen et al., 2005; Bastviken, 2009) (Eqn. 

2.8).  

𝐶𝐻4 → 𝐶𝐻3𝑂𝐻 → 𝐻𝐶𝐻𝑂 → 𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2      (2.8) 

A major regulator of aerobic CH4 oxidation is the availability of CH4 and O2. CH4 oxidation 

rates are therefore often found to be highest at oxic-anoxic interfaces where both molecules are 

present in large enough quantities (Kankaala et al., 2006; Schubert et al., 2010). These transition 

zones are found in the upper layers of sediment overlain with oxic water, or within the 

thermocline (i.e., the transition zone between the hypolimnion and epilimnion in stratified 

lakes) in lakes with anoxic hypolimnion (Bastviken et al., 2009). The magnitude of CH4 

oxidation is also influenced by the manner of which CH4 is transported through the water 

column to the water surface, which is described in the next subchapter.   
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2.7 Emission pathways  

CH4 can be emitted to the atmosphere via four different emission pathways, including ebullition 

or bubble flux, diffusion, plant-mediated flux (i.e., flux through rooted emergent aquatic plants), 

and a special case of diffusion known as storage flux (i.e., the release of CH4 stored in an anoxic 

hypolimnion during lake overturn), as illustrated in Figure 2-3 (Bastviken et al., 2004). 

Depending on the emission pathway, CH4 is more or less subject to oxidation, hence affecting 

the net flux of CH4 to the atmosphere. The following subchapter describes ebullition and 

diffusion, which are the two main emissions pathways and the pathways of interest in this thesis.  

 

Figure 2-3. Illustration of CH4 emission pathways in a lake during summer stratification. CH4 

is exported from anoxic sediments into the water column where it either accumulates in anoxic 

bottom waters, gets oxidized, or is emitted to the atmosphere. Reproduced from Bastviken et 

al. (2004).   
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2.7.1 Ebullition 

A large portion of CH4 is thought to be emitted to the atmosphere via ebullition or bubbling – 

a pathway accounting for 40-95% of the total CH4 emissions from lakes (Bastviken et al., 2004, 

2010, 2011; Walter et al., 2006). Ebullition is a rapid and direct transport of CH4 from the 

sediment to the atmosphere in the form of gas bubbles (Bastviken et al., 2004). In areas of high 

methanogenesis rates in the sediments, the concentration of CH4
 in the sediment pore water can 

be high enough to cause saturation, thereby causing CH4 to come out of solution as bubbles 

(Anthony et al., 2010; Sepulveda-Jauregui et al., 2015). These bubbles are gas mixtures that 

can be almost entirely of CH4, but typically, they also contain low concentrations of other gases 

such as nitrogen (N2), CO2 and H2 (Wik et al., 2013). After release from the sediment, CH4 is 

largely unaffected by dissolution in the water column due to rapid ascent to the surface, and 

thereby also effectively bypasses oxidation by methanotrophs. In addition to the dependency 

on CH4 production rates, the formation of bubbles is temperature dependent through the 

influence of temperature on the solubility of CH4, with decreasing solubility of CH4 in water at 

higher temperatures. Ebullition is also controlled by natural physical factors triggering bubble 

release from the sediment such as drops in hydrostatic and atmospheric pressure, or wind-

induced disturbances of the sediments (Mattson & Likens, 1990; Joyce & Jewell, 2003; 

Varadharajan & Hemond, 2012; Wik et al., 2013). Such physical factors can operate on short 

time scales, thereby contributing to the high temporal variability of this emission pathway.  

While the release of bubbles can be highly episodic, the location of bubble seepage is found to 

often remain stable over time, which indicates that ebullition occurs from discrete vents in lake 

sediments, known as ebullition seeps (Anthony et al., 2010). The consistency in the location of 

ebullition seeps is likely the result of the formation of flow channels or bubble tubes in the 

sediments, which are formed when bubbles force their way through the lake sediment to lower 

pressure states. Once formed, bubbling continues through these bubble tubes. The location of 

ebullition seeps can be examined by utilizing the ice-cover season, a method first introduced 

by Walter et al. (2006). When ice forms on lakes, rising bubbles get trapped as vertical stacks 

in downward growing ice, in which the layering of bubbles represents repeated bubbling events. 

By visually inspecting early winter ice on Siberian lakes, Walter et al. (2006) mapped the 

distribution and abundance of ebullition seeps. Moreover, according to the distinct bubble 

patterns in lake ice resulting from various flux magnitudes, they classified four types of 

ebullition seeps. They also measured the flux associated with each category by placing 

umbrella-shaped bubble traps beneath the ice where the bubble clusters occurred. Type A or 
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“kotenok” (kitty) seeps are characterized by the lowest fluxes and produce patterns recognized 

as stacks of small individual bubbles typically ranging from 0.5-3 cm in diameter. Type B or 

“koshka” (cat) seeps are associated with higher fluxes, producing patterns in which individual 

bubbles have merged into larger bubbles before freezing in ice. Type C or “kotara” seeps are 

recognized as single large pockets of merged bubbles typically >40 cm in diameter with 

relatively few isolated bubbles around the edge. The fourth ebullition seep class, hotspot, has 

the greatest flux and is seen as relatively open holes (0.3-1 m diameter) in the ice due to a 

continuous high bubble flux and an associated convection in the water column created by rising 

bubbles (Walter et al., 2006; Anthony et al., 2010). In addition, a fifth class, N-type, is used to 

describe background ebullition, which is recognized as isolated smaller bubbles that only occur 

in one layer. The lack of repeated bubbling is assumed to indicate that the bubbles do not 

originate from a seep (Anthony et al., 2010).  

 

2.7.2 Diffusion   

Diffusion, i.e., transport of CH4 in the form of a dissolved gas through the water column, 

represents the other main pathway of CH4
 release from lakes to the atmosphere. Compared to 

ebullition, which is rapid with limited impact of CH4 oxidation, diffusion is slow allowing a 

larger portion of CH4 to be oxidized before reaching the water surface where it can be 

exchanged with the atmosphere. Also, diffusion is reported to be much more uniform across a 

lake (Bastviken et al., 2004).   

The diffusive flux across the water-air interface is driven by two main factors: the difference in 

the CH4 concentration between the water and the air, and the physical rate of exchange across 

the water-air interface (Cole & Caraco, 1998; Bastviken et al., 2004). The concentration 

difference across the air-water interface can be expressed as the difference between the actual 

concentration of CH4 in the surface water, Caq, and the theoretical concentration of CH4 in water 

when in equilibrium with the partial pressure of the gas in the overlaying air, Ceq (Cole & 

Caraco, 1998; Juutinen et al., 2009; Podgrasjek et al., 2014; AMAP, 2015; Yang et al., 2015). 

The CH4 concentration in the surface water is in turn a function of the balance between CH4 

production and consumption, as well as the efficiency of gas transfer since this affects the rate 

of removal from the water (Bastviken et al., 2004). The efficiency of gas transfer is usually 

expressed as a gas transfer coefficient, k (cm h-1), and depends on the turbulence in the surface 
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water that can be generated by wind (Bastviken et al., 2004). Hence, like ebullition, diffusion 

may vary temporarily in response to short term physical forcing.  

Common methods to quantify lake-atmosphere diffusive fluxes include direct measurements of 

gas accumulation in floating chambers, as well as gas transfer models based on the 

concentration gradient between the air and surface water and on the efficiency of gas transfer 

according to the following equation (Juutinen et al., 2009): 

𝐹𝑙𝑢𝑥 = 𝑘 ∙ (𝐶𝑎𝑞 − 𝐶𝑒𝑞)          (2.9) 

where Flux is the diffusive flux of CH4, k is the gas transfer coefficient, and Caq – Ceq represents 

the concentration difference between the actual water concentration (Caq) and the concentration 

if the water was in equilibrium with the air (Ceq). Ceq can be calculated following Henry’s law, 

which states that the concentration of a dissolved gas in a liquid is proportional to the partial 

pressure, P, of the gas in the atmosphere over the solution at equilibrium. The proportionality 

factor, KH, is called the Henry’s law constant (Cole & Caraco, 1998; Chang & Goldsby, 2014). 

Thus, Ceq
 can be expressed as:  

𝐶𝑒𝑞 = 𝐾𝐻 ∙ 𝑃                     (2.10) 

KH can be adjusted to in situ water temperature, T (K), using the Clausius-Clapeyron equation 

(Sander, 2015; Yang et al., 2015): 

𝐾𝐻 = 𝐾𝐻(𝑇0) ∙ 𝑒𝑥𝑝 [−
∆𝐻

𝑅
∙ (

1

𝑇
−

1

𝑇0
)]                             (2.11) 

where KH (T0) (mol m-3 Pa-1) is the Henry’s law solubility constant at T0 (298.15 K) as given by 

Wilhelm et al. (1977), and the molar gas constant R = 1.987 cal K-1 mol-1. ∆H is the molar 

enthalpy of solution (cal mol-1) of CH4 in water adjusted to in situ water temperature using Eqn. 

2.12 (Wilhelm et al., 1977).  

∆𝐻 = −18106.7 𝑐𝑎𝑙 𝑚𝑜𝑙−1 + 49.7554 𝑐𝑎𝑙 𝐾−1 𝑚𝑜𝑙−1𝑇 

−0.000285033 𝑐𝑎𝑙 𝐾−2 𝑚𝑜𝑙−1𝑇2                   (2.12) 

The gas transfer coefficient, k, is defined as “the height of water that is equilibrated with the 

atmosphere per unit time for a given gas at a given temperature” (Cole & Caraco, 1998, p.648). 

Once the gas transfer coefficient is known for one gas and temperature, k1, it can be applied to 

calculate the gas transfer coefficient for any other gas and temperature, k2, by the ratio of 

dimensionless Schmidt numbers, Sc (Cole & Caraco, 1998): 
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𝑘1

𝑘2
= (

𝑆𝑐1

𝑆𝑐2
)

𝑥

                     (2.13) 

𝑘2 = 𝑘1 ∙ (
𝑆𝑐2

𝑆𝑐1
)

𝑥

                        (2.14) 

where Sc1 and Sc2 are the Schmidt numbers for the respective gases at given temperatures and 

salinities, and the exponent x is equal to -2/3 and -1/2 for wind speed ≤ 3 m s-1 and wind speed 

>3 m s-1, respectively (Jähne et al., 1987). A common method is to use the gas transfer 

coefficient and Schmidt number for CO2 at 20 oC in freshwater. The Schmidt number for CO2 

at 20 oC in freshwater is 600 (Wanninkhof, 1992, 2014), and the associated gas transfer 

coefficient, k600 (cm h-1) is determined to exhibit the following relationship with wind speed at 

10 m height (U10) (Cole & Caraco, 1998): 

𝑘600 = 2.07 + (0.215 ∙ 𝑈10
1.7)                   (2.15) 

Thus, the gas transfer coefficient k for CH4, or any other gas, at a given temperature can be 

calculated from the following equation:  

𝑘 = 𝑘600 (
𝑆𝑐

600
)

𝑥

                    (2.16) 
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3 Materials and methods 

The following chapter contains the procedures for examining ebullition, including mapping of 

bubble clusters in lake ice and gas sampling, and for calculations of diffusive fluxes. Statistical 

data analysis is described in the last subchapter.  

3.1 Ebullition  

3.1.1 Field site descriptions  

Ebullition surveys, including mapping of bubble clusters in lake ice and gas sampling, were 

attempted conducted at Tjernsrudtjern, Sesvolltjern, Sætertjenn, Eintjenn and Tennungen in the 

period from February 10th to March 5th 2021. The five study lakes are all small in size, varying 

in area from 0.0106 km2 to 0.2799 km2 (Table 3-1), and are located in southeast Norway (Figure 

3-1). Tjernsrudtjern is located in Bærum – an urban area close to Oslo, while Tennungen, 

Sætertjenn and Eintjenn are located in more remote regions where the catchments are 

dominated by forest and bogs. Sesvolltjern is surrounded by a quarry, cultivated land, forest 

and bogs (Table 3-1). Each lake with associated catchment area (with the exception of 

Tjernsrudtjern) is shown in Figure 3-2 to Figure 3-5.  

  



22 
 

Table 3-1. Field site descriptions a. 

Lake Latitude  Longitude Altitudeb 

(m a.s.l.) 

Lake areac 

(km2) 

Catchment 

area (km2) 

Forest 

(%) 

Cultivated 

land (%) 

Bogs 

(%) 

Sea 

(%) 

Field work date   

1.Tjernsrudtjernd 59.922 10.609 77 0.0106 - - - - - Feb. 10th, 2021 

2.Sesvolltjern 60.251 11.165 200 0.0183 1.26 74.7 7.29 2.33 1.79 Feb. 21th, 2021e  

March, 5th, 2021f 

3.Tennungen 60.355 11.443 298 0.2799 8.62 90.15 0 6.45 3.48 Feb. 18th, 2021 

4.Eintjenn 60.072 12.368 175 0.0438 0.19 97.37 0 2.3 0.66 Feb.16th, 2021 

5.Sætertjenn 60.059 12.447 252 0.1196 1.89 84.09 0 6.81 9.23 Feb. 16th, 2021 

a Catchment data for each lake was obtained from http://nevina.nve.no/ 

b,c Lake areas and altitudes were obtained from https://temakart.nve.no/tema/innsjodatabase  

d Lake area is too small to obtain catchment data though mainly comprised of residential area.  

e Installation of bubble traps. 

f Attempted gas sampling from bubble traps.

http://nevina.nve.no/
https://temakart.nve.no/tema/innsjodatabase
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Figure 3-1. Map over southern Norway from https://temakart.nve.no/tema/innsjodatabase. The 

locations of the five study lakes are indicated in red, and the numbers refer to the lakes in Table 

3-1.  

