
 
 

Department of Thematic Studies 

Campus Norrköping 

______________________________________________________________________________ 

 

 

 

Methane fluxes in lakes at 

different spatiotemporal scales 

 

 

 

 

 

 

Hallgren, Erik & Åman, Olle 

 

Bachelor of Science Thesis, Environmental Science Programme, 2019 

__________________________________________________________________________________ 

 

Linköpings universitet, Campus Norrköping, SE-601 74 Norrköping, Sweden 

 



 

  

Rapporttyp 

Report category 
 

       Licentiatavhandling  

       Examensarbete 
 AB-uppsats  

       C-uppsats 

       D-uppsats     
       Övrig rapport 
 

Språk 

Language 
 

       Svenska/Swedish 

       Engelska/English 
 

 
 

Title  
Methane Fluxes in Lakes at Different Spatiotemporal Scales – a field study 
 

 

Titel 
Metanflöden i sjöar i olika spatialtemporala skalor – en fältstudie 

 

 
 

Author 

Erik Hallgren & Olle Åman 

Abstract 

Freshwater bodies such as lakes release the greenhouse gas methane (CH4) into the atmosphere. Global emissions from lakes are 

estimated to emit more CH4 than oceans, despite that lakes occupies a much smaller global land area. Lakes are therefore 

significant components for global budgets of CH4. Accurate global estimations of lakes are troublesome, partly because of the 

spatial and temporal variability of CH4 fluxes, making regional and global assessments filled with uncertainties. Yet, few studies 

consider the spatial and temporal variability of CH4 fluxes. Therefore, this study investigates the spatial and temporal variability 

of CH4 fluxes in lakes at different scales. Measurements were made during two field campaigns in lake Venasjön and Parsen, 

located in the municipality of Söderköping, Sweden. We used the commonly used floating chamber (FC) method for CH4 flux 

measurements. In order to investigate the small-scale flux variability, we redeveloped the FC-method by constructing two grids 

consisting of seven FCs distributed approximately 1m apart from each other. One grid was placed at the shallow zone at the inflow 

of each lake and the other at the lakes deepest zone. By sampling the grid several times every field campaign, spatial and temporal 

variability of fluxes at different scales could be measured. Overall, we found a significant difference of CH4 fluxes in both lakes 

depending on field campaign and grid location. Our results also indicate that there is a small-scale variability of CH4 fluxes in 

lakes. Our hope is that these findings can illustrate the importance of investigating lake fluxes at small spatial and temporal scales.  

ISBN 

_____________________________________________________ 

ISRN  LIU-TEMA/MV-C—19/22--SE 

___________________________________________________________

______ 

ISSN 

___________________________________________________________

______ 

Serietitel och serienummer 

Title of series, numbering 

 

Handledare 

Tutor  

David Bastviken 

Keywords 

Methane, Variability, Small-lakes, Floating Chamber, Spatial Temporal 

 

Date 

2019-13-06 

URL för elektronisk version 

 

http://www.ep.liu.se/index.sv.html 

Institution, Avdelning 
Department, Division 

Tema Miljöförändring, 

Miljövetarprogrammet 

Department of Thematic Studies – Environmental change 

Environmental Science Programme 

 

 



   
 

 
 

 

 

Abstract 

Freshwater bodies such as lakes release the greenhouse gas methane (CH4) into the atmosphere. 

Global emissions from lakes are estimated to emit more CH4 than oceans, despite that lakes 

occupies a much smaller global land area. Lakes are therefore significant components for global 

budgets of CH4. Accurate global estimates of lakes are troublesome, partly because of the 

spatial and temporal variability of CH4 fluxes, making regional and global assessments filled 

with uncertainties. Yet, few studies consider the spatial and temporal variability of CH4 fluxes. 

Therefore, this study investigates the spatial and temporal variability of CH4 fluxes in lakes at 

different scales. Measurements were made during two field campaigns in lake Venasjön and 

Parsen, located in the municipality of Söderköping, Sweden. We used the commonly used 

floating chamber (FC) method for CH4 flux measurements. In order to investigate the small-

scale flux variability, we redeveloped the FC-method by constructing two grids consisting of 

seven FCs distributed approximately 1m apart from each other. One grid was placed at the 

shallow zone at the inflow of each lake and the other at the lakes deepest zone. By sampling the 

grid several times every field campaign, spatial and temporal variability of fluxes at different 

scales could be measured. Overall, we found a significant difference of CH4 fluxes in both lakes 

depending on field campaign and grid location. Our results also indicate that there is a small-

scale variability of CH4 fluxes in lakes. Our hope is that these findings can illustrate the 

importance of investigating lake fluxes at small spatial and temporal scales. 

 

Sammanfattning 

Sjöar släpper ut växthusgasen metan (CH4) i atmosfären. Globala utsläpp från sjöar beräknas 

avge mer CH4 än havet, trots att sjöar har en mycket mindre global areal. Sjöar är därför viktiga 

komponenter för globala budgetar av CH4. Dessvärre är noggranna globala uppskattningar av 

sjöar svårt att göra, delvis på grund av den spatial och temporala variationen av CH4, vilket gör 

regionala och globala bedömningar fyllda med osäkerheter. Trots detta undersöker få studier 

metanflödets spatiala och temporala variabilitet. Denna studie undersöker den spatiala och 

temporala variabiliteten av CH4-flöden från sjöar i olika skalor. Mätningar genomfördes under 

två fältkampanjer i sjöarna Venasjön och Parsen som ligger i Söderköpings kommun, Sverige. 

För att undersöka variabiliteten i en liten skala utvecklade vi den redan använda floating 



   
 

 
 

 

chamber (FC) metoden för flödesmätningar genom att bygga två grids med sju FCs, ungefär 

1m mellan varje kammare. En grid placerades vid den grunda delen vid inflödet av varje sjö 

och den andra vid respektive sjös djupaste del. Genom att mäta griden flera gånger varje 

fältkampanj kunde den spatiala och temporala variationen av flöden i olika skalor undersökas. 

Sammantaget fann vi signifikanta skillnader i båda sjöarnas CH4-flöden mellan fältkampanjer 

och grids. Våra resultat tyder också på småskaliga variationer av CH4-flöden i sjöar. Vårt hopp 

är att dessa resultat kan ytterligare bekräfta betydelsen av att undersöka sjöflödena i små spatiala 

och temporära skalor. 

 

Keywords: Methane, Variability, small-lakes, Floating Chamber, Small-scale, Spatial and 

Temporal 
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1. Introduction 

The concentration of the greenhouse gases (GHGs) methane (CH4), carbon dioxide (CO2) and 

nitrous oxide (N2O) have increased in the atmosphere since the pre-industrial era, acting as 

physical drivers for climate change. Emissions of GHGs are mainly caused by human activity, 

such as burning of fossils fuels and land use (IPCC, 2014). Thus, the focus in most climate 

change debates has been towards anthropogenic sources. However, there are also emissions of 

GHGs caused by natural processes. Knowledge about natural fluxes of GHGs are important for 

global assessments, but because these fluxes are linked to complex processes in nature, they are 

often hard to quantify.  

 

CH4 is one of the major GHGs with around 28 times larger global warming potential than CO2 

(Myhre et al., 2013). Over the past 15 years, levels of atmospheric CH4 has increased rapidly, 

a growing contribution to global warming from CH4 has become evident (Saunois et al., 2016). 

Most of the atmospheric CH4 is caused by anthropogenic activities. Although, there are also 

important natural sources of CH4 emissions (Stocker et al., 2013), and the second largest natural 

emission of CH4 is from lakes (Saunois et al., 2016; Bastviken, 2009). Because lakes only make 

up a small fraction (3.7%) of the Earth’s nonglacial land area (Verpoorter et al., 2014), lakes 

role in the global CH4 budget may have historically been overlooked. 

 

Today, a large portion of the global CH4 budget has been described, suggesting that lakes play 

an important role in CH4 and carbon cycling (Bastviken, 2009; Tranvik et al., 2009; 

Natchimuthu et al., 2016). The global CH4 budget is determined by the balance between sources 

and sinks, where lakes count as a net source of CH4 (Saunois et al., 2016). The role of lakes is 

not in proportion to the total area of which it occupies (Tranvik et al., 2009). Small and shallow 

lakes have been shown to emit more CH4 per m2 than larger and deeper lakes (Bastviken, 2009; 

Holgerson and Raymond, 2016). This difference in lake size emission can be explained by 

smaller lakes generally having a richer supply of organic matter from the catchment area in 

relation to its volume than larger lakes (Natchimuthu et al., 2016). Small lakes may also be 

more sensitive to warmer temperatures than larger lakes. Thus, the understanding of small lakes 

dynamics and their spatiotemporal variability are of great importance for effectively upscaling 

lake fluxes to large regional and global scales (Natchimuthu et al., 2016). 
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However, data limitations and bias in data distribution makes global estimates difficult. Most 

recent global estimation presents a minimum uncertainty range between 60 and 180 Tg yr-1 CH4 

(Saunois et al., 2016), indicating that accurate estimates are difficult. Reasons for bias and 

limited data regarding emissions from inland freshwater lakes can depend on several factors 

e.g. techniques used, sampling frequency, spatial and temporal variability of fluxes (Wik et al., 

2016). There is still little known about the variability of CH4 fluxes. To improve reliability, 

contributing to the global estimates of CH4, spatial and temporal measurements are needed 

(Hofmann, 2013; Wik et al., 2016). Therefore, this study investigates the spatial and temporal 

variability of CH4 emissions between and within two small lakes. The variability within lakes 

has been investigated in a considerably smaller scale than before. 
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2. Aim  

The aim of this thesis is to investigate the spatial and temporal variability of CH4 total fluxes 

between and within two lakes at different scales. 

2.1 Research Questions 

● Is there any difference in CH4 flux between studied lakes?  

● Is there any difference between CH4 flux during field campaigns a few weeks apart, and 

within these campaigns? 

● How does CH4 total fluxes vary between measurement locations within lakes?  

● How does CH4 total fluxes vary within specific nearby locations a few metres apart? 
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3. Background 

3.1 CH4 Production and Consumption in Lakes 

CH4 is an odourless organic trace gas and a major product in organic matter decomposition in 

freshwater environments. CH4 in the atmosphere is mostly of bio-genic origin. Bio-genic CH4 

is created by a type of Archae through processes of methanogenesis. Methanogenic Archaeans 

(often called methogens) produce CH4 under anaerobic conditions i.e. in absence of oxidants 

such as molecular oxygens (O2), nitrate, sulphate or ferric iron. Under these conditions, which 

often prevail in sediments, CH4 is the end product of organic matter degradation (Bastviken, 

2009; Conrad, 2009).  

 

The two principal ways of methanogenesis are acetotrophic and hydrogenotrophic. In 

acetotrophic methanogenesis, acetatic acid (CH3COOH) is used and turned into CH4 and CO2. 

In hydrogenotrophic methanogenesis hydrogen (H2) reacts with CO2 forming CH4 and water 

(H2O) (Bastviken, 2009; Baldocchi, 2012). Different environmental parameters can affect 

methanogenesis, one is temperature, and the potential CH4 production rate could increase if 

temperatures rise (Duc et al., 2010; Bastviken, 2009; Zeikus and Winfrey, 1976). The two 

principal ways of methanogenesis can occur side by side. In the presence of Oxygen (O2) during 

aerobic conditions, O2 can be used as an electron acceptor and CH4 can be used as a carbon 

source for methane-oxidizing bacteria. The final product of the oxidizing process is CO2. 

Compared to methanogenesis, this process appears less sensitive to temperature under natural 

conditions (Bastviken, 2009). 

 

3.2 Pathways of Lake CH4 Emissions 

Emissions of CH4 from freshwater to the atmosphere occurs in various pathways; ebullition 

(i.e. bubble flux), diffusive flux, and flux through aquatic vegetation. These pathways may be 

regulated differently, making the estimation of emissions from lakes difficult. (Bastviken et al., 

2004) 

The pathway ebullition occurs through the release of bubbles of CH4 from sediment (Bastviken, 

2009) and counts as the dominant open water pathway in shallow aquatic environments 

(Bastviken et al., 2011; De Mello et al., 2018). Because this pathway is rapid, most released 

CH4 is not oxidized when bubbles pass through the water column. The rate of ebullition is 

related to CH4 formation rate in sediment and as well by the hydrostatic pressure, which 



   
 

 9  
 

influences the release of bubbles. As hydrostatic pressure is lower in more shallow sediments, 

most intensive ebullition takes place there (Bastviken, 2009). The release of bubbles from 

sediments usually requires external disturbance (Bade, 2009). Timing of bubbles has been 

observed to be influenced by drops in air pressure (Bastviken, 2009). Beyond hydrostatic and 

air pressure, the temperature can also influence the rate of ebullition, being an important factor 

for microbial activity (Duc et al., 2010). In a perspective of global warming, more than 50 % 

of the total CH4 flux from lakes and ponds are estimated to derive from ebullition. However, 

because of the episodic nature of ebullition, this pathway is challenging to quantify (Wik et al., 

2014; Bastviken, 2009). 