 

 

 

 

https://temakart.nve.no/tema/innsjodatabase
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Figure 3-2. Sesvolltjern with catchment area from http://nevina.nve.no/ 

 

Figure 3-3. Tennungen with catchment area from http://nevina.nve.no/ 

 

 

 

http://nevina.nve.no/
http://nevina.nve.no/
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Figure 3-4. Eintjenn with catchment area from http://nevina.nve.no/ 

 

Figure 3-5. Sætertjenn with catchment area from http://nevina.nve.no/ 

  

http://nevina.nve.no/
http://nevina.nve.no/
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3.1.2 Strategy for mapping of bubble clusters in lake ice 

Bubble clusters in lake ice were attempted located by removing snow from the ice surface along 

30 m ∙ 1 m linear transects using a snow shovel and tape measure. When needed, buckets of 

lake water were poured onto the transect to improve transparency of the surface of the lake ice. 

Where opaque white ice was encountered, areas with clear black ice were searched for by 

shovelling away the snow in different sections of the lake. Based on bubble morphologies in 

ice, ebullition seeps were attempted categorized according to the classification scheme given in 

Table 3-2 (Anthony et al., 2010). Additionally, the percent bubble area coverage within a 1 m2 

quadrat placed every third meter along each transect was attempted estimated visually in field. 

A photo of each quadrat was planned to be used for digitally revising the field estimations 

following the method for digital image processing presented by Wik et al. (2011) (Figure 3-6). 

Table 3-2. Classification of ebullition seeps by bubble morphologies in lake ice. The lines on 

the meter sticks in the photos of type A and B mark 10 cm wide intervals. Reproduced from 

Anthony et al. (2010).  

 Seep class Description 

 

A Isolated bubbles in multiple ice layers 

 

B Merged bubbles in multiple ice layers 
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C Single gas pockets stacked in ice 

 

Hot spot Relatively open hole in winter lake 

ice 

 

 

Figure 3-6. Digital image processing for calculation of percent area coverages of bubbles 

reproduced from Wik et al. (2011). (a) Photo of quadrat used to estimate the percent area 

underlain by bubbles. (b) A digitally adjusted version of (a) made in Photoshop in which 

bubbles and lake ice are displayed as white and black pixels, respectively. The present bubble 
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area coverage can be obtained by the program’s calculation of the number of black and white 

pixels.  

 

3.1.3 Gas sampling using bubble traps 

Ebullition was attempted captured using umbrella-shaped bubble traps approximately 50 cm in 

diameter that were made following the design developed by Katey Walter Anthony and that 

can be found at https://ine.uaf.edu/werc/werc-projects/palimmn/bubble-trap/. Briefly, the 

bubble traps were constructed from a steel wire woven through a circle of plastic sheet (~1 m 

diameter) with the centre of the plastic sheet sealed around the mouth of an inverted, graduated 

1.5 L polyethylene terephthalate (PET) bottle, as shown in Figure 3-7. A polyvinyl chloride 

(PVC) tube attached to a three-way stopcock was inserted into a hole at the top of the inverted 

bottle and secured to the bottle with glue. A weight was attached to three pieces of string tied 

to the stell wire at semi-equidistant points along the loop. A complete list of materials and step-

by-step instructions for assembly of a bubble trap are given in Appendix A.1.  

 

 

 

https://ine.uaf.edu/werc/werc-projects/palimmn/bubble-trap/
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Figure 3-7. Bubble trap used to capture ebullition. The weight is not shown.  

 

The following strategies were used for installation of bubble traps: 

1) Practical challenges were encountered during the installation of bubble traps. These were 

either poor accessibility to the lakes or frequent use of the lake by children and others for 

activities such as ice skating. Bubble traps were therefore installed at Eintjenn, Sætertjenn, 

Tennungen and Tjernsrudtjern only if ebullition seeps were found in the lake ice in order to 

increase the likelihood of achieving a gas sample during the day of field work.  

2) Bubble traps were installed at Sesvolltjern independent of ice conditions due to good 

accessibility and no conflict with other stakeholder uses. If there had been clear black ice, 

the bubble traps had been placed directly over ebullition seeps located along the transects. 

Unfortunately, there was only white opaque ice at Sesvolltjern, making it impossible to see 

into the lake ice to discern ebullition bubbles. Four bubble traps were instead installed such 

that they were spread out across the lake, as illustrated in Figure 3-8. 
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Figure 3-8. Map showing the strategy for random placement (indicated by red triangles) of 

bubble traps numbered 1-4 at Sesovolltjern as opaque white ice conditions were encountered. 

GPS-coordinates are found in Table A-1 in Appendix A.2. Map is made with 

www.norgeskart.no. 

 

Each bubble trap was installed by opening a hole in the lake ice wide enough to submerge the 

bubble trap. The bubble traps were inserted in the water upside down with the plastic skirt 

facing upwards allowing the bubble traps to completely fill with water and air to go out, as 

shown in Figure 3-9 (a). When no air was left in neither the plastic bottle nor the skirt, the 

bubble trap was turned around while submerged so that the bottle was the highest point of the 

bubble trap. The bubble trap was then submerged until the top of the bubble trap was deeper 

than the ice was thick to prevent it from freezing into the ice. A wood stick was tied to the string 

attached at the bottle mouth to prevent it from sinking further down. Each bubble trap was also 

attached to an air filled 1.5 L PET bottle to keep it floating in case the ice would melt. A picture 

of an installed bubble trap is shown in Figure 3-9 (b) below.  

http://www.norgeskart.no/
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Figure 3-9. (a) The insertion of bubble trap. (b) Submerged bubble trap attached to a wood 

stick and PET bottle. (Photo by Martin Skaramyren).  

 

Gas samples were attempted collected from the bubble traps in evacuated glass vials using 

needles and plastic tubes in order to send the gas samples to the Norwegian University of Life 

Sciences (NMBU) for determination CH4 content. The whole procedure was conducted 

vertically under water to prevent atmospheric contamination and allow the gas to stream 

upwards into an inverted vial. A PVC tube attached to a needle was attached to the outlet of the 

stopcock. The needle was then injected into the vial before the stopcock was opened, allowing 

gas to flow from the top of the plastic bottle, through the PVC tube and needle, and eventually 

into the vial. The sampling procedure is schematically illustrated in Figure 3-10. 
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Figure 3-10. Schematic illustration of gas sampling technique from a bubble trap. 
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3.2 Diffusion  

3.2.1 Study lakes 

The diffusive flux of CH4 (µmol m-2 d-1) between the water and the atmosphere was estimated 

using Eqn. 2.9 for the lakes in The 100 lakes survey using existing data available on an online 

repository dedicated to the survey (CBA, 2021). Five lakes were excluded due to missing data, 

giving a total of 68 lakes. The study lakes are located in southeast Norway, spanning a wide 

range of locations from Arendal along the southern coast to the mountainous Jotunheimen in 

the north (Figure 3-11). The lakes were divided into 12 groups according to their approximation 

to meteorological stations that were used to extract data for flux calculations.  Meteorological 

data for each group (air temperature and wind speed at 10 m height) in the period from October 

1st to November 30th, 2019 were obtained as daily averages from the Seklima service provided 

by the Norwegian Centre for Climate Services (NCCS, 2021). The surface area of the lakes 

ranges from 0.018 km2 to 369 km2
 (Table 3-3), though the predominant fraction is smaller than 

10 km2 with a large portion smaller than 1 km2 (Figure 3-12). The mean TOC and TOT-P 

concentrations are 15.9 mg C L-1 and 12 µg P L-1, respectively (Table 3-3). The distribution of 

TOC and TOT-P concentrations among the study lakes is given in Figure 3-12.  

Table 3-3. Minimum, mean and maximum values for lake altitude, lake area, and TOC and 

TOT-P concentrations.  

g, h Lake areas and altitudes were obtained from https://temakart.nve.no/tema/innsjodatabase 

 

  

 Lake altitudeg 

(m a.s.l.) 

Lake areah        

(km2) 

TOC (mg C L-1) TOT-P (µg P L-1) 

Minimum 4 0.018 2.54 3 

Mean 318 15.7 15.9 12 

Maximum 1151 369 116 48.5 

https://temakart.nve.no/tema/innsjodatabase
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Figure 3-11. Map over southern Norway from https://temakart.nve.no/tema/innsjodatabase. 

Dots are added to show the geographical distribution of the lakes that were included in the 

calculations of CH4 diffusive fluxes. The lakes are sorted into 12 groups, indicated by different 

colours, based on their approximation to meteorological stations. Associated weather stations, 

indicated by triangles, are given in the right table. A complete list of lakes with weather stations 

is given in Table B-4 in Appendix B.1.   

  

 

 
 

https://temakart.nve.no/tema/innsjodatabase
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Figure 3-12. Frequency distribution of lake 

TOT-P and TOC concentrations, lake area 

and lake areas of lakes <10 km2, and altitudes 

of the 68 studied lakes.
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3.2.2 Calculation of CH4 diffusive fluxes  

Flux was calculated using Eqn. 2.9. Caq and in situ water temperatures were obtained from The 

100 lakes survey dataset. Ceq was calculated from the temperature adjusted Henry’s law 

solubility constant, KH (mol m-3 Pa-1) (Eqn. 2.11) of CH4 in water and the partial pressure of 

CH4, P, in the atmosphere using Eqn. 2.10. Assuming CH4 behaves as an ideal gas, P in Eqn. 

2.10 was expressed as the product of the atmospheric concentration of CH4 (Ca) (mol m-3), the 

molar gas constant R (8.314 m3 Pa mol-1 K-1), and the average of daily mean air temperature in 

the selected period, Ta (K), as given by the ideal gas equation when solved for P (Sander, 2015): 

𝑃 𝑉 = 𝑛𝑅𝑇𝑎  

𝑃 =
𝑛

𝑉
∙ 𝑅𝑇𝑎 = 𝐶𝑎 ∙ 𝑅𝑇𝑎         (3.1) 

A value of Ca equal to 1961.2 parts per billion (ppb) was obtained from measurements at the 

Birkenes Observatory in southern Norway as provided in Myhre et al. (2020). This is the mean 

concentration of CH4 in the atmosphere in 2019 reported as the concentration of CH4 in dry air. 

The unit of Ca was converted from ppb to mol m-3 by dividing 1961.2 ∙ 10-9 mol by the volume 

of 1 mol dry air. The volume, Va (m
3) of 1 mol dry air was found with the use of the ideal gas 

law:  

𝑉𝑎 =
𝑛𝑅𝑇𝑎

𝑃𝑎
           (3.2) 

where R = 8.314 m3 Pa mol-1 K-1, Ta (K) is the local air temperature and Pa (Pa) is the local air 

pressure. Pa was estimated from the average of daily mean air pressures at sea level, P0 (Pa), 

measured at the Oslo-Blindern weather station in the period from October 1st to November 30th, 

2019 by assuming that the air pressure is reduced by 100 Pa for each 8 m increase in elevation 

(Harstveit et al., 2020): 

𝑃𝑎 = 𝑃0 − (100 ∙
𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒

8
)         (3.3) 
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The gas transfer coefficient, k, for CH4 in Eqn. 2.9 was calculated using the relationship given 

in Eqn. 2.16, in which k600 is given by Eqn. 2.15 and the Schmidt number of CH4 in freshwater 

at in situ water temperatures, t (oC), was calculated following Eqn. 3.4 (Wanninkhof, 1992): 

𝑆𝑐 = 1897.8 − 114.28𝑡 + 3.2902𝑡2 − 0.039061𝑡3                  (3.4) 

A value of U10 = 2.7 m s-1 was applied in Eqn. 2.15, which is the average of daily mean wind 

speeds at 10 m height measured at the 12 weather stations from October 1st to November 30th, 

2019. Since U10 < 3 m s-1, a value of 𝑥 = −
2

3
 was applied in equation 2.16.  

       

3.2.3 Data analysis 

Minitab 19 and Microsoft Excel were used to inspect the relationships between CH4 diffusive 

fluxes and variables in The 100 lakes survey dataset. H+ and H+_Kje were excluded from the 

dataset since these have been calculated from two other variables in the dataset, that is, pH and 

pH_Kje, respectively. Additional three variables were excluded due to missing data. Lake areas 

and altitudes obtained from the Norwegian Water Resources and Energy Directorate (NVE) 

map services (NVE, 2021a) were added as additional variables to the dataset, giving a total of 

67 variables (including flux) to be analysed (Table 3-4).  

The data were not all normally distributed. Data that were not normally distributed were log10-

transformed prior to analysis to reduce the heteroscedasticity. A principal component analysis 

(PCA) was conducted on all 67 variables in the dataset to understand the underlying data 

structure and to reduce the number of components in the dataset to a selection of principal 

components (PCs) which explained the variation in the dataset. Furthermore, a dendrogram of 

all variables was made to visualize their clustering into different groups based on their 

correlation with each other. From the cluster analysis, a limited set of explanatory variables of 

flux was selected for a new PCA. These included the variables that were clustered in the same 

group as flux, as well as relevant variables from other groups. The concentration of CH4 was 

excluded due to its strong correlation with flux following from its participance in flux 

calculations. Linear regression models were made between flux and its strongest explanatory 

variables.   
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Table 3-4. List of variables used in multivariate analysis. 