Another pathway for CH4 transport is diffusive flux from the water surface, where the main 

flux occurs through turbulence-enhanced diffusion. If the production rate of CH4 is low, most 

of the emission will occur through this pathway. The diffusive flux is a continuous but slow 

process. This process is regulated by CH4 concentrations in water and air, where CH4 has low 

solubility in water. A large portion of the dissolved CH4 is oxidized into CO2 in aerobic 

sediments or water layers. High surface-water concentrations and high turbulence reinforce the 

diffusive flux (Bastviken, 2009). The dominant mechanism for creating turbulence is wind, 

making more water coming in contact with the air. Other sources of energy for turbulence may 

include rain, flow around emergent vegetations, etc. (Ho et al., 2018). Local conditions such as 

stratification, fetch or surrounding vegetation can alter the energy transformation from wind to 

water (Cole et al., 2010).  

Diffusive gas transfer between water and air is controlled by a complex process in the air-water 

boundary layer (Wanninkhof, 2014). According to Liss and Slater (1974) the interface boundary 

layer thickness will vary both spatially and temporally. To account for the bulk properties of 

the air-water gas exchange, diffusive gas flux rely on measurements of surface water 

concentrations (Caq) and the equation: F =k(Caq-Ceq), where F is the gas flux, k is the piston 

velocity and Ceq is the surface water concentration if in equilibrium with the atmosphere (Bade, 

2009; Gålfalk et al 2013; Wanninkhof, 2014). k can also be named as “gas transfer velocity” or 

“gas exchange coefficient” (Bade, 2009). This coefficient has implications on gas fluxes but is 

hard to quantify in situ. k is frequently estimated from wind speed, although other factors that 

could alter k is convection, currents, surfactants or rainfall (Gålfalk et al 2013; Matthews et al., 

2003; Yang et al., 2018; Cole et al., 2010). Because k is largely driven by turbulence it varies 

in space and time, even at short time scales. Thus, estimated k values based on average wind 
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speed may not give an adequate representation of the spatial and temporal patterns (Paranaíba 

et al., 2018). 

The last pathway of CH4 occurs through aquatic vegetation flux. Various aquatic plants 

transport air to their roots in order to sustain them with O2. This within plant system can also 

transport gasses such as CH4 from their roots and leaves to the atmosphere. As the roots are in 

anaerobic sediments where CH4 formation occurs, plants like these provide channels for CH4 

to enter the atmosphere without passing the oxidation zone. Less ebullition has been noted in 

areas with emergent plants (Bastviken, 2009).  

 

3.3 Spatial and Temporal Variability 

Emissions of CH4 can deviate spatially between and within lakes. For instance, lake CH4 

emissions depend on lake characteristics, (e.g. if the lake is eutrophic or oligotrophic) 

(Natchimuthu et al., 2016). Lakes with high levels of nutrients have been shown to emit more 

CH4 than lakes with low levels. Presumably, because nutrients act as a limiting factor for the 

possible biological activity in lakes (Bastviken et al., 2004; Paranaíba et al., 2018). Biological 

activity affects sedimentation rates of organic matter and the possibility of anaerobic conditions 

for CH4 production (Bastviken, 2009). Previous studies have also shown a relationship between 

CH4 fluxes and water depth (Bastviken, 2004; DelSontro et al., 2016; Rasilo et al., 2014; West 

et al., 2016). For example, in a study made by Natchimuthu et al., (2016) three lakes in 

southwest Sweden was studied at different depths. Their results showed that the shallow-depth 

zone emitted more CH4 than other parts of the lakes. Alas, depth acts as a factor for spatial 

variability between and within lakes, partially because the ebullition is more extensive at 

shallow depths (Bastviken, 2009). Beyond trophic state and depth, a lakes inflow can influence 

CH4 emissions. The inflow can transport nutrients from the catchment area and as well affect 

the local turbulence in the lake. This may lead to higher CH4 fluxes close to the inflow compared 

to other areas in lakes (Hofmann, 2013; Natchimuthu, 2016). Because wind is a dominant 

mechanism for creating turbulence, local wind-differences can alter CH4 emissions within 

systems as different parts of a lake can be either wind sheltered, or wind exposed (Wik et al., 

2016).  

Emissions of CH4 also varies over temporal scales. In a small time-scale, environmental factors 

as shifting temperature and air pressure can alter lake emissions (Bastviken, 2009; Wik et al., 

2016). Moreover, emissions of CH4 can differ between day and night (Wik et al., 2016) because 
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there is usually less turbulence during nights (Natchimuthu et al., 2016). The episodic nature 

of ebullition also influences the temporal variability of CH4 flux in lakes (Bastviken, 2009). In 

addition, emissions have been shown to differ temporally over longer time-scales, e.g. 

variability over seasons (Soja et al., 2013; Duan et al., 2005). Large emissions have been 

recorded on periods of lake mixing events, e.g., after ice melt (Natchimuthu et al., 2016; 

Paranaíba et al., 2018) and as well during lake turnover. A turnover event can be explained as 

rapid mixing of the water column transporting CH4, and other nutrients and microorganisms, 

upwards in the lake (Encinas Fernández et al., 2014). These events can potentially be one of 

the most important periods of CH4 emissions (Schubert et al., 2012). Encinas Fernández et al., 

(2014) suggests, based on their studied lake, that autumn turnover may contribute to 

approximately 80% of annual CH4 emissions.  

Few studies of lakes have considered the spatial and temporal variability of total fluxes 

adequately (Wik et al., 2016). As emission of CH4 can deviate spatially and temporally within 

lakes, large-scale assessments of GHGs from freshwater estimates are difficult and filled with 

uncertainties (Natchimuthu et al., 2016; Wik et al., 2016). Thus, it is important to further 

investigate lakes local conditions in relation to CH4 emissions. For example, local hotspots of 

CH4 emission and strong temporal variability may be overlooked when measuring CH4 with 

inadequate spatial and temporal measurements, resulting in poor emission estimates at 

ecosystem and global scales. Surprisingly many studies north of the 50th parallel north have 

based lake-estimations from only one to three days of sampling (Wik et al., 2016). Alas, more 

studies are needed, where both the spatial and temporal variability in CH4 emissions from lakes 

are investigated. Even though there is a consensus regarding the need for studies, taking both 

spatial and temporal variability of CH4 fluxes into account, we have not yet found any study 

like ours that investigates the temporal and spatial variability of CH4 fluxes in an equally small-

scale. Therefore, improved understanding how fluxes varies at a small-scale may be of interest 

to further the discussion and continuous research of lakes contribution of CH4 emissions to the 

atmosphere, in relation to the spatial and temporal variability of CH4 fluxes. 