Abbreviation  Definition  

Alt  Lake altitude (m a.s.l.) obtained from NVE map services 

Area Lake area (km2) obtained from NVE map services 

T Water temperature measured in situ in ℃ 

pH pH measured at the Department of Biosciences 

EC Conductivity measured at the Department of Biosciences in µs cm-1 

DNA Extracted DNA from filters in μg mL-1 

Cells Bacterial cells quantified by flow cytometry in cells mL-1 

TOC Total organic carbon in mg L-1 

DOC Dissolved organic carbon in mg L-1 

POC Particulate organic carbon in mg L-1 

TN Total nitrogen in mg L-1 

DN Dissolved nitrogen in mg L-1 

TOT-P Total phosphorus in µg L-1 

DP Dissolved phosphorus in µg L-1 

pH_Kje pH measured at the Chemistry Department 

EC_Kje Conductivity measured at the Chemistry Department in µS cm-1 

Alkalinity Alkalinity measured at the Chemistry Department in meq L-1 

Cl Concentration of chloride in mg L-1 

NO2 Concentration of nitrite in mg L-1 

Br Concentration of bromine in mg L-1 

SO4 Concentration of sulphate in mg L-1 

NO3 Concentration of nitrate in mg L-1 

Na Concentration of sodium in mg L-1 

K Concentration of potassium in mg L-1 

Ca Concentration of calcium in mg L-1 

Mg Concentration of magnesium in mg L-1 

Fe Concentration of iron in mg L-1 
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Abbreviation  Definition  

Al Concentration of aluminium in mg L-1 

Cr Concentration of chromium, isotope 52 in ppb 

Ni Concentration of nickel, isotope 58  in ppb 

Cu Concentration of copper, isotope 63  in ppb 

Zn Concentration of zinc, isotope 64  in ppb 

As Concentration of arsenic, isotope 75  in ppb 

Cd Concentration of cadmium, isotope 112  in ppb 

Pb Concentration of lead, isotope 208  in ppb 

V Concentration of vanadium, isotope 51  in ppb 

Mn Concentration of manganese, isotope 55  in ppb 

Co Concentration of cobalt, isotope 59  in ppb 

Hg_total Concentration of total mercury in ppt 

a254 Absorbancy at 254 nm 

a410 Absorbancy at 410 nm 

a275 Absorbancy at 275 nm 

a295 Absorbancy at 295 nm 

s_275_295 Spectral slope between absorbancy 275 and 295 

a350 Absorbancy at 350 nm 

a400 Absorbancy at 400 nm 

s_350_400 Spectral slope between absorbancy 350 and 400 

SUVA Specific UV absorbance as the ratio between the absorbance at 254 nm and 

DOC in mg L-1 

SARuv Specific absorbance ratio as the ratio between the absorbance at 254 nm and 

the absorbance at 400 nm 

SARvis Specific absorbance ratio as the ratio between the absorbance at 400 nm and 

the absorbance at 600 nm 

sVISa Specific visible absorbance as the ratio between the absorbance at 400 nm 

and DOC in mg L-1 

Ar Argon concentration in µM 

N2 Nitrogen concentration in µM 
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Abbreviation  Definition  

O2 Oxygen concentration in µM 

CO2 Carbon dioxide concentration in µM 

CH4 Methane concentration in nM 

N2O Nitrous oxide concentration in nM 

p_N2 Production of nitrogen in µM h-1 

p_O2 Production of oxygen in µM h-1 

c_O2 Consumption of oxygen in µM h-1 

p_CO2 Production of carbon dioxide in nM h-1 

c_CO2 Consumption of carbon dioxide in nM h-1 

p_CH4 Production of methane in nM h-1 

p_N2O Production of nitrous oxide in nM h-1 

d18O Isotopic composition of oxygen (δ18OH2O) in (‰) vs. V-SMOW 

d2H Isotopic composition of deuterium (δ2OH2O) in (‰) vs. V-SMOW 

Flux Estimated flux of CH4 in µmol m-2 d-1 
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4 Results and discussion  

In the following chapter, the results from the field work, including attempted mapping of bubble 

clusters in lake ice and gas sampling, as well as diffusive flux calculations are presented and 

discussed sequentially. The results from the diffusive flux calculations are related to lake 

characteristics with the aim to identify factors that may influence CH4 emissions by diffusion 

from the studied lakes.   

4.1 Ebullition   

4.1.1 Mapping of bubble clusters in lake ice 

The ice cover at Sesvolltjern, Tennungen, Eintjenn and Sætertjenn was opaque and white, as 

shown in Figure 4-1, and no areas with clear black ice were identified by shovelling away the 

snow in different sections of the lake. Due to the poor transparency, also after pouring water 

onto the lake ice, it was not possible to visually distinguish ebullition bubbles from air bubbles. 

Consequently, classification of ebullition seeps and estimation of bubble area coverage using a 

1 m2 quadrat were not conducted. The ice cover at Tjernsrudtjern was mostly opaque and white, 

but black ice occurred at a small area of the lake that was used for ice skating. Unfortunately, 

ice skating had caused several scratches in the ice surface, making ice-bubble surveys 

impossible also here (Figure 4-2). The opaque white ice conditions encountered at all field sites 

may have resulted from snow fall at the time of freeze-up or freezing overflow water on the 

lake ice. Overflow water may have been caused by heavy snow fall which causes lake water to 

spill out onto the ice surface where it mixes with snow and freezes, or by rain fall events or 

melting snow in periods with higher temperatures (Anthony et al., 2010; NVE, 2021b). Based 

on the experiences from this survey, it can be argued that mapping of bubble clusters in lake 

ice should be conducted in early winter as soon as the ice is thick enough to walk on to reduce 

the likelihood of opaque white ice conditions. However, early winter lake ice surveys are 

suggested to be less representative when attempting to quantify ebullition over the whole ice-

covered season since bubble patterns in early thin ice may not reflect the long-term highly 

heterogenic ebullition dynamics for ebullition seeps. Previous studies have therefore suggested 

that late winter ice surveys are more representative (Anthony et al., 2010; Wik et al., 2011). 

However, since the aim of this study was to assess the relative potential of these lakes to be 

emitters of CH4 to the atmosphere rather than to quantify the absolute quantity from a whole 
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winter ebullition flux, it can be recommended to conduct ebullition surveys in early winter to 

increase the likelihood of clear black ice conditions.  

    

Figure 4-1. Opaque white lake ice at Sesvolltjern (a) and Eintjenn (b). Similar ice conditions 

were found at Sætertjenn and Tennungen. 

 

Figure 4-2. Black ice at Tjernsrudtjern with ebullition bubbles and scratches from ice skating 

as indicated with white arrows.  
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4.1.2 Gas sampling  

The opaque white ice conditions at all five lakes made it impossible to identify sites with 

ebullition seeps and install bubble traps directly over these seeps. Consequently, bubble traps 

were only installed at random selected sites in Sesvolltjern. A total of four bubble traps were 

installed at February 21st, 2021 according to the strategy given in Figure 3-8 and were revisited 

and sampled at March 5th, 2021. During the time from installation to sampling, the holes that 

were made for placing the bubble traps into the water had frozen and were therefore cracked 

open using an axe. In this process, the string that attached bubble trap 1 to the wood stick was 

accidentally cut over. Consequently, the bubble trap sank, and a gas sample could not be 

collected. The volume of accumulated gas was 0 mL in both bubble trap 2 and 3. A small 

volume (<< 100 mL) of gas had been collected in bubble trap 4, as shown in Figure 4-3, and it 

was attempted to collect a gas sample from the trap. However, in the process of attaching a 

plastic tube to the outlet of the stopcock, the stopcock detached from the other tube which 

connected it to the plastic bottle of the bubble trap. Consequently, the accumulated gas leaked 

out and could not be collected and analysed to determine the concentration of CH4. 
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Figure 4-3. Gas collected in bubble trap 4 (photo by Rolf D. Vogt). Arrows are added to 

indicate gas bubbles.  

The difficulties with collecting ebullition indicate that several improvements regarding the 

bubble trap design should be considered. The stopcock was too weakly attached to the plastic 

tube, causing it to detach during gas sampling as described in the previous section. This could 

have been prevented by gluing around the stopcock to secure it to the tube. Moreover, the 

cutting of the string that attached the bubble trap to the wood stick could have been prevented 

by using a coloured string that is more visible in the lake ice compared to a white string. The 

small gas volumes may also follow from that the bubble traps were not watertight and/or 

airtight. However, this was checked during installation, and leakages were not observed from 

any attachment points, with the same observations at the time of sampling. A more likely 

explanation of the results may be that the weight meant to stabilize the system was too heavy 

relative to the steel wire, which may have caused contraction of the wire and plastic skirt, 

resulting in a smaller bubble trap diameter and likelihood of trapping rising CH4 bubbles. A 

possible modification may therefore be to choose a lighter weight and/or a thicker and more 

resistant steel wire so that the bubble trap maintains its shape. The low volumes of accumulated 
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gas may also reflect the high spatial and temporal variability in ebullition. Walter et al. (2006) 

reported that the probability of capturing bubbles from seeps in randomly placed bubble traps 

is 0.001%, which empathizes the importance of clear black ice conditions at the time of bubble 

trap installation in order to install bubble traps directly over ebullition seeps. Moreover, due to 

the highly episodic nature of bubbling events from individual seeps, long-term emissions from 

seeps are unlikely represented by short-term measurements (Anthony et al., 2010).  
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4.2 Diffusion  

The average diffusive flux of CH4 to the atmosphere was 153 µmol m-2 d-1 (Table 4-1). The 

smallest flux was estimated for the large mountain lake Bygdin (1 µmol m-2 d-1) (Figure 4-4), 

while the largest flux was estimated for the small dystrophic forest lake Imetjern (1625 µmol 

m-2 d-1) (Figure 4-5). Estimated CH4 fluxes are presented in Figure 4-6, and can be found in 

Table B-4 in Appendix B.1.   

Table 4-1. CH4 diffusive fluxes from lakes in this study along with those previously calculated 

from other boreal lakes.  

Study Mean  

(µmol m-2 d-1) 

Minimum 

(µmol m-2 d-1) 

Maximum 

(µmol m-2 d-1) 

This study 153 1 1625 

Kankaala et al. (2013) 217 5 1716 

Yang et al. (2015) 2320 110 15010 
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Figure 4-4. Map over southern Norway with Bygdin indicated by red dot (top left) from 

https://temakart.nve.no/tema/innsjodatabase. Picture of Bygdin (lower right) from «Lac de 

bygdin», by GEO, 2009.  

 

 

 

 

 

 

 

https://temakart.nve.no/tema/innsjodatabase
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Figure 4-5. Map over southern Norway with Imetjern indicated by red dot (top left) from 

https://temakart.nve.no/tema/innsjodatabase. Imetjern (bottom right) made with Google Earth.  

https://temakart.nve.no/tema/innsjodatabase
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Figure 4-6.   An overview of estimated fluxes. A complete list of fluxes is given in Table B-4 in Appendix B.1.
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4.2.1 Comparisons with previous studies  

The estimated average flux of CH4 is smaller than those previously reported from other boreal 

lakes (Table 4-1). Kankaala et al. (2013) calculated CH4 diffusive fluxes from 12 Finnish lakes 

and upscaled their results to 619 lakes in southern Finland varying in size from <0.01 km2 to 

50 km2. They reported a mean CH4 flux of 0.952 g C m-2 d-1, which is equal to 217 µmol m-2 d-

1. The smaller average flux calculated in this study compared to that reported by Kankaala et 

al. (2013) may be due to that over half of their study lakes were <0.01 km2, while the smallest 

lake in this survey was >0.01 km2. Moreover, the pattern of TOC concentrations in Nordic lakes 

shows an increasing gradient from west to east reflecting changes in vegetation cover and 

hydrology. The Norwegian landscape is dominated by mountainous and non-forested areas, i.e., 

low NDVI, in contrast to Finland where forest is the dominant landscape type (Skjelkvåle et 

al., 2001). Additionally, the larger precipitation amount in Norway causes the runoff water to 

be more diluted. Thus, Finnish lakes are generally more organic than Norwegian lakes and may 

therefore be more prone to have higher fluxes of CH4 to the atmosphere. Finnish lakes also have 

higher concentrations of TOT-P stimulating the autochthonous primary productivity likely 

because Finland is mainly located below the marine limit, as well has a greater agricultural 

activity and extensive forestry practice on peatlands that have been fertilized with P (Skjelkvåle 

et al., 2001). Similarly, the much higher CH4 flux reported by Yang et al. (2015) (2.32 mmol 

m-2 d-1) may be explained by the differences in the study lakes. Most of their study lakes are 

located in Sweden with associated higher TOC and TOT-P (Skjelkvåle et al., 2001). 