 

  



   
 

 12  
 

4. Methodology 

This study presents primary data covering how open water fluxes of CH4 (ebullition and 

diffusive flux) vary at different spatial and temporal scales in two lakes. Flux through aquatic 

vegetation has not been measured because open water fluxes dominate global emissions 

(Bastviken et al., 2011). Measurements from two locations in the respective lake were analysed 

and compared. Spatial variability within the two lakes was investigated in a considerably 

smaller spatial scale by investigating how the fluxes vary within each of these locations. Finally, 

this spatial variability was put in a temporal perspective by investigating the spatial fluxes in 

different time-scales. The sampling was done for 12 days total in two separate field campaigns; 

three days in June and three days in August for each lake. 

 

4.1 Study Area 

The lakes Venasjön and Parsen were chosen as study areas because of their characteristics as 

typical smaller lakes in the hemiboreal (the region between the temperate and boreal zone) 

mixed agricultural and forested landscape. The two studied lakes are 11 km apart, in the 

municipality of Söderköping in the province of Östergötland, Sweden (see Figure 1). 

Venasjön is located 47 meters above sea level with an area of 0.681 km2 (VISS, 2017). Parsen 

is located 72 meters above sea level with an area of 0.138 km2. Based on observations from 

field work and maps, the two studied lakes have mainly forest adjacent to its shorelines. Both 

Venasjön and Parsen have also agriculture in the catchment area. However, Venasjön has more 

agriculture, namely in the western part, where Venasjöns inflow is located as seen in Figure 16 

and 17, see appendix. Other differences between the two systems are that Venasjön is deeper 

with a max depth around 10 m while Parsen max depth only reaches around 7 m.  

The lakes Venasjön and Parsen have different trophic states. Venasjön is eutrophic and Parsen 

is mesotrophic. Presented values below are based on 30 samples of Phosphor (P) taken at 

different depths in each system (between 18-05-07 and 18-12-06). 

• Venasjön: mean value of 83 µgP/l (with a maximum of 529 µgP/l at 9 m depth) 

• Parsen: mean value of 26 µgP/l (with a maximum of 85 µgP/l at 7 m depth)  

Data for nutrient-values was analysed at the Department of Thematic Studies – Environmental 

Change, Linköping University according to Murphy and Riley (1962) and Drummond and 

Maher (1995).  
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Figure 1. Map of studied lakes in the municipality of Söderköping with Venasjön in the top square and Parsen below. © 

Lantmäteriet 

 

4.2 Method for Measuring Fluxes 

Fluxes of CH4 were measured in a similar manner as Bastviken et al. (2010), Sawakuchi et al. 

(2014), Schilder et al. (2013) and Cole et al. (2010) by using Floating Chambers (FC). The FC-

method are suitable for measuring spatial and local flux variations at a constrained area 

(Podgrajsek et al., 2014) and are therefore traditionally used for lake measurements (see West 

et al., 2016; Erkkilä et al., 2018; Gålfalk et al., 2013; Cole et al., 2010; Bastviken et al., 2004; 

Podgrajsek et al., 2014). The method of using FC revolves around placing an up-side-down 

airtight bucket on the water surface. The vertical fluxes of both ebullition and diffusive flux 

accumulate within the FC which can be manually sampled. The method is laborious but 

inexpensive and does not need extensive data post-processing (Erkkilä et al., 2018). The FC is 

also uncomplicated to deploy in the field (Holgerson et al., 2017). In this study, we used the 

FC-approach, deployed in a new modified setup, developed to be suitable for local and spatial 

flux variations during short timescale as days and hours. 

14 FCs made of polyethylene were constructed at the Department of Thematic Studies in 

Linköpings University. Each FC had an area of 0.0755 m2 and a volume of 7290 ml. To make 
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the FC more stable in the water and enhance its floating ability, styrofoam rods were attached 

around the FCs edges. The FCs were also covered in reflective tape in order to minimize internal 

heating caused by sunlight. For extraction of the gas accumulated in the FC, an installed tube 

with a 3-way valve was used. To ensure that no accumulated gas escaped, the bottom of the FC 

was submerged approximately 2-3 cm below the water surface similar to Podgrajsek et al., 

2014. Measurements for FCs were taken two to three times a day, resulting in a total of 412 FC 

measurements for the two lakes combined.  

 

4.3 Grid Construction 

To measure small-scale spatial fluxes, we modified the FC-approach by constructing grids 

consisting of multiple FC. Each grid consisted of seven FC in a hexagon type of form (see 

Figure 2 and 3). One grid (with FC number ID: 1-7) was deployed at the lakes deepest part, 

henceforth Grid Deep. The other grid (with FC number ID: 8-14) was deployed at a shallower 

zone, next to the lake's inflow, henceforth Grid Shallow (see Figure 16 & 17 in appendix). 

Because this study used multiple FCs simultaneously, that also are fixed within the same small 

area in a grid, the local small-scale fluxes could be investigated.  

The FCs were connected with styrofoam rods. Besides working as a structure and keeping the 

FCs in a defined position in relation to each other, the styrofoam also increased the grids 

buoyant ability. Cords and reusable plastic cable ties were used to connect the FC with each 

styrofoam rod. This attachment made the grid construction and deconstruction more feasible 

during transportation and deployment.  

The grid was connected to an anchor to keep it in place within a limited area. To avoid gas 

release caused by anchor disturbance of sediments, the anchor was attached to a separate float 

as in Cole et al., 2010 (see Figure 2). Finally, to make the middle FC accessible for sampling, 

two FCs opposite the anchor float were connected with metal carabiners, making it easier to 

detach styrofoam rods for middle FC sampling (see Figure 3). The styrofoam rods length was 

approximately 74-75 cm with the addition of 5-10 cm cords and reusable plastic cable ties. 

Alas, the distance between each FC was around 79-85 cm. The area of the whole grid was 

approximately 2 m2, meaning that 7 measurements within this area were conducted. 

 

  



   
 

 15  
 

 

Figure 2. Prototype of the grid, seen from above. The yellow line marks the entry for middle FC sampling. The separate float 

located at the upper right indicates anchor attachment. 

 

Figure 3. Deployed grid in the shallow part of Venasjön with entrance to the middle FC opened. 

 

4.4 Measurement Period 

Field samples were taken during two field campaigns in 2018. Measurements from Venasjön 

was collected June 14 to 16 and August 15 to 17 and from Parsen June 18 to 20 and August 11 

to 13. 

During field deployment, the two grids were deployed from a boat and placed at the desired 

measuring points (deepest and shallow-inflow part) in respective lake. Once the grid was 

deployed, each FCs valve were closed, starting the initial time (the time marking the start of the 

accumulation of fluxes in the FC). After at least 1.5 h, we returned to the grid for collection of 

the final time gas samples from every FC within the grid. After collection of gas samples, each 

FC were manually ventilated in order to remove leftover traces of gas by picking up each FC 
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and hold the opening in headwind. After the ventilation, FC tubes were closed and thereby 

starting a new initial time for the next measurement period. Alas, every measurement period 

started with an initial time and ended with the final time for every FC.  