Additionally, Yang et al. (2015) calculated CH4 fluxes based on the concentration of CH4 in 

water sampled in late summer (July-August) before autumn overturn. Fluxes in this study, on 

the other hand, were calculated based on the concentration of CH4 in water sampled in October-

November. At this time of the year, practically all of the lakes had experienced autumn overturn 

leading to the input of O2 which may increase the oxidation of CH4
 by methanotrophs and/or 

inhibit methanogenesis. Consequently, the CH4 concentration in water sampled in this period, 

and thereby the flux, is likely not representative for the whole year and expected to be lower 

than that reported by Yang et al. (2015).  
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4.2.2 Multivariate analysis  

A PCA of all 67 variables in Table 3-4 resulted in three PCs that together explained 55% of the 

variance in the dataset (Figure 4-7 and 4-8). The first principal component (PC1), explaining 

35% of the variance in the dataset, is mainly describing lake size and altitude on the one side 

and indicators of small low land dystrophic lakes on the other side. The second principal 

component (PC2), which explains additionally 14% of the variance, is related to pH that may 

be an indicative of an oligotrophic-eutrophic gradient. The log10-transformed diffusive flux has 

positive loading along PC1, indicating that the CH4 flux increases with decreasing lake area 

and altitude and increases with lake dystrophy. It has negative low loading on PC2. The third 

principal component (PC3), explaining an additional 7% of the variance, is mainly governed 

by the O2 concentration, i.e., redox conditions.  

 

Figure 4-7. PCA of all variables in Table 3-4 showing PC1 vs. PC2. The log-transformed flux 

is indicated in red. Associated eigenvectors are found in Appendix C.1. 
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Figure 4-8. PCA of all variables in Table 3-4 showing PC1 vs. PC3. The log-transformed flux 

is indicated in red. Associated eigenvectors are found in Appendix C.1. 
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The dendrogram in Figure 4-10 shows the clustering of all variables based on their correlation 

to each other. As seen in the PCA, the diffusive flux is clustered together with the surface water 

concentration of CH4. This is an expected observation since this parameter was used in the flux 

calculation and hence generates an inherent strong correlation with the flux with greater flux 

from lakes with higher concentration of CH4 (Figure 4-9, R2 =0.99). It is therefore more relevant 

to study the parameteres that conceptually govern the CH4 concentration and thereby the CH4 

flux. CH4 and flux are linked to Mn, refelcting the redox conditions. The cluster of these three 

paramteres is in turn linked to a larger cluster with sUVa and metals that are stongly bound to 

DNOM, as well as to a cluster including log(DOC) and log(a254). Other relevant parameters 

from other clusters are cells, log(O2), log(Ar), log(EC_Kje), log(NO3), log(TOT-P), log(DNA), 

log(Alkalinity), pH_Kje, log(Area) and log(Alt). A new PCA was conducted on only these 

parameters (Figure 4-11).  

 

 

Figure 4-9. Log(Flux) as a function of log(CH4).  

  

y = 1,0524x - 0,5114
R² = 0,9883

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

0 0,5 1 1,5 2 2,5 3 3,5 4

Lo
g(

Fl
u

x)

Log(CH4)

Log(Flux) vs. Log(CH4)



54 
 

 

Figure 4-10. Dedrogram of all variables. 



55 
 

The new PCA with a limited set of selected variables (Figure 4-11) shows the same 

relationships as in the PCA with all variables (Figure 4-7). The CH4 flux has a positive loading 

along PC1, explaining 34% of the variance in the dataset. It is oppositely loaded to lake area 

and altitude implying a negative correlation, and positively loaded along with parameters 

indicative of dystrophic lakes such as absorbency @ λ254, sUVa and low redox conditions (i.e., 

high concentrations of Mn2+). It has relatively low loading along PC2, implying that it is not so 

strongly governed by the oligotrophic-eutrophic gradient as by the lake area, altitude and 

dystrophy. Hence, the PCA suggests that the major governing factors of CH4 flux from the 

study lakes are lake area and altitude, the amount and quality of organic matter, and redox 

conditions.    

 

Figure 4-11. PCA based on selected variables from the Cluster analysis. The log-transformed 

flux is indicated in red. Associated eigenvectors are found in Appendix C.1. 
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Lake area explains 59% of the variation in CH4 flux (Figure 4-12). The negative correlation 

between flux (per unit area) and lake area is in accordance with previous studies (Juutinen et 

al., 2009; Kankaala et al., 2013; Yang et al., 2015). This is likely a result of lake-size related 

factors that govern the flux. Lake area is negatively co-correlated to proxies of organic matter 

concentration, such as DOC and absorbency @ λ254 (see Table C-3 in Appendix C.2 for a 

complete list of correlations among all 67 variables). This is likely due to a larger catchment 

area to lake area ratio for smaller lakes compared to larger lakes, yielding a higher loading of 

allochthonous organic matter to smaller lakes. Larger lakes are also typically located further 

downstream in the watercourse where the topography is less steep, which means that the influx 

water has had longer retention time allowing more DNOM to be processed through photo- and 

biodegradation.  Additionally, larger lakes are more prone to wind-generated turbulence in the 

surface water that means that the concentration of CH4 in the surface water is more likely to 

approach atmospheric equilibrium, thereby reducing the concentration gradient across the 

water-air interface (Kankaala et al., 2013).  

 

Figure 4-12. log(Flux) as a function of log(Area).  
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The PCA (Figure 4-11) indicates a negative correlation between CH4 flux and lake altitude. 

However, this correlation is relatively weak, with altitude explaining 8% of the variation in flux 

(Figure 4-13). As for the negative correlation between flux and lake area, the correlation is 

likely a result of altitude-related factors that govern the flux. When the altitude increases, the 

vegetation cover in the catchment decreases, as indicated by a lower NDVI. The NDVI is in 

turn reported to be an important predictor variable for the concentration of organic matter in 

lakes (Larsen et al., 2011b), with more organic lakes in catchments with higher NDVI.  

 

Figure 4-13. Log(Flux) as a function of Log(Alt).  
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be indicative of reduced availability of substrates for methanogenesis. The positive correlation 

may be explained by that a higher sUVa is indicative of more DNOM originating from the 

decomposition and transformation of organic matter in bogs. This is also indicated by a positive 

correlation between the CH4 flux and the Mn concentration (Figure 4-16). Mn is a redox-

sensitive metal with oxidation states strongly governed by the concentration of O2. The low 

redox potential of water from bogs allows Mn4+ in its solid phase as MnO2 to be reduced to 

dissolved Mn2+. Hence, increasing CH4 flux with increasing Mn2+ concentration implies that 

the flux increases with more reducing (low O2) conditions. The Mn2+ concentration is in turn 

positively correlated to sUVa, i.e., more DNOM originating from bogs. The correlation between 

CH4 flux and sUVa may therefore follow from that both are co-correlated to the loading of 

allochthonous flux of DNOM from bogs in the watershed.  

 

Figure 4-14. Log(Flux) as a function of absorbency @ λ254 nm.  
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Figure 4-15. Log(Flux) as a function of sUVa. 

 

Figure 4-16. Log(Flux) as a function of log(Mn). 
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The low loading of flux along PC2 (Figure 4-11) suggests that oligotrophic-eutrophic gradient 

is not a strong governing factor of CH4 flux. This is in contrast to previous studies that have 

reported increasing flux with increasing nutrient levels and primary production, thus increasing 

supply of bioavailable organic matter to the sediments. The low loading of flux along PC2 may 

be explained by that a large fraction of P is bound to organic matter in lakes with high TOC 

concentrations. The TOT-P concentration may therefore not necessarily indicate nutrient-rich 

conditions since the organic matter has low biodegradability causing slow mineralization rates 

and insignificant release of nutrients that can be utilized by primary producers (Hindar et al., 

2020). However, this should have been indicated by a stronger positive correlation between 

TOT-P and proxies of the amount and quality of organic matter than observed in the PCA in 

Figure 4-11 (and in Table C-3 in Appendix C.2). The low loading along PC2 may therefore 

rather be explained by a low number of eutrophic lakes in the survey, causing the oligotrophic-

eutrophic gradient to be minor relative to the gradients in the amount and quality of organic 

matter. 
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5 Conclusion

The aim of this study was to examine CH4 emissions from a selection of lakes in southeast 

Norway by 1) conducting ice-bubble surveys and gas sampling using bubble traps, and 2) 

estimating CH4 diffusive fluxes using measurements made in The 100 lakes survey and 

meteorological data. Additionally, the aim was to relate spatial variations in CH4 emissions by 

diffusion to lake characteristics.  

Due to opaque white ice conditions at the five study lakes for ebullition surveys, ice-bubble 

surveys could not be conducted, and bubble traps were only installed at Sesvolltjern, 

unfortunately without collecting any gas samples. This was likely due to the high 

spatiotemporal variation of bubbling events from the lake sediments, as well as by several 

weaknesses regarding the bubble trap design.  

CH4 diffusive fluxes ranged from 1 µmol m-2 d-1 to 1625 µmol m-2 d-1. The average flux was 

153 µmol m-2 d-1, which is lower than those calculated from other boreal lakes, likely reflecting 

the larger portion of oligotrophic mountain lakes and the smaller portion of eutrophic lakes in 

this survey, as well as the time of water sampling. An important part of this study was to 

examine the explanatory variables for the spatial variation in CH4 emissions. In order to do this, 

a constant wind speed value was used. The estimated fluxes in this study should therefore be 

considered as a first approximation of CH4 fluxes from the studied lakes rather than absolute 

magnitudes, in which further work is needed to increase the accuracy of the estimates.  

The major explanatory variable for the CH4 diffusive flux was the surface water concentration 

of CH4, resulting from the use of this parameter in the calculations. The variables that 

conceptually governed the CH4 flux were lake area, redox conditions, and the amount and 

quality of organic matter. Also, a negative, although relatively weak, correlation was observed 

between the flux and lake altitude. The flux was negatively correlated with lake area, likely 

reflecting lake-size related factors that governs the flux, such as the concentration of organic 

matter. The flux increased with more reducing conditions indicated by a positive correlation 

with Mn. A larger flux was observed with increasing absorbency @ λ254 nm and increasing 

sUVa, i.e., with increasing dystrophy. The latter observation is surprising and may be explained 

by that both CH4 flux and sUVa are co-correlated to the loading of DNOM originating from 

bogs in the watershed. Interestingly, the flux was not strongly governed by oligotrophic-

eutrophic gradient, possibly due to a small number of eutrophic lakes in the study.  
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6 Further work 

The aim of this master thesis was only partly accomplished due to opaque white ice conditions 

making ice-bubble surveys impossible. Additionally, due to time limitations and melting lake 

ice, it was not possible to attempt for a second installation of modified bubble traps. Since 

ebullition is reported to be the major emission pathway of CH4 from lakes, it is recommended 

to conduct ebullition surveys with improved bubble traps. It is suggested to select study lakes 

that are more easily accessible in order to reduce the practical difficulties with visiting the lakes 

several times. It is also recommended to monitor the lakes over a longer period due to the highly 

episodic nature of ebullition.  

Since CH4 emissions by diffusion appear to be larger from lakes with increasing dystrophy and 

lake browning is projected to continue upon future climate changes, attention should be given 

to how lake CH4 dynamics are impacted by browning and possibly constitute a positive 

feedback on climate change. Moreover, the flux calculations in this study are based on data 

obtained from a limited period of the year. In order to gain a more representative picture of 

annual fluxes and its spatial variation, it is recommended to conduct water sampling at different 

times of the year to cover seasonal variations in surface water concentrations of CH4.  
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8 Appendix  

Appendix A Bubble traps 

Appendix A contains the bubble trap materials and instructions for assembly (A.1) and GPS 

coordinates for installation of bubble traps at Sesvolltjern (A.2).   

A.1 Bubble trap design  

Materials 

• Tec7 glue (EAN-code: 5414195531761) 

• Three-way stopcock  

• ~5 cm PVC tube (diameter = 4 mm) 

• 1.5 L PET bottle (no cap) 

• String (EAN-code: 7314250000189) 

• Electrical tape (EAN-code: 4007872229757) 

• Plastic sheet 

• Steel wire 3 mm (EAN-code: 7317900122194) 

• Weight ~ 0.2 kg  

• Scissor  

• Drill 

• Permanent marker 

Instructions for assembly of a bubble trap   

1) A hole was made at the highest point on the bottom of a plastic bottle using a drill.  

2) A plastic tube was attached to a stopcock and inserted into a hole in the plastic bottle so that 

it extended < 1 cm into the bottle. The tube was secured to the bottle with glue.  

3) A 1 m diameter circle was cut from a plastic sheet, and a hole (smaller than the mouth of 

the bottle) was made in the middle of the circle. 

4) Holes were cut ~1 cm from the edge of the plastic sheet every ~20 cm, and a steel wire 

(~1.5 m) was woven through the holes to form a loop. The ends of the wire were attached 

to each other with electrical tape.  

5) The mouth of a plastic bottle was inserted into the hole in the middle of the plastic sheet 

and secured with electrical tape.  

6) A string (~1 m) was tied to the mouth of the bottle 
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7) Three ~0.75 m pieces of string were tied to the steel wire at semi-equidistant points along 

the loop. The strings were tied together in a knot and to a weight.  

 

A.2 Locations  

Table A-1. GPS coordinates for installation of bubble traps at Sesvolltjern.  

Bubble trap Longitude  Latitude 

 

1 11.16528 60.25230 

 

2 11.16533 60.25172 

 

3 11.16488 60.25148 

 

4 11.16534 60.25121 

 

 

 

  



73 
 

Appendix B Diffusion  

Appendix B includes meteorological data and definitions of constants and variables that were 

used to calculate CH4 diffusive fluxes (B.1). A complete list of the data used in the 

calculations as well as estimated CH4 fluxes is given in Table B-4. Example calculation is 

presented for one lake (B.2). 

B.1 Data used in calculations of CH4 diffusive flux  

Table B-1. Weather stations and associated meteorological data.  