An air and water sample were also collected for background CH4 concentrations next to the 

grid near the start of every measurement period. Air and water temperature, depth and 

coordinates at respective grid were measured during every measurement period. The 

temperature was measured, using a thermometer, as it is a variable used in the Ideal gas law 

when calculating the flux (see below). Depth and coordinates were taken to see if the grid hade 

moved between field days. 

During the deployment day in respectively field campaign and lake, a total of two measurement 

periods was done for each grid. For the respectively two following field days (after the 

deployment day) three measurement periods were done for each grid, with some exceptions in 

Parsen during the second field campaign, due to mis-planning and setbacks in required field 

equipment. Resulting in a total of 60 measurement periods (see Table 4 and 5 in appendix) 

 

4.5 Sampling 

For FC sampling, three syringes with a volume of 60 ml, two needles respectively attached to 

a tube with a 3-way valve, and a 20 ml vial was used. The vials were closed with a stopper 

verified to be gas-tight. Prior to gas withdrawal, the 60 ml syringes were flushed with 

atmospheric air several times in order to get rid of excessive gas. Also, before gas withdrawal, 

the content in the FC was gently mixed using one of the syringes. Gas was then gently 

transferred from the FC by the 60 ml syringes and flushed into a 20 ml glass vial. 3x60 ml gas 

was used to ensure that the 20ml vial contained a representative gas concentration as that in the 

FC. The flushing procedure was done by using one needle for injecting gas into the vial while 

the other needle was used for letting the gas out. Both tubes (attached to the needles) were 

closed while changing syringe during the injection process. When injecting the last syringe of 

FC gas into the vial, approximately 5 ml overpressure was created. To create this overpressure 

the needle used for letting gas out was closed while injecting the last 5 ml of gas. To avoid 

contamination, the holes from the needles was immediately covered for 10 seconds with a finger 

while the hole in the stopper resealed.  
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The overall procedure for the air gas samples was as for the FC samples, except that the gas 

was collected from the air instead of from the FC. The gas sample was taken 5 cm above the 

surface water close to the grid and in head-wind to avoid contamination. 

For water concentration samples, a 10ml plastic syringe with a 3-way plastic valve, a needle, 

and a prepared 20 ml vial was used. In the laboratory before field work, the vials used for water 

concentration were filled with Nitrogen gas (N2). This was to get zero background concentration 

of other gases and for creating an overpressure in the vial. 0.1 ml phosphoric acid (H3PO4) 

concentration was added for sample preservation prior to vial capping. Before taking the water 

sample, the 10 ml syringe was rinsed with surface water three times to avoid air bubbles. After 

rinsing the syringe, approximately 10 ml water was collected 5 cm below the surface close to 

the grid. The water volume in the syringe was then adjusted to 5 ml. After this, a 0.5 mm (25 

gauge) needle was put through the vial stopper letting the pressure inside the vial equilibrate. 

When this was done, the syringe with the water sample was attached to the needle that was put 

in the vial stopper. After the water was injected to the vial, the syringe valve was closed. The 

syringe and the needle were then withdrawn gently. To avoid contamination, the hole from the 

needle was immediately covered for 10 seconds with a finger while the hole resealed. The 

sample was then stored up-side-down, making the water in the sample a barrier between the gas 

in the vial and the stopper. 

 

4.6 Chemical Analysis 

After sampling from every field campaign, vials were transported to Department of Thematic 

Studies – Environmental Change at Linköping University for lab analysis. Each sample was 

analysed in a gas chromatography (GC), Aglient 7890. GC is used for separation of mixed 

components in gas samples to obtain information about molecular compositions and amounts 

(Poole, 2012). In a GC, the sample is transferred with a gas stream through a column where the 

substances are separated (Sparkman et al., 2011). In this GC, the gas stream flowed through a 

column into a flame ionization detector (FID). The FID responds to mass of combustible 

compounds flowing through it, mostly hydrocarbons. Electrons and ions that are formed in the 

flame causes a flow which then hits an electrode and produces a signal for different substances 

in the sample (Poole 2012). Results of CH4 concentrations from the GC was presented in parts 

per million (ppm).  

 



   
 

 18  
 

4.7 CH4 Flux Calculation 

Atmospheric pressure was converted from hPa to atm, using the following equation: 

 𝑷 (𝒂𝒕𝒎) = 𝑷 (𝒉𝑷𝒂) ∗ (𝟏𝟎𝟎 ∗ 𝟎, 𝟎𝟎𝟎𝟎𝟎𝟗𝟖𝟔𝟗) Eq. 1 

Where;  

• P (hPa) = Total air pressure in hectopascal 

• P (atm) = Total air pressure in atm 

• 100 * 0.000009869 = Conversion Factor to convert hPa to atm 

  

The partial pressure for CH4 was calculated for both initial and final sample concentration from 

every FC with the equation:  

 𝑷𝑪𝑯𝟒 =
𝒑𝒑𝒎 

𝟏𝟎𝟔
 ∗  𝑷𝒕𝒐𝒕  Eq. 2 

 

Where; 

• PCH4 = Partial pressure for CH4 (atm) 

• ppm = Parts per million of CH4 from GC measurement  

• Ptot = Total air pressure in atm 

  

Amount of CH4 (mol) was calculated for both initial and final samples with the ideal gas law:

   

 
𝒏 𝑪𝑯𝟒 =

𝑷𝑪𝑯𝟒 ∗ 𝑽

𝑹 ∗ 𝑻
 

 Eq. 3 

Where; 

• nCH4 = the substance amount of CH4 (mol) 

• PCH4 = the partial pressure of CH4 (atm) 

• V = Volume of chamber 7.29 (L)  

• R = common gas constant = 0.082056 L atm K-1 mol-1
 

• T = temperature in Kelvin  

 

The total CH4 flux in mmol m-2 d-1 was calculated with the equation:   
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𝑭𝒍𝒖𝒙 𝑪𝑯𝟒 𝒎𝒎𝒐𝒍 𝒎−𝟐𝒅−𝟏 =

𝒏 𝑪𝑯𝟒 𝒇𝒊𝒏𝒂𝒍 − 𝒏 𝑪𝑯𝟒 𝒊𝒏𝒊𝒕 

𝑪𝒉𝒂𝒎𝒃𝒆𝒓 𝑨𝒓𝒆𝒂 ∗ 𝑻𝒊𝒎𝒆
 

 Eq. 4 

Where; 

• nCH4 final = the substance amount of final CH4 (mmol) 

• nCH4 init = the substance amount of initial CH4 (mmol) 

• Chamber Area = 0.0755 m2 

• Time = time in days 

In Eq.4 total CH4 flux (both diffusive and ebullitive flux) is expressed in substance amount per 

area and time. 