Station name Station number Wind speed a 

m s-1 

Air temperature b 

℃ 

Arendal Lufthavn SN36330 3.3 4 

Aurskog II SN2650 2.1 2.1 

Beitostølen II SN23550 2 -2.4 

Oslo-Blindern SN18700 3 3.4 

Evenstad SN8140 1.6 -0.8 

Gardermoen SN4780 2.9 1.8 

Geilo-Oldebråten SN25630 4.1 -1.9 

Hønefoss-Høyby SN20301 2.1 2 

Kongsvinger SN5590 1.4 2 

Notodden Flyplass SN30650 1.4 2.1 

Sarpsborg SN3190 3.2 4.2 

Torp  SN27470 3.8 3.5 

a The average of daily mean wind speeds at 10 m height from October 1st 2019 to November    

30th 2019. 

b The average of daily mean air temperatures from October 1st 2019 to November 30th 2019.   
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Table B-2. Definitions of constants used in calculations.  

Constant Definition Value  

U10 Wind speed at 10 m height 2.7 m s-1 

R Molar gas constant 8.314 m3 Pa mol-1 K-1 

1.987 cal K-1 mol-1 

KH (T0) Henry’s law solubility constant at 298.15 K 1.37 ∙ 10-5 mol m-3 Pa-1 

k600 Gas transfer coefficient for CO2 at 20 ℃ in 

freshwater 

3.2 cm h-1 

Ca Atmospheric concentration of CH4  1961.2 ppb 

P0 Air pressure at sea level at the Oslo-Blindern 

weather station  

1009.3 hPa 

 

x Exponent  -2/3 

  

Table B-3. Definitions of variables used in calculations.  

Variable Definition  Unit 

 

Ceq Theoretical concentration of CH4 in water when in 

equilibrium with the partial pressure of CH4 in the overlying 

air 

 

mol m-3 

Caq Actual concentration of CH4 in surface water 

 

mol m-3 

KH Temperature adjusted Henry’s law solubility constant for 

CH4 in water 

 

mol m-3 Pa-1 

∆H Temperature adjusted molar enthalpy of solution of CH4 in 

water  

 

cal mol-1 

Sc  Schmidt number for CH4 in freshwater at in situ water 

temperature 

 

- 

k Gas transfer coefficient for CH4  

 

cm h-1 

P Partial pressure of CH4 in the atmosphere  

 

Pa 

Ta 

 

Air temperature  K 

Pa Altitude adjusted air pressure  

 

Pa 

Va Volume of 1 mol dry air 

 

m3 
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Variable Definition  Unit 

 

T Water temperature 

 

K 

t 

 

Water temperature  oC 
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Table B-4. Lake coordinates, data used for calculation of fluxes, and calculated CH4 fluxes.  

Lake name 

  

Longitude 

  

Latitude 

  

Station 

 

 

Altitude 

 

m a.s.l. 

Water 

temp.   

 ℃ 

Sc 

  

∆H 

cal mol-1 

KH 

mol m-3 Pa-1
 

k  

cm h-1 

Caq 

nM 

Ceq  

mol m-3 

Flux  

µmol m-2 d-1 

Bergsvannet 10,062187 59,57869 Torp 36 3,6 1527,2 -4358,7 2,4E-05 1,7 97,7 4,8E-06 38,4 

Bondivatnet 10,431955 59,82538 Oslo-Blindern 99 3,2 1564,5 -4378,6 2,5E-05 1,7 995,0 4,8E-06 402,9 

Buråstjern 11,031622 60,42876 Gardermoen 208 2,3 1651,9 -4423,2 2,5E-05 1,6 698,0 4,9E-06 272,0 

Bygdin 8,7911252 61,32854 Beitostølen II 1058 5,8 1338,0 -4249,6 2,2E-05 1,9 5,7 3,9E-06 0,8 

Børtevatn 9,355979 59,40865 

Notodden 

Flyplass  195 7,6 1202,2 -4160,3 2,1E-05 2,0 165,8 4,1E-06 78,4 

Bålsrødtjernet 9,856297 59,02148 Torp 5 3,4 1545,7 -4368,6 2,4E-05 1,7 222,1 4,8E-06 89,1 

Dalsvatnet 9,163271 58,75433 

Arendal 

Lufthavn 4 6,8 1260,6 -4200,0 2,2E-05 2,0 118,2 4,3E-06 53,5 

Eikeren 9,843788 59,69984 Torp 19 7,6 1202,2 -4160,3 2,1E-05 2,0 21,1 4,2E-06 8,2 

Eintjenn 12,372 60,071 Kongsvinger 175 6,2 1306,4 -4229,8 2,2E-05 1,9 3114,0 4,3E-06 1427,0 

Eldhustjenna 9,208608 58,99879 

Notodden 

Flyplass  59 7,6 1202,2 -4160,3 2,1E-05 2,0 1080,2 4,2E-06 521,9 

Espedalsvatnet 9,6162769 61,383 Beitostølen II 722 6 1322,1 -4239,7 2,2E-05 1,9 26,3 4,0E-06 10,1 

Femsjøen 11,487822 59,13044 Sarpsborg 80 6 1322,1 -4239,7 2,2E-05 1,9 53,8 4,4E-06 22,5 

Fyresvatnet 8,083827 59,18179 

Notodden 

Flyplass  280 8,4 1146,9 -4120,7 2,1E-05 2,1 35,9 3,9E-06 16,0 

Gjennestadvatnet 10,241885 59,23536 Torp 53 1,6 1723,2 -4457,9 2,6E-05 1,6 1546,4 5,1E-06 588,0 

Gjersjøen 10,776392 59,75926 Oslo-Blindern 40 5,2 1387,0 -4279,4 2,3E-05 1,8 61,2 4,5E-06 25,0 

Heddalsvatnet 9,316061 59,51003 

Notodden 

Flyplass  16 8,5 1140,1 -4115,7 2,1E-05 2,1 179,0 4,1E-06 87,9 

Heia 11,216213 59,92903 Oslo-Blindern 183 1 1786,8 -4487,7 2,7E-05 1,6 102,9 5,1E-06 36,4 

Helin 8,716318 61,02056 Beitostølen II 868 7,7 1195,1 -4155,4 2,1E-05 2,0 9,3 3,7E-06 2,7 

Holtjernet 11,096149 60,47162 Gardermoen 444 2 1682,1 -4438,1 2,6E-05 1,6 70,0 4,8E-06 25,3 

Hurdalsjøen 11,065895 60,41258 Gardermoen 176 2,9 1593,1 -4393,4 2,5E-05 1,7 56,1 4,8E-06 20,6 
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Lake name 

  

Longitude 

  

Latitude 

  

Station 

 

 

Altitude 

 

m a.s.l. 

Water 

temp.   

 ℃ 

Sc 

  

∆H 

cal mol-1 

KH 

mol m-3 Pa-1
 

k  

cm h-1 

Caq 

nM 

Ceq  

mol m-3 

Flux  

µmol m-2 d-1 

Hølevatnet 11,65918 59,61276 Aurskog II 199 1,4 1744,1 -4467,8 2,6E-05 1,6 868,9 5,1E-06 326,9 

Igletjernet 11,706 60,28 Gardermoen 184 7,3 1223,7 -4175,2 2,1E-05 2,0 253,1 4,1E-06 119,3 

Imetjern 8,495808 58,74754 

Arendal 

Lufthavn 148 3,4 1545,7 -4368,6 2,4E-05 1,7 3965,5 4,7E-06 1624,7 

Isesjøen 11,197053 59,25062 Sarpsborg 38 4,9 1412,2 -4294,2 2,3E-05 1,8 56,4 4,6E-06 22,6 

Krøderen 9,619445 60,18094 

Hønefoss-

Høyby 133 7,9 1181,1 -4145,5 2,1E-05 2,0 27,5 4,1E-06 11,5 

Kviteseidvatnet 8,529699 59,36806 

Notodden 

Flyplass  72 9,1 1100,9 -4085,9 2,0E-05 2,1 51,1 4,0E-06 24,3 

Lilledalstjernet 11,687809 59,24647 Sarpsborg 113 0,6 1830,4 -4507,5 2,7E-05 1,5 351,1 5,3E-06 126,7 

Ljøstadvann 8,907225 58,75337 

Arendal 

Lufthavn 178 4,2 1473,0 -4329,0 2,4E-05 1,8 339,8 4,6E-06 142,0 

Lombergtjern 11,620042 59,74092 Aurskog II 193 1,1 1776,0 -4482,7 2,6E-05 1,6 300,4 5,1E-06 110,4 

Metubba 9,088398 60,78733 

Geilo-

Oldebråten 851 3,3 1555,1 -4373,6 2,4E-05 1,7 772,4 4,3E-06 313,8 

Midtvatnet 8,746143 58,68943 

Arendal 

Lufthavn 210 6,1 1314,3 -4234,7 2,2E-05 1,9 207,9 4,3E-06 93,0 

Mjøsa 10,678805 60,82118 Gardermoen 123 9,4 1081,8 -4071,1 2,0E-05 2,2 22,9 3,9E-06 9,9 

Mylla 10,598031 60,24374 

Hønefoss-

Høyby 498 6,9 1253,1 -4195,1 2,2E-05 2,0 56,9 4,0E-06 24,9 

Nordre Hærsjøen 12,385 60,109 Kongsvinger 228 8 1174,1 -4140,5 2,1E-05 2,1 58,4 4,0E-06 26,8 

Nordre Vindin 9,017013 61,19498 Beitostølen II 725 9,3 1088,1 -4076,0 2,0E-05 2,2 311,2 3,6E-06 159,5 

Randsfjorden 10,465579 60,42412 

Hønefoss-

Høyby 134 8,9 1113,8 -4095,9 2,0E-05 2,1 15,2 4,0E-06 5,7 

Rosovatnet 10,015193 59,40024 Torp 190 0,9 1797,6 -4492,6 2,7E-05 1,5 795,7 5,2E-06 293,3 

Rødenessjøen 11,639645 59,4884 Aurskog II 118 6 1322,1 -4239,7 2,2E-05 1,9 20,2 4,3E-06 7,2 

Sandvatn 9,08589 59,80456 

Notodden 

Flyplass  309 6,1 1314,3 -4234,7 2,2E-05 1,9 163,8 4,2E-06 72,9 
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Lake name 

  

Longitude 

  

Latitude 

  

Station 

 

 

Altitude 

 

m a.s.l. 

Water 

temp.   

 ℃ 

Sc 

  

∆H 

cal mol-1 

KH 

mol m-3 Pa-1
 

k  

cm h-1 

Caq 

nM 

Ceq  

mol m-3 

Flux  

µmol m-2 d-1 

Sandvatnet 8,748224 59,08759 

Notodden 

Flyplass  369 6,7 1268,1 -4205,0 2,2E-05 2,0 99,2 4,1E-06 44,5 

Sesvolltjernet 11,164995 60,24918 Gardermoen 195 3 1583,5 -4388,5 2,5E-05 1,7 1587,1 4,8E-06 638,7 

Sjusjøen 10,712661 61,14307 Evenstad 810 4,3 1464,1 -4324,0 2,4E-05 1,8 68,1 4,2E-06 27,2 

Skjelbreida 10,580267 60,6342 

Hønefoss-

Høyby 409 9,2 1094,5 -4081,0 2,0E-05 2,2 16,8 3,8E-06 6,7 

Skogsvatnet 9,937482 59,82288 Oslo-Blindern 213 4,9 1412,2 -4294,2 2,3E-05 1,8 749,7 4,5E-06 324,7 

Skurdalsfjorden 8,315378 60,46157 

Geilo-

Oldebråten 782 5 1403,8 -4289,3 2,3E-05 1,8 29,3 4,1E-06 11,0 

Skytningen 9,025524 61,81326 Beitostølen II 824 4,4 1455,3 -4319,0 2,4E-05 1,8 147,6 4,2E-06 61,2 

Snøløsvatn 8,456736 58,48135 

Arendal 

Lufthavn 109 5,3 1378,7 -4274,4 2,3E-05 1,8 79,6 4,5E-06 33,3 

Solbergvatnet 9,9918566 59,33242 Torp 232 0,2 1875,1 -4527,4 2,7E-05 1,5 1852,7 5,3E-06 666,3 

Soneren 9,585546 60,04275 

Hønefoss-

Høyby 104 7,8 1188,1 -4150,4 2,1E-05 2,0 38,9 4,1E-06 17,0 

Stavvatn 8,973607 58,7124 

Arendal 

Lufthavn 164 4,3 1464,1 -4324,0 2,4E-05 1,8 334,2 4,6E-06 140,2 

Steinsrudtjern 10,86768 59,82216 Oslo-Blindern 133 0,2 1875,1 -4527,4 2,7E-05 1,5 84,8 5,3E-06 28,6 

Stokkebuvatnet 8,969279 58,61205 

Arendal 

Lufthavn 41 4,9 1412,2 -4294,2 2,3E-05 1,8 814,7 4,6E-06 352,9 

Storekrækkja 7,782901 60,43702 

Geilo-

Oldebråten 1151 1,5 1733,7 -4462,9 2,6E-05 1,6 9,0 4,4E-06 1,7 

Storsjøen 11,357173 61,39586 Evenstad 252 8,9 1113,8 -4095,9 2,0E-05 2,1 18,6 3,9E-06 7,5 

Surtetjørn 9,120064 59,77253 

Notodden 

Flyplass  471 5,2 1387,0 -4279,4 2,3E-05 1,8 183,1 4,3E-06 78,8 

Sæbyvatnet 10,994402 59,41811 Sarpsborg 47 3,3 1555,1 -4373,6 2,4E-05 1,7 71,1 4,8E-06 27,1 

Sønstevatn 9,146021 59,73985 

Notodden 

Flyplass  318 6 1322,1 -4239,7 2,2E-05 1,9 330,7 4,2E-06 148,6 

Tennungen 11,447 60,356 Gardermoen 298 6,7 1268,1 -4205,0 2,2E-05 2,0 444,3 4,2E-06 206,0 



79 
 

Lake name 

  

Longitude 

  

Latitude 

  

Station 

 

 

Altitude 

 

m a.s.l. 

Water 

temp.   

 ℃ 

Sc 

  

∆H 

cal mol-1 

KH 

mol m-3 Pa-1
 

k  

cm h-1 

Caq 

nM 

Ceq  

mol m-3 

Flux  

µmol m-2 d-1 

Tretjernet 11,133167 59,98719 Oslo-Blindern 192 0,5 1841,5 -4512,5 2,7E-05 1,5 117,6 5,2E-06 41,0 

Tunevatnet 11,086541 59,29404 Sarpsborg 40 4,2 1473,0 -4329,0 2,4E-05 1,8 100,5 4,7E-06 40,6 

Tyin 8,136646 61,27565 Beitostølen II 1084 11 986,8 -3991,7 1,9E-05 2,3 11,6 3,3E-06 4,6 

Tyrifjorden 9,995649 59,96454 

Hønefoss-

Høyby 63 9,1 1100,9 -4085,9 2,0E-05 2,1 37,5 4,0E-06 17,3 

Vangsmjøsi 8,671554 61,15751 Beitostølen II 466 8 1174,1 -4140,5 2,1E-05 2,1 15,4 3,9E-06 5,7 

Vasetvatnet 8,964892 60,99317 Beitostølen II 796 8,9 1113,8 -4095,9 2,0E-05 2,1 22,6 3,6E-06 9,7 

Vassfjorden 8,421757 60,69081 

Geilo-

Oldebråten 736 5,9 1330,1 -4244,7 2,2E-05 1,9 31,0 4,0E-06 12,2 

Vålandstjern 8,726687 58,49791 

Arendal 

Lufthavn 44 4,7 1429,3 -4304,2 2,3E-05 1,8 314,1 4,6E-06 133,8 

Ørkvatnet 8,979922 60,76422 

Geilo-

Oldebråten 805 3,7 1518,0 -4353,8 2,4E-05 1,7 102,7 4,3E-06 40,9 

Ørteren 7,818089 60,46127 

Geilo-

Oldebråten 1147 2,2 1661,9 -4428,2 2,5E-05 1,6 9,5 4,3E-06 2,0 
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B.2 Example of calculation: Bergsvannet  

1) Temperature adjusted molar enthalpy of solution of CH4 in water, ∆𝐻 

T = (3.6 ℃ + 273.15℃)
1𝐾

1℃
= 276.75 𝐾 

∆𝐻 = −18106.7 𝑐𝑎𝑙 𝑚𝑜𝑙−1 + 49.7554 𝑐𝑎𝑙 𝐾−1 𝑚𝑜𝑙−1𝑇 − 0.000285033 𝑐𝑎𝑙 𝐾−2 𝑚𝑜𝑙−1𝑇2 

= −18106.7 𝑐𝑎𝑙 𝑚𝑜𝑙−1 + (49.7554 𝑐𝑎𝑙 𝐾−1 𝑚𝑜𝑙−1 ∙ 276.75 𝐾) − (0.000285033 𝑐𝑎𝑙 𝐾−2 𝑚𝑜𝑙−1 ∙ (276.75 𝐾)2 )   

= −4358.7 𝑐𝑎𝑙 𝑚𝑜𝑙−1  

 

2) Temperature adjusted Henry’s law constant, KH 

𝐾𝐻 = 𝐾𝐻(𝑇0) ∙ 𝑒𝑥𝑝 [−
∆𝐻

𝑅
∙ (

1

𝑇
−

1

𝑇0
)] 

= 1.37 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 𝑃𝑎−1 ∙ 𝑒𝑥𝑝 [−
−4358.7 𝑐𝑎𝑙 𝑚𝑜𝑙−1

1.987 𝑐𝑎𝑙 𝐾−1𝑚𝑜𝑙−1 ∙ (
1

276.75 𝐾
−

1

298.15 𝐾
)]  

= 2.42 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 𝑃𝑎−1 
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3) Calculation of Ceq 

𝑃𝑎 = 𝑃0 − (
𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒

8
) = 1009.3 ℎ𝑃𝑎 −

36 

8 
= 1004.8 ℎ𝑃𝑎 = 100 480 𝑃𝑎 

𝑇𝑎 = (3.5 ℃ + 273.15℃)
1𝐾

1℃
= 276.65 𝐾 

𝑉𝑎 =
𝑛𝑅𝑇𝑎

𝑃𝑎
=

1 𝑚𝑜𝑙 ∙ 8.314 𝑚3 𝑃𝑎 𝑚𝑜𝑙−1 𝐾−1 ∙276.65 𝐾

100 480 𝑃𝑎
= 0.0229 𝑚3  

𝐶𝑎 =
1961.2 ∙ 10−9 𝑚𝑜𝑙

0.0229 𝑚3 
= 8.57 ∙ 10−5 𝑚𝑜𝑙 𝑚−3  

𝑃 = 𝐶𝑎 ∙ 𝑅𝑇𝑎 = 8.57 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 ∙ 8.314 𝑚3 𝑃𝑎 𝑚𝑜𝑙−1 𝐾−1 ∙ 276.65 𝐾 = 0.197 𝑃𝑎  

𝐶𝑒𝑞 = 𝐾𝐻 ∙ 𝑃 = 2.42 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 𝑃𝑎−1 ∙ 0.197 𝑃𝑎 = 4.77 ∙ 10−6 𝑚𝑜𝑙 𝑚−3   

 

4) Calculation of k 

𝑈10 = [(11 ∙ 1.4 𝑚 𝑠−1) + (2 ∙ 1.6 𝑚 𝑠−1) + (8 ∙ 2 𝑚 𝑠−1) + (9 ∙ 2.1 𝑚 𝑠−1) + (7 ∙ 2.9 𝑚 𝑠−1) + (6 ∙ 3 𝑚 𝑠−1) + (5 ∙ 3.2 𝑚 𝑠−1)

+ (8 ∙ 3.3 𝑚 𝑠−1) + (6 ∙ 3.8 𝑚 𝑠−1) + (6 ∙ 4.1 𝑚 𝑠−1)] /68 

        = 2.7 𝑚 𝑠−1  

𝑘600 = 2.07 + (0.215 ∙ 𝑈10
1.7) = 2.07 + (0.215 ∙ 2.71.7) = 3.2 𝑐𝑚 ℎ−1  

𝑆𝑐 = 1897.8 − 114.28𝑡 + 3.2902𝑡2 − 0.039061𝑡3 = 1897.8 − 114.28 ∙ 3.6 + (3.2902 ∙ 3.62) − (0.039061 ∙ 3.63) = 1527.2  
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𝑘 = 𝑘600 (
𝑆𝑐

600
)

𝑥

=   3.2 𝑐𝑚 ℎ−1 ∙ (
1527.2

600
)

−
2

3
= 1.7 𝑐𝑚 ℎ−1 = 0.017 𝑚 ℎ−1   

 

5) Calculation of Flux 

𝐶𝑎𝑞 = 97.7 𝑛𝑀 = 97.7 ∙ 10−9 𝑚𝑜𝑙 𝑑𝑚−3 = 9.77 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 

𝐹𝑙𝑢𝑥 = 𝑘 ∙ (𝐶𝑎𝑞 − 𝐶𝑒𝑞) = 0.017 𝑚 ℎ−1 ∙ (9.77 ∙ 10−5 𝑚𝑜𝑙 𝑚−3 − 4.77 ∙ 10−6 𝑚𝑜𝑙 𝑚−3) = 1.60 ∙ 10−6 𝑚𝑜𝑙 𝑚−2 ℎ−1 = 38.4 𝜇𝑚𝑜𝑙 𝑚−2𝑑−1 
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Appendix C Statistics  

Appendix C contains the eigenvectors for the PCAs (C.1), and a list of correlations between 

all 67 variables (C.2).  

C.1 Eigenvectors in PCA 

Table C-1. Eigenvectors for the first three principal components in the overall PCA. 

Variable PC1 PC2 PC3 

log(Alt) -0,111 -0,05 0,223 

log(Area) -0,125 0,075 -0,195 

T -0,123 -0,046 -0,291 

pH -0,012 0,27 0,068 

log(EC) 0,107 0,182 -0,052 

log(DNA) 0,059 0,09 0,023 

Cells 0,061 -0,08 -0,117 

log(TOC) 0,144 -0,076 -0,021 

log(DOC) 0,152 -0,086 -0,025 

log(POC) 0,116 -0,033 -0,017 

log(TN) 0,151 0,14 -0,088 

log(DN) 0,148 0,155 -0,101 

log(TOT-P) 0,092 0,095 -0,039 

log(DP) 0,033 0,074 0,001 

pH_Kje -0,05 0,286 0,053 

log(EC_Kje) 0,153 0,186 -0,052 

log(Alkalinity) 0,073 0,227 0,043 

log(Cl) 0,162 0,111 -0,128 

log(NO2-) 0,109 0,232 -0,018 

log(Br) 0,165 0,102 -0,067 

log(SO4) 0,11 0,234 -0,06 

log(NO3) 0,107 0,133 -0,198 
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Variable PC1 PC2 PC3 

log(Na) 0,167 0,123 -0,103 

log(K) 0,12 0,203 -0,089 

log(Ca) 0,096 0,271 0,02 

log(Mg) 0,122 0,183 -0,047 

log(Fe) 0,086 0,026 0,019 

log(Al) 0,111 -0,147 -0,071 

log(Cr) 0,068 -0,089 -0,025 

log(Ni) 0,124 0,061 -0,024 

log(Cu) 0,144 0,048 -0,138 

log(Zn) 0,066 -0,165 0,012 

log(As) 0,184 0,006 -0,077 

log(Cd) 0,085 -0,192 -0,087 

log(Pb) 0,122 -0,175 -0,079 

log(V) 0,181 -0,049 -0,133 

log(Mn) 0,137 -0,056 0,082 

log(Co) 0,159 -0,139 -0,067 

log(Hg_total) 0,082 -0,039 -0,076 

log(a254) 0,19 -0,104 0,015 

log(a410) 0,157 -0,113 -0,05 

log(a275) 0,19 -0,106 0,012 

log(a295) 0,189 -0,108 0,012 

log(s_275_295) -0,144 0,129 0 

log(a350) 0,188 -0,112 0,004 

log(a400) 0,176 -0,118 -0,035 

log(s_350_400) 0,091 0,004 0,152 

SUVA 0,142 -0,122 0,047 

SARuv -0,017 0,048 0,071 

SARvis 0,02 -0,077 -0,084 
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Variable PC1 PC2 PC3 

sVISa 0,163 -0,051 0,037 

log(Ar) 0,099 0,003 0,343 

log(N2) 0,092 0,031 0,335 

log(O2) 0,079 0,073 0,347 

log(CO2) 0,12 0,056 0,057 

log(CH4) 0,134 -0,085 0,118 

log(N2O) 0,103 0,008 0,009 

p_N2 -0,071 -0,063 -0,198 

p_O2 -0,095 -0,027 -0,179 

c_O2 0,113 0,039 0,315 

p_CO2 0,039 -0,013 -0,035 

c_CO2 0,014 0,016 -0,049 

p_CH4 0,035 -0,106 0,062 

p_N2O -0,078 -0,009 -0,103 

d18O 0,135 -0,024 -0,038 

d2H 0,147 -0,047 -0,053 

log(Flux) 0,132 -0,091 0,097 
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Table C-2. Eigenvectors for the first two principal components in PCA of selected variables. 

Variable PC1 PC2 

pH_Kje -0,136 -0,474 

log(Area) -0,311 -0,188 

log(Alt) -0,189 0,227 

log(Alkalinity) 0,143 -0,433 

log(EC_Kje) 0,283 -0,387 

log(TOT-P) 0,148 -0,208 

log(NO3) 0,172 -0,366 

log(DNA) 0,13 -0,228 

log(O2) 0,166 -0,097 

log(Ar) 0,23 0,036 

log(Flux) 0,328 0,154 

log(Hg_total) 0,194 -0,016 

log(Mn) 0,334 0,114 

Cells 0,112 0,152 

log(DOC) 0,299 0,067 

SUVA 0,31 0,184 

log(a254) 0,379 0,115 
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C.2 Correlations 

 

Table C-3. Correlations between all 67 variables.  