 

4.8 Statistical Analyses 

Microsoft Excel was used to arrange our data (and calculate used equations). The software 

program IBM SPSS Statistics 24 was used to analyse and present it. Clustered Boxplots and 

Scatter dot are used to visualize how the fluxes differed in a spatial and temporal perspective. 

The non-parametric test Mann-Whitney U was chosen when comparing field campaigns and 

grid total CH4 flux differences because our data were not normally distributed (see Figure 4) 

(Wheater and Cook, 2000). Significance level was set to 0.05 for all tests. 

 

Figure 4. Data distribution for the total sampling of both lakes (A) displays the frequency and distribution of total flux from 

Venasjön (n=217) and (B) displays the frequency and distribution of total flux from Parsen (n=195) 
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5. Results 

5.1 Differences Between Lakes 

Fluxes between studied lakes differed, where Venasjön had a mean total flux of 0.88 mmol m-

2 d-1 and Parsen a mean value of 0.44 mmol m-2 d-1 (see Table 1 below). 

Table 1. Measured values of total flux between studied lakes, in Mean total flux, 25th and 75th percentile (Q1 and Q3), 

Maximum and Minimum values of FC CH4 flux (mmol m-2 d-1). N shows total number of FC measurements. 

Lake Date (2018) Mean 

CH4 Total 

Flux 

Q1 Q3 Max. FC 

CH4 Flux  

Min. FC 

CH4 Flux  

N 

Venasjön 14/6 - 16/6 & 15/8 - 

17/8 

 

0.88 0.21 1.26 7.93 0.01 217 

Parsen 18/6 - 20/6 & 11/8 - 

13/8 

 

0.44 0.17 0.55 2.19 0.03 195 

 

Total fluxes in lakes differed between field campaigns (see Figure 5). A Mann Whitney U test 

showed that there was a significant difference of CH4 total flux between Venasjön and Parsen 

during both field campaigns (p = 0.022 for June and p = 0.001 for August). Venasjön had a 

higher flux variability than Parsen during both field campaigns. Highest level of fluxes was 

found in August in Venasjön. 
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Figure 5. Total flux of CH4 for the two lakes between field campaigns June and August. Dots and stars with numbers 

represent outliers and extreme values for CH4 flux which in this case represents FCs receiving high amounts of CH4 via 

ebullition.  
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5.2 Differences between grids 

In this section, we present CH4 total flux variability between grids. Fluxes varied depending 

on grid location and field campaigns (see Table 2). 

Table 2. Mean Grid, 25th and 75th percentile (Q1 and Q3), Maximum and Minimum values of FC CH4 flux (mmol m-2 d-1) 

for Venasjön and Parsen in June and August. N shows total number of FC measurements. 

Lake 
Field 

Campaign 
Grid 

Mean Grid 

CH4 Flux 
Q1 Q3 

Max. FC 

CH4 Flux  

Min. FC  

CH4 Flux  
N 

Venasjön June Deep 0.67 0.12 1.07 2.99 0.01 53 

Venasjön June Shallow 0.54 0.16 0.48 5.02 0.05 52 

Venasjön August Deep 1.89 1.01 2.43 7.93 0.06 56 

Venasjön August Shallow 0.41 0.21 0.52 1.32 0.09 56 

Parsen June Deep 0.32 0.12 0.36 2.04 0.04 56 

Parsen June Shallow 0.29 0.15 0.33 1.11 0.03 56 

Parsen August Deep 0.70 0.39 0.89 2.19 0.22 41 

Parsen August Shallow 0.44 0.18 0.69 1.71 0.08 42 

 

5.2.1 Venasjön  

Fluxes for both grids in Venasjön differed within and between field campaigns (see Figure 6). 

Grid Deep had a higher variability of total fluxes than Grid Shallow. Median values for the two 

grids in June were approximately the same. Highest median value was found during August in 

Grid Deep. Mann Whitney U tests showed that:  

● There was a significant difference in total CH4 flux between Grid Deep and Grid 

Shallow in August (p < 0.0001).  

● No significant difference was found for Grid Deep and Grid Shallow in June.  

● A significant difference was found for Grid Deep when comparing June and August 

fluxes (p < 0.0001).  

● No significant difference was found for Grid Shallow when comparing June and August 

fluxes. 
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Figure 6. Boxplot displaying total CH4 flux in grids for June and August in Venasjön. Dots and stars with numbers represent 

outliers and extreme values for CH4 flux which in this case represents FCs receiving high amounts of CH4 via ebullition. 

Variability and total CH4 fluxes for FC measurements within grids differed in Venasjön (see 

Figure 7). The boxes in the figure display that there is a small-scale spatial variability within 

grids. Variability between FC was higher in Grid Deep. Highest fluxes and distribution for FCs 

was found in August for Grid Deep. 
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Figure 7. All collected FC measurements during field campaigns. (A) displays CH4 flux in Grid Deep with total flux values for 

each FC during June and August in Venasjön. (B) displays similar but for Grid Shallow. Dots and stars with numbers represent 

outliers and extreme flux which in this case represent FCs receiving high amounts of CH4 via ebullition. 

In Venasjön, the mean value for each grid and the variability between grid measurements 

differed between measurement periods (see Figure 8). In June the variability between each grid 

measurement and the mean value for all grid measurements were slightly higher in Grid Deep 

than in Grid Shallow. This was also the case in August but to a higher degree. Date and time 

for every measurement period can be found in Table 4, see appendix. 

 

Figure 8. CH4 flux variations between grid measurement periods. Each dot represents the mean value for all FC measurements 

in each grid. Reference lines represent the mean value for all Deep and Shallow grid measurements in June and August. 
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5.2.2 Parsen 

Fluxes for both grids in Parsen differed within and between field campaigns (see Figure 9). 

Variability of total fluxes was higher in August than in June for both grids. Median value for 

the two grids in June was approximately the same, Grid Shallow with a slightly higher median. 

Highest median value was found during August in Grid Deep. Mann Whitney U tests showed 

that: 

● There was a significant difference in total CH4 flux between Grid Deep and Grid 

Shallow in August (p < 0.002).  

● No significant difference was found for Grid Deep and Grid Shallow in June.  

● A significant difference was found between June and August fluxes for Grid Deep (p < 

0.0001). 

● No significant difference was found for Grid Shallow between June and August fluxes.  

 

Figure 9. Boxplot displays grids total CH4 flux from June and August in Parsen. Dots and stars with numbers represent 

outliers and extreme values of CH4
 flux which in this case represent FCs receiving high amounts of CH4 via ebullition 
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Variability and total CH4 fluxes for FC measurements within grids differed in Parsen (see 

Figure 10). The boxes in the figure indicate that there is a small-scale spatial variability within 

grids. Variability between FC was higher in Grid Deep. August had a higher variability of fluxes 

than June for both Grids. 