 

log(Alt) 

 

log(Area) 

 

T 

 

pH 

 

log(EC) 

 

log(DNA) 

 

Cells 

 

log(TOC) 

 

log(DOC) log(POC) log(TN) log(DN) log(TOT-P) log(DP) pH_Kje log(EC_Kje) log(Alkalinity) log(Cl) log(NO2-) log(Br) log(SO4) 

log(Area) -0,018                                         

T 0,022 0,600                                       

pH 0,061 0,133 -0,146                                     

log(EC) -0,426 -0,161 -0,289 0,317                                   

log(DNA) -0,179 -0,201 -0,113 0,218 0,230                                 

Cells -0,136 -0,129 0,206 -0,198 -0,093 0,003                               

log(TOC) -0,373 -0,378 -0,220 -0,154 0,231 0,368 0,405                             

log(DOC) -0,406 -0,401 -0,229 -0,174 0,197 0,263 0,466 0,918                           

log(POC) -0,271 -0,309 -0,196 -0,063 0,306 0,420 0,257 0,904 0,686                         

log(TN) -0,557 -0,145 -0,216 0,188 0,605 0,268 0,197 0,477 0,538 0,380                       

log(DN) -0,544 -0,129 -0,219 0,243 0,623 0,291 0,173 0,483 0,525 0,421 0,963                     

log(TOT-P) -0,112 -0,239 -0,426 0,166 0,348 0,020 -0,024 0,117 0,192 0,075 0,444 0,431                   

log(DP) 0,164 -0,082 -0,124 0,290 0,169 -0,027 0,015 -0,115 -0,043 -0,138 0,225 0,237 0,534                 

pH_Kje 0,115 0,334 -0,010 0,846 0,187 0,183 -0,229 -0,266 -0,326 -0,117 0,091 0,151 0,114 0,193               

log(EC_Kje) -0,614 -0,316 -0,436 0,334 0,690 0,295 0,132 0,441 0,437 0,398 0,755 0,766 0,412 0,091 0,203             

log(Alkalinity) -0,181 -0,164 -0,197 0,557 0,511 0,468 0,023 0,190 0,145 0,242 0,484 0,529 0,231 0,202 0,540 0,620           

log(Cl) -0,748 -0,252 -0,416 0,111 0,628 0,180 0,150 0,449 0,485 0,380 0,703 0,702 0,443 0,059 -0,032 0,859 0,375         

log(NO2-) -0,436 -0,242 -0,267 0,466 0,505 0,419 0,105 0,287 0,304 0,264 0,631 0,668 0,328 0,177 0,458 0,819 0,758 0,614       

log(Br) -0,469 -0,462 -0,389 0,103 0,564 0,194 0,262 0,463 0,500 0,385 0,626 0,651 0,478 0,239 -0,002 0,809 0,537 0,768 0,755     

log(SO4) -0,381 -0,198 -0,257 0,468 0,705 0,219 0,101 0,235 0,235 0,264 0,683 0,725 0,383 0,200 0,399 0,812 0,692 0,653 0,775 0,769   

log(NO3) -0,666 0,152 -0,019 0,153 0,613 0,147 0,049 0,314 0,310 0,290 0,782 0,776 0,198 0,038 0,067 0,681 0,367 0,652 0,489 0,485 0,658 
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log(Alt) 

 

log(Area) 

 

T 

 

pH 

 

log(EC) 

 

log(DNA) 

 

Cells 

 

log(TOC) 

 

log(DOC) log(POC) log(TN) log(DN) log(TOT-P) log(DP) pH_Kje log(EC_Kje) log(Alkalinity) log(Cl) log(NO2-) log(Br) log(SO4) 

log(Na) -0,741 -0,323 -0,436 0,151 0,657 0,251 0,136 0,476 0,507 0,414 0,727 0,733 0,432 0,058 -0,010 0,893 0,448 0,982 0,679 0,794 0,687 

log(K) -0,446 -0,112 -0,213 0,395 0,569 0,317 0,257 0,357 0,392 0,315 0,745 0,753 0,439 0,273 0,297 0,764 0,589 0,677 0,710 0,692 0,765 

log(Ca) -0,317 -0,150 -0,252 0,642 0,594 0,431 0,076 0,249 0,230 0,273 0,649 0,685 0,287 0,166 0,616 0,805 0,856 0,532 0,876 0,641 0,864 

log(Mg) -0,420 -0,327 -0,234 0,322 0,635 0,201 0,207 0,214 0,248 0,187 0,694 0,692 0,473 0,210 0,180 0,754 0,574 0,659 0,671 0,685 0,765 

log(Fe) -0,413 -0,227 -0,328 0,042 0,311 0,108 0,124 0,326 0,319 0,300 0,293 0,295 -0,090 -0,255 -0,066 0,437 0,121 0,536 0,223 0,263 0,199 

log(Al) -0,314 -0,358 -0,245 -0,439 0,198 0,092 0,056 0,391 0,371 0,333 0,175 0,170 0,091 -0,114 -0,581 0,198 -0,134 0,293 -0,033 0,320 0,025 

log(Cr) -0,027 -0,060 -0,083 -0,240 -0,111 0,150 0,194 0,418 0,382 0,419 0,038 0,125 0,046 -0,026 -0,181 -0,024 0,238 0,081 0,049 0,245 -0,002 

log(Ni) -0,254 -0,306 -0,336 0,047 0,407 -0,009 0,302 0,342 0,399 0,270 0,422 0,477 0,331 0,122 -0,049 0,499 0,363 0,530 0,392 0,686 0,623 

log(Cu) -0,474 -0,183 -0,202 -0,063 0,437 0,077 0,303 0,529 0,594 0,392 0,665 0,653 0,504 0,139 -0,135 0,627 0,288 0,688 0,402 0,654 0,479 

log(Zn) -0,076 -0,281 -0,100 -0,386 -0,100 -0,080 0,061 0,324 0,287 0,275 0,102 0,043 0,028 0,022 -0,493 -0,032 -0,180 0,083 -0,176 0,072 -0,116 

log(As) -0,567 -0,474 -0,290 -0,101 0,512 0,391 0,393 0,669 0,683 0,558 0,717 0,697 0,302 0,031 -0,277 0,721 0,329 0,737 0,488 0,692 0,483 

log(Cd) -0,233 -0,318 -0,172 -0,484 -0,035 -0,149 0,185 0,392 0,410 0,293 0,121 0,096 0,085 -0,088 -0,697 0,156 -0,295 0,308 -0,186 0,239 -0,077 

log(Pb) -0,168 -0,401 -0,233 -0,408 0,055 -0,182 0,342 0,427 0,524 0,276 0,218 0,202 0,316 0,121 -0,623 0,152 -0,179 0,365 -0,121 0,344 -0,018 

log(V) -0,649 -0,390 -0,329 -0,255 0,439 0,150 0,266 0,577 0,634 0,445 0,646 0,633 0,392 0,099 -0,443 0,638 0,191 0,784 0,375 0,704 0,413 

log(Mn) -0,165 -0,745 -0,481 -0,016 0,274 0,136 0,168 0,529 0,491 0,474 0,373 0,388 0,230 0,188 -0,283 0,420 0,207 0,352 0,297 0,498 0,292 

log(Co) -0,393 -0,592 -0,331 -0,438 0,269 -0,077 0,308 0,538 0,578 0,415 0,383 0,372 0,261 0,021 -0,632 0,421 0,003 0,521 0,130 0,600 0,260 

log(Hg_total) -0,323 -0,219 -0,168 -0,107 0,148 0,004 0,049 0,287 0,280 0,229 0,298 0,254 0,149 -0,072 -0,264 0,303 0,032 0,386 0,033 0,161 0,157 

log(a254) -0,460 -0,584 -0,322 -0,321 0,288 0,200 0,490 0,773 0,812 0,606 0,632 0,601 0,215 -0,028 -0,466 0,531 0,177 0,565 0,348 0,620 0,312 

log(a410) -0,388 -0,544 -0,183 -0,269 0,210 0,181 0,494 0,624 0,679 0,461 0,459 0,421 0,212 0,096 -0,446 0,409 0,142 0,478 0,282 0,591 0,236 

log(a275) -0,461 -0,584 -0,323 -0,324 0,287 0,195 0,490 0,772 0,813 0,603 0,629 0,598 0,217 -0,024 -0,471 0,528 0,173 0,566 0,344 0,623 0,309 

log(a295) -0,461 -0,580 -0,318 -0,328 0,282 0,190 0,491 0,768 0,809 0,599 0,626 0,594 0,211 -0,024 -0,472 0,522 0,168 0,562 0,340 0,619 0,305 

log(s_275_295) 0,398 0,451 0,206 0,365 -0,141 -0,034 -0,439 -0,575 -0,616 -0,425 -0,458 -0,416 -0,084 -0,003 0,444 -0,322 -0,026 -0,408 -0,198 -0,469 -0,185 

log(a350) -0,461 -0,575 -0,304 -0,333 0,277 0,178 0,500 0,763 0,807 0,592 0,613 0,580 0,213 -0,008 -0,481 0,510 0,157 0,558 0,328 0,622 0,298 

log(a400) -0,429 -0,574 -0,242 -0,308 0,249 0,180 0,510 0,702 0,755 0,530 0,534 0,498 0,233 0,070 -0,483 0,460 0,149 0,530 0,302 0,633 0,271 
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log(Alt) 

 

log(Area) 

 

T 

 

pH 

 

log(EC) 

 

log(DNA) 

 

Cells 

 

log(TOC) 

 

log(DOC) log(POC) log(TN) log(DN) log(TOT-P) log(DP) pH_Kje log(EC_Kje) log(Alkalinity) log(Cl) log(NO2-) log(Br) log(SO4) 

log(s_350_400) -0,297 -0,229 -0,181 -0,172 0,172 0,163 0,302 0,495 0,482 0,424 0,478 0,445 -0,024 -0,200 -0,094 0,352 0,155 0,309 0,300 0,238 0,240 

SUVA -0,277 -0,572 -0,349 -0,410 0,225 0,005 0,280 0,389 0,331 0,383 0,307 0,282 0,081 -0,073 -0,522 0,317 0,060 0,386 0,112 0,483 0,210 

SARuv -0,003 0,144 -0,129 0,005 0,061 -0,080 -0,151 0,008 -0,026 0,047 0,103 0,131 -0,048 -0,213 0,067 0,053 -0,002 -0,005 -0,014 -0,112 0,039 

SARvis -0,140 -0,117 0,186 -0,233 -0,078 -0,070 0,340 0,081 0,061 0,079 -0,069 -0,083 -0,294 -0,208 -0,248 -0,022 -0,131 0,092 -0,043 0,039 -0,032 

sVISa -0,443 -0,439 -0,202 -0,196 0,273 0,306 0,553 0,766 0,820 0,585 0,623 0,585 0,094 -0,100 -0,273 0,493 0,223 0,487 0,402 0,504 0,308 

log(Ar) 0,133 -0,537 -0,853 0,017 0,209 0,001 -0,150 0,180 0,207 0,130 0,129 0,105 0,281 0,110 -0,107 0,238 0,118 0,217 0,129 0,252 0,087 

log(N2) 0,088 -0,472 -0,828 0,109 0,212 0,055 -0,146 0,103 0,155 0,058 0,197 0,162 0,278 0,153 -0,016 0,246 0,135 0,259 0,121 0,242 0,172 

log(O2) 0,147 -0,369 -0,864 0,227 0,243 0,045 -0,229 0,035 0,075 0,006 0,163 0,132 0,335 0,181 0,131 0,251 0,190 0,220 0,148 0,205 0,184 

log(CO2) -0,318 -0,487 -0,241 -0,174 0,337 0,328 0,195 0,389 0,388 0,346 0,471 0,465 0,191 -0,069 -0,044 0,548 0,470 0,407 0,599 0,576 0,481 

log(CH4) -0,254 -0,792 -0,435 -0,168 0,194 0,215 0,168 0,469 0,494 0,366 0,256 0,240 0,016 -0,126 -0,348 0,369 0,176 0,345 0,293 0,410 0,206 

log(N2O) -0,128 -0,353 -0,318 -0,030 0,297 0,059 0,020 0,278 0,248 0,276 0,333 0,378 0,203 0,131 -0,084 0,405 0,206 0,287 0,285 0,467 0,453 

p_N2 0,123 0,085 0,433 -0,104 -0,161 -0,060 0,008 -0,230 -0,226 -0,179 -0,214 -0,199 -0,047 0,086 -0,127 -0,298 -0,266 -0,285 -0,263 -0,266 -0,241 

p_O2 0,215 0,242 0,343 0,039 -0,151 -0,193 -0,170 -0,324 -0,322 -0,261 -0,202 -0,203 -0,005 0,094 -0,020 -0,266 -0,209 -0,266 -0,298 -0,266 -0,195 

c_O2 0,031 -0,614 -0,825 0,134 0,212 0,182 -0,059 0,240 0,258 0,192 0,210 0,186 0,288 0,119 0,012 0,392 0,312 0,304 0,338 0,408 0,261 

p_CO2 -0,104 0,058 -0,151 -0,094 -0,022 -0,076 0,164 0,114 0,128 0,115 0,115 0,119 0,094 0,015 -0,107 0,160 -0,077 0,293 0,042 0,179 0,128 

c_CO2 -0,247 -0,147 0,089 0,018 0,077 0,189 0,061 0,077 0,098 0,044 0,020 0,020 -0,109 0,041 0,087 0,140 0,177 0,037 0,174 0,088 0,043 

p_CH4 0,008 -0,141 -0,159 -0,192 -0,050 -0,108 0,120 0,081 0,107 0,064 -0,020 -0,030 -0,142 -0,151 -0,295 -0,031 -0,066 0,055 -0,134 0,032 -0,072 

p_N2O 0,206 0,259 0,235 0,037 -0,110 -0,244 -0,214 -0,337 -0,292 -0,316 -0,178 -0,167 0,117 0,169 -0,039 -0,220 -0,152 -0,204 -0,266 -0,155 -0,113 

d18O -0,518 -0,395 -0,359 -0,160 0,329 0,134 0,271 0,465 0,536 0,349 0,489 0,433 0,291 -0,004 -0,338 0,533 0,058 0,697 0,264 0,444 0,210 

d2H -0,586 -0,410 -0,384 -0,243 0,358 0,120 0,239 0,477 0,541 0,363 0,499 0,439 0,275 -0,032 -0,422 0,543 0,012 0,732 0,239 0,462 0,200 

log(Flux) -0,281 -0,769 -0,365 -0,191 0,185 0,225 0,216 0,493 0,519 0,382 0,281 0,260 -0,012 -0,150 -0,364 0,368 0,175 0,340 0,300 0,407 0,204 
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log(NO3) 