 

Figure 10. (A) Grid Deep with total flux values for each FC during June and August in Parsen. (B) displays similar but for 

Grid Shallow. Dots and stars represent outliers and extreme values which in this case represent FCs receiving high amounts 

of CH4 via ebullition. 

In Parsen, the mean value for each grid and the variability between grid measurements differed 

between measurement periods (see Figure 11). In June the variability between grid 

measurements and the mean value for all grid measurement were slightly higher for Grid Deep 

than Grid Shallow. In August, this was also the case but to a higher degree. Date and time for 

every measurement period can be found in Table 5, see appendix. 
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Figure 11. (A) for Parsen in June and (B) for Parsen in August. Each dot represents the mean value for a grid measurement. 

The mean value for all measurements for the respective grid is displayed with the blue reference line for Grid Deep and 

green reference line for Grid Shallow. 

 

5.3 Differences within Grids 

In this section, we present CH4 flux within grids, that is, the small-scale variability between 

FCs. The figures presented below displays both the spatial and temporal variability of CH4 

fluxes. Additional information for the figures, regarding every measurement periods sampling 

date and time can be found in Table 4 and 5, see appendix. Also, mean value and 25th and 75th 

percentiles for every measurement period can be found in Table 6, 7, 8 and 9, see appendix. 

 

5.3.1 Venasjön 

FC fluxes varied between field days and measurement periods in Venasjön, June (see Figure 

12). FC fluxes within Grid Deep had the largest variability during field day 1, where 

Measurement Period 4 had highest variability and values (see Figure 12A).  

During this field campaign, the variability within Grid Shallow also differed between 

measurement periods (see Figure 12B). The variability between FCs in measurement period 5, 

11 and 15 was notably low, compared to other periods. The notably highest variability within 

Measurement Periods in Grid Shallow was found in Measurement Period 9, consequently of 

one FC captured a high flux. 
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Figure 12. Scatter dot displaying the variability between FCs in Venasjön depending on Measurement Period in June, with 

Figure (A) for Grid Deep and (B) for Grid Shallow. Each dot represents one FC measurement. The vertical reference lines 

divide the Measurement Periods into field days. Note that the scale on the y-axis differs. 

FC fluxes varied within grids between field days and measurement periods in August (see 

Figure 13). The highest variability of FCs within Grid Deep was found in the last field day 

during Measurement Period 46 (see Figure 13A).  

In August, the variability between FCs within Grid Shallow was highest in Measurement period 

41 (see Figure 13B). Measurement period 45 had the lowest variability and, because of the 

captured fluxes values, the lowest mean.  

When comparing the FC within both grids depending on field day the variability was notably 

consistent between the measurement periods in the first field day compared to the other field 

days. 
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Figure 13. Scatter dot displaying the variability between FCs in Venasjön depending on Measurement Period in August, with 

Figure (A) for Grid Deep and (B) for Grid Shallow. Each dot represents one FC measurement. The vertical reference lines 

divide the Measurement Periods into field days. Note that the scale on the y-axis differs. 

5.3.2 Parsen  

In June, FC fluxes within grids varied between field days and measurement periods in Parsen 

(see Figure 14). FC fluxes within Grid Deep had a small variability, except for measurement 

period 24, 30 and 32 which displayed the largest variability for June (see Figure 14A). 

Measurement period 24 and 30 displays a high variability because of one FC receiving a high 

flux value, compared to the other FCs, in respective measurement.  

Within Grid Shallow the variability differed between measurement periods (see Figure 14B). 

The highest variability between FCs was found in measurement period 21 because one FC 

received a high flux value compared to the other FCs. 

 

Figure 14. Scatter dot displaying the variability between FCs in Parsen depending on Measurement Period in June, with 

Figure (A) for Grid Deep and (B) for Grid Shallow. Each dot represents one FC measurement. The vertical reference lines 

divide the Measurement Periods into field days. Note that the scale on the y-axis differs. 
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FC fluxes within grids varied during August between measurement periods (see Figure 15). 

Highest variability of FC fluxes within Grid Deep was found in measurement period 53 (see 

Figure 15A). The three first measurement periods in August (49, 51 and 53) was approximately 

the same. This was also the case for the three last ones (55, 57 and 59), though having a lower 

variability, the variability between measurement periods within these two described groups was 

notably alike. 

During August, the variability within Grid Shallow also differed between measurement periods. 

(see Figure 15B). Measurement period 58 displays the smallest variability in August. Figure 

15B displays a similar flux pattern as described for Figure 15A, where the variability is highest 

in the three first measurement periods (50, 52 and 54) and decreases in the last three (56, 58 

and 60). 

 

Figure 15. Scatter dot displaying the variability between FCs in Parsen depending on Measurement Period in August, with 

Figure (A) for Grid Deep and (B) for Grid Shallow. Each dot represents one FC measurement. The vertical reference lines 

divide the Measurement Periods into field days. Note that the scale on the y-axis differs.  
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6. Discussion  

6.1 Methodology Evaluation  

In this study, we used the FC method to measure CH4 fluxes in two hemiboreal lakes at different 

scales. To investigate CH4 total fluxes in a small-scale, we connected several FCs to each other, 

thus customizing and developing the FC-method. By sampling the grid two to three times a day, 

the variability of fluxes could also be investigated in a small temporal scale. To our knowledge, 

this development of the FC-method has never been done before. Alas, this may be the first 

attempt of measuring the small-scale variability of CH4 between several nearby FCs (1m apart). 

Results from this study suggest that, by using the original FC setup coupled in a grid structure; 

it is possible to investigate the small-scale spatial variability of CH4 flux.  

The FC method are commonly used for various measurements of lake CH4 fluxes (Bastviken et 

al., 2010; Gåfalk et al., 2013; Cole et al., 2010; Natchimuthu, 2016). According to Podgrajsek 

et al., 2014, the FC-method are reliable for measuring spatial fluxes and is often used for lake 

assessments, e.g. by using transects of FCs. According to Schilder et al. (2013) transects are 

preferable for quantifying lake emissions, as lakes spatial flux variations can be measured. 

Transects involves deployment of FCs in a line from shallower to deeper water, at different 

sampling locations in lakes. Another deployment method for FCs revolves around deploying 

FCs scattered on several different locations in lakes e.g. as in Natchimuthu, 2016. Both 

approaches take depth in to account, as depth have been shown to be an important spatial factor 

for CH4 fluxes (Bastviken, 2004; DelSontro et al., 2016; Rasilo et al., 2014; West et al., 2016). 