 

log(Na) 

 

log(K) 

 

log(Ca) 

 

log(Mg) 

 

log(Fe) 

 

log(Al) 

 

log(Cr) 

 

log(Ni) log(Cu) log(Zn) log(As) log(Cd) log(Pb) log(V) log(Mn) log(Co) log(Hg_total) log(a254) log(a410) log(a275) log(a295) 

log(Na) 0,643                                           

log(K) 0,619 0,694                                         

log(Ca) 0,542 0,592 0,751                                       

log(Mg) 0,551 0,691 0,706 0,684                                     

log(Fe) 0,239 0,557 0,227 0,208 0,258                                   

log(Al) 0,266 0,282 -0,017 -0,135 0,084 0,184                                 

log(Cr) -0,024 0,082 0,067 0,001 -0,214 -0,090 0,227                               

log(Ni) 0,382 0,523 0,523 0,428 0,508 0,113 0,255 0,365                             

log(Cu) 0,507 0,672 0,664 0,412 0,569 0,234 0,196 0,225 0,501                           

log(Zn) 0,177 0,038 -0,025 -0,232 0,027 -0,035 0,485 0,146 0,093 0,207                         

log(As) 0,511 0,763 0,577 0,434 0,614 0,412 0,404 0,169 0,466 0,671 0,191                       

log(Cd) 0,119 0,282 -0,002 -0,275 -0,038 0,144 0,562 0,255 0,169 0,335 0,460 0,416                     

log(Pb) 0,053 0,317 0,130 -0,188 0,072 0,166 0,467 0,391 0,391 0,466 0,409 0,473 0,732                   

log(V) 0,612 0,787 0,492 0,249 0,525 0,364 0,605 0,296 0,559 0,703 0,356 0,772 0,545 0,569                 

log(Mn) 0,195 0,426 0,246 0,206 0,426 0,280 0,409 0,107 0,308 0,310 0,339 0,576 0,302 0,360 0,530               

log(Co) 0,355 0,527 0,204 0,026 0,354 0,287 0,686 0,297 0,547 0,497 0,455 0,674 0,673 0,708 0,823 0,679             

log(Hg_total) 0,400 0,361 0,193 0,038 0,265 0,202 0,195 -0,014 0,171 0,354 0,384 0,359 0,386 0,323 0,475 0,429 0,432           

log(a254) 0,376 0,602 0,418 0,253 0,473 0,375 0,458 0,280 0,454 0,611 0,361 0,828 0,482 0,570 0,754 0,655 0,756 0,337         

log(a410) 0,252 0,501 0,301 0,186 0,375 0,335 0,438 0,299 0,458 0,460 0,301 0,706 0,448 0,614 0,677 0,559 0,736 0,233 0,842       

log(a275) 0,374 0,602 0,414 0,248 0,467 0,376 0,464 0,286 0,458 0,611 0,361 0,826 0,488 0,579 0,758 0,655 0,763 0,335 1,000 0,848     

log(a295) 0,375 0,597 0,409 0,244 0,461 0,373 0,460 0,286 0,455 0,605 0,365 0,822 0,485 0,577 0,755 0,651 0,762 0,331 0,999 0,851 1,000   

log(s_275_295) -0,341 -0,417 -0,236 -0,111 -0,275 -0,261 -0,366 -0,246 -0,365 -0,397 -0,425 -0,627 -0,395 -0,485 -0,601 -0,515 -0,686 -0,232 -0,849 -0,811 -0,853 -0,866 

log(a350) 0,375 0,590 0,398 0,233 0,453 0,364 0,469 0,292 0,458 0,597 0,378 0,816 0,491 0,588 0,759 0,645 0,775 0,322 0,996 0,871 0,997 0,998 

log(a400) 0,316 0,555 0,352 0,205 0,418 0,350 0,487 0,318 0,481 0,537 0,358 0,772 0,491 0,637 0,746 0,613 0,790 0,276 0,929 0,977 0,934 0,936 
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log(NO3) 

 

log(Na) 

 

log(K) 

 

log(Ca) 

 

log(Mg) 

 

log(Fe) 

 

log(Al) 

 

log(Cr) 

 

log(Ni) log(Cu) log(Zn) log(As) log(Cd) log(Pb) log(V) log(Mn) log(Co) log(Hg_total) log(a254) log(a410) log(a275) log(a295) 

log(s_350_400) 0,312 0,333 0,347 0,271 0,378 0,203 0,013 -0,007 0,140 0,388 0,227 0,495 0,040 0,011 0,307 0,286 0,194 0,191 0,625 0,237 0,611 0,613 

SUVA 0,245 0,410 0,168 0,058 0,326 0,311 0,493 0,233 0,370 0,295 0,370 0,551 0,458 0,487 0,588 0,611 0,754 0,296 0,752 0,685 0,756 0,759 

SARuv 0,121 0,009 0,070 0,018 0,005 -0,065 -0,061 -0,076 -0,114 0,070 -0,012 -0,035 -0,026 -0,183 -0,070 -0,040 -0,152 0,073 -0,031 -0,546 -0,039 -0,045 

SARvis 0,009 0,073 -0,126 -0,127 0,056 0,310 0,093 -0,006 0,065 -0,105 0,108 0,130 0,064 0,122 0,132 0,042 0,195 0,054 0,147 0,219 0,149 0,154 

sVISa 0,350 0,528 0,424 0,335 0,437 0,361 0,231 0,216 0,363 0,566 0,203 0,755 0,265 0,361 0,587 0,481 0,520 0,205 0,904 0,727 0,899 0,900 

log(Ar) -0,086 0,240 0,098 0,098 0,129 0,246 0,176 0,068 0,239 0,128 0,140 0,148 0,146 0,237 0,217 0,399 0,264 0,140 0,314 0,152 0,315 0,310 

log(N2) -0,041 0,278 0,145 0,177 0,173 0,282 0,064 0,037 0,333 0,124 0,056 0,156 0,095 0,184 0,202 0,297 0,218 0,110 0,290 0,192 0,292 0,290 

log(O2) -0,042 0,227 0,145 0,227 0,175 0,190 0,011 0,002 0,304 0,087 0,002 0,076 -0,006 0,107 0,108 0,206 0,096 0,058 0,157 0,062 0,158 0,156 

log(CO2) 0,292 0,469 0,438 0,527 0,506 0,193 0,163 0,103 0,353 0,409 0,116 0,506 0,057 0,095 0,418 0,313 0,389 0,104 0,593 0,462 0,590 0,589 

log(CH4) 0,098 0,421 0,096 0,157 0,340 0,342 0,374 0,049 0,240 0,155 0,300 0,533 0,272 0,272 0,488 0,709 0,611 0,324 0,668 0,567 0,668 0,668 

log(N2O) 0,382 0,310 0,280 0,318 0,246 0,018 0,279 0,133 0,312 0,171 0,257 0,292 0,224 0,206 0,341 0,427 0,453 0,171 0,363 0,310 0,367 0,370 

p_N2 -0,106 -0,264 -0,181 -0,307 -0,131 -0,218 -0,102 -0,232 -0,340 -0,199 -0,062 -0,207 -0,021 -0,046 -0,149 0,004 -0,053 0,008 -0,226 -0,146 -0,223 -0,222 

p_O2 -0,069 -0,271 -0,197 -0,279 -0,166 -0,121 -0,091 -0,201 -0,288 -0,128 -0,103 -0,282 0,075 -0,027 -0,169 -0,098 -0,053 -0,032 -0,377 -0,252 -0,371 -0,372 

c_O2 -0,048 0,344 0,169 0,329 0,240 0,328 0,128 0,121 0,403 0,152 0,064 0,280 0,095 0,228 0,260 0,403 0,315 0,056 0,375 0,373 0,378 0,375 

p_CO2 0,205 0,261 0,217 0,016 -0,003 0,225 0,069 0,224 0,335 0,154 0,078 0,180 0,286 0,189 0,302 -0,075 0,214 0,159 0,127 0,128 0,130 0,130 

c_CO2 0,047 0,080 0,047 0,187 0,049 0,139 0,155 -0,133 -0,129 0,009 -0,042 0,064 -0,064 -0,105 0,053 0,018 0,017 -0,028 0,086 0,093 0,086 0,086 

p_CH4 -0,005 0,051 -0,052 -0,141 0,006 0,243 0,264 0,146 0,111 -0,047 0,095 0,142 0,220 0,183 0,190 0,150 0,251 0,129 0,210 0,193 0,211 0,209 

p_N2O -0,033 -0,213 -0,166 -0,206 -0,097 -0,222 -0,003 -0,131 -0,016 -0,063 -0,061 -0,279 0,167 0,000 -0,066 -0,199 0,008 -0,021 -0,336 -0,189 -0,329 -0,331 

d18O 0,242 0,696 0,352 0,127 0,424 0,528 0,343 0,012 0,266 0,473 0,122 0,674 0,414 0,472 0,656 0,394 0,514 0,340 0,586 0,484 0,585 0,575 

d2H 0,317 0,727 0,318 0,089 0,396 0,539 0,438 0,030 0,285 0,471 0,188 0,703 0,490 0,511 0,738 0,411 0,607 0,378 0,628 0,530 0,629 0,621 

log(Flux) 0,115 0,420 0,106 0,159 0,351 0,340 0,359 0,045 0,231 0,173 0,286 0,558 0,274 0,267 0,492 0,699 0,609 0,318 0,696 0,590 0,696 0,696 
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log(s_275_295) 

 

 

log(a350) 

 

log(a400) 

 

log(s_350_400) 

 

SUVA 

 

SARuv 

 

SARvis 

 

sVISa log(Ar) log(N2) log(O2) log(CO2) log(CH4) log(N2O) p_N2 p_O2 c_O2 p_CO2 c_CO2 p_CH4 p_N2O d18O d2H 

log(a350) -0,882                                             

log(a400) -0,867 0,951                                           

log(s_350_400) -0,507 0,587 0,371                                         

SUVA -0,754 0,767 0,747 0,345                                       

SARuv 0,176 -0,082 -0,368 0,398 -0,079                                     

SARvis -0,231 0,168 0,208 0,024 0,199 -0,136                                   

sVISa -0,753 0,894 0,809 0,752 0,531 -0,025 0,147                                 

log(Ar) -0,173 0,295 0,219 0,197 0,371 0,173 -0,160 0,211                               

log(N2) -0,230 0,281 0,235 0,172 0,356 0,074 -0,128 0,219 0,845                             

log(O2) -0,102 0,146 0,101 0,127 0,213 0,103 -0,210 0,113 0,857 0,938                           

log(CO2) -0,482 0,579 0,517 0,502 0,477 0,008 -0,013 0,561 0,267 0,204 0,142                         

log(CH4) -0,606 0,666 0,622 0,376 0,620 -0,037 0,209 0,567 0,410 0,313 0,208 0,519                       

log(N2O) -0,425 0,378 0,361 0,111 0,440 0,035 -0,014 0,207 0,243 0,174 0,166 0,458 0,380                     

p_N2 0,146 -0,216 -0,176 -0,285 -0,081 -0,058 0,044 -0,269 -0,416 -0,507 -0,514 -0,177 -0,066 0,052                   

p_O2 0,308 -0,368 -0,304 -0,526 -0,213 -0,048 -0,051 -0,469 -0,369 -0,368 -0,366 -0,424 -0,251 -0,115 0,680                 

c_O2 -0,290 0,370 0,379 0,114 0,387 -0,130 -0,012 0,299 0,791 0,846 0,829 0,375 0,460 0,248 -0,533 -0,383               

p_CO2 -0,129 0,136 0,142 0,040 0,187 -0,026 0,274 0,089 0,090 0,204 0,143 -0,067 -0,021 -0,069 -0,137 -0,064 0,167             

c_CO2 -0,082 0,087 0,091 0,057 -0,035 -0,042 0,000 0,099 -0,147 -0,182 -0,172 0,270 0,114 0,010 0,028 -0,074 -0,095 -0,308           

p_CH4 -0,145 0,208 0,208 0,068 0,310 -0,035 0,145 0,132 0,155 0,162 0,125 -0,047 0,184 -0,026 -0,087 -0,038 0,172 0,358 -0,104         

p_N2O 0,278 -0,321 -0,240 -0,525 -0,182 -0,080 -0,326 -0,479 -0,228 -0,105 -0,141 -0,315 -0,301 -0,151 0,294 0,646 -0,191 0,143 -0,139 0,001       

d18O -0,282 0,563 0,528 0,322 0,342 -0,018 0,122 0,529 0,280 0,238 0,154 0,272 0,422 0,035 -0,212 -0,240 0,279 0,133 0,028 0,197 -0,263     

d2H -0,383 0,614 0,581 0,316 0,428 -0,023 0,169 0,537 0,290 0,258 0,162 0,297 0,473 0,108 -0,201 -0,232 0,299 0,179 0,044 0,222 -0,245 0,978   

log(Flux) -0,627 0,692 0,645 0,405 0,620 -0,037 0,228 0,607 0,349 0,258 0,141 0,532 0,994 0,356 -0,044 -0,232 0,413 -0,032 0,131 0,178 -0,291 0,429 0,477 

 