In this study, measured fluxes varied spatially depending on depth. Furthermore, our results 

displayed a small-scale spatial variability of fluxes within our grids (in single predetermined 

investigated depths). Studies that use FCs scattered at different locations in lakes might 

overlook the local small-scale spatial variability. This may lead to under- or overestimates of 

local fluxes. Instead, using several FCs within fixed positions might be preferable for reliable 

flux measurements, at specific locations in lakes. Collected mean value of several FCs, within 

a small area, may lead to less uncertain flux measurements for a specific measurement point. 

More reliable and accurate small-scale measurements may even lead to better whole-lake flux 

assessments. Our approach, with several FCs per location in a lake, could be used as a 

complementary method to ordinary FC-approaches when investigating CH4 lake fluxes. 

The positioning of the grid was influenced by environmental factors, such as wind and wave 

direction. Consequently, positioning of the grid for one measurement period were not consistent 
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with other cycles. However, the grids possible movement was always limited by the length of 

the anchor line and the deployed anchors position. Although the grids could move over time, 

the positioning of FCs was consistent within the grid in relation to each other. Therefore, 

comparisons of variation within grids are robust. 

Field-work sometimes proved troublesome. For example, because of the grids structure there 

was less space to navigate around each FC with the field-boat when sampling. Weather is 

another factor that sometimes limited our research and sampling success. Both wind and waves 

made it harder to manoeuvre the boat, making it problematic and time demanding to sample 

FCs without risking bumping into the grid. This was especially evident when sampling the 

middle FC in the grid because of its narrow entrance, as seen in Figure 2.  

Another weather-related setback was experienced on the first field day for Grid Deep in 

Venasjön. At first, we attached the float line directly to one FC. Because of high waves and 

strong wind, the attachment between FC and float-line caused the FC to slightly be pulled 

underwater (see Figure 16 in appendix). We therefore reattached the float line to a styrofoam 

log between two FCs instead, thus decreasing the pressure on the said FC. The FC was not 

sampled during this occasion considering the atmospheric volume in the FC had decreased, 

which would cause bias results. The number of total FC samples per measurement period can 

be found in Table 6-9, see appendix. In the case where the total number of FC measurements 

are less than seven this was due to sources of uncertainties, caused either during fieldwork or 

laboratory analysis. 

 

6.2 Comparison with Other Lakes 

According to Natchimuthu et al. (2016) measurements which not include the spatial variability 

of CH4 fluxes could provide biased whole lake emissions. The characteristics of studied lakes 

should always be taken in to account for comparisons with other lakes. CH4 fluxes from lakes 

have been shown to differ depending on e.g. trophic state (Paranaíba et al., 2018), size (Tranvik 

et al., 2009; Holgerson and Raymond, 2016) and depth (Rasilo et al., 2014; West et al., 2016). 

Alas, it is unreliable to validate collected data and apply it to other lakes. However, comparisons 

of CH4 fluxes with similar lakes in the same region gives an indication if flux values are 

realistic.  

Considering that no other study was found that used a similar approach for measurement-

locations as our, comparisons with other lakes will inevitably be flawed. The mean flux value 
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from Venasjön and Parsen is based on measurements from two different locations (with several 

FCs) while mean flux values from the other hemiboreal lakes, presented in Table 3, are 

estimated from measurements at several different locations. This is often preferable for whole-

lake assessments; measurements taken at different depths and scattered over the lake. When 

comparing Venasjön and Parsen with Erssjön, Följdesjön, and Skottenesjön (see Table 3 

below), the mean flux value of our studied lakes indicates that the flux-value lies in between 

flux approximation of the other lakes. One important observation from Table 3 is that fluxes in 

August tend to be higher for compared lakes than in June, as we found for Venasjön and Parsen.  

It is estimated that lakes located within the 56th and 64th latitude every year release 6.6 Tg CH4 

to the atmosphere (Bastviken et al., 2011). All compared lakes in Table 3 are within this 

interval, more precisely, all five lakes are located on the 58th parallel north. The calculated lake 

emissions of 6.6 Tg per year (for lakes within this interval) corresponds to a mean total flux 

0.74 mmol m-2 d-1. Comparing the mentioned mean flux value with Venasjön and Parsen gives 

an idea regarding their regional role. Parsen does not exceed this regional mean daily flux value 

in June nor in August. Venasjön exceeds named value in August and with the mean value 

estimated from both field campaigns.  

Table 3. Flux comparison with other hemiboreal lakes in mmol m-2 d-1. 

 Lake Venasjön Parsen Erssjön Följesjön Skottenesjön 

Area (km2) 0.68 0.14 0.06 0.04 0.72 

Max Depth (M) 10 7 4.5 - 5 0.3 - 0.6 1.2 

Mean Total Flux 0.88 0.44 0.34 2.05 1.98 

Mean Flux June 0.61 0.31 0.30 0.70 0.85 

Mean Flux August  1.15 0.57 1.28 1.71 1.50 

N 217 193 261 81 81 

Source This study This study 1 1 1 

      

1: Natchimuthu (2016) 

 

6.3 Differences between Venasjön and Parsen 

Measured CH4 fluxes varied between Venasjön and Parsen where total fluxes were higher in 

Venasjön. When comparing studied lakes, it is important to keep in mind that Venasjön and 

Parsen have different characteristics that can alter the CH4 fluxes, as described.  
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For example, Venasjön classifies as a eutrophic lake, while Parsen classifies as a mesotrophic. 

According to Bastviken, et al., (2004) and Paranaíba et al., (2018) the trophic state gives an 

understanding of the basis for CH4 production, linked to the available organic matter. As 

Venasjön is a eutrophic lake with agriculture in its catchment area, this may lead to more 

nutrients getting transported to the lake which could increase the possibility of CH4 production. 

When comparing fluxes for Venasjön and Parsen between the two field campaigns, Venasjön 

had higher fluxes during both campaigns. The field campaign with the highest flux variability 

in both lakes was August, which also had the highest measured flux value and total mean flux, 

as presented in Figure 5. One explanation of temporal flux differences is by the occurrence of 

lake turnover, as Shubert et al., (2012) speculate, is one of the most important temporal periods 

for large CH4 emissions. However, as Schubert et al., (2012) points out, turnover occurs during 

fall/winter. Therefore, it’s unlikely that turnover can explain our observed temporal flux 

differences between June and August. It is more likely that observed temporal flux differences 

depend on more local factors e.g. available nutrients in lakes, temperature variations and other 

weather-related events. Although, this was not something we further investigated and only leads 

to speculations. 

 

6.4 Variability between Grids 

Bastviken (2009) and Natchimuthu et al. (2016) writes that shallow zones in lakes often emit 

more CH4. Therefore, we excepted Grid Shallow to show higher flux values than Grid Deep. 

But as presented, this was not the case, where Grid Deep had the highest CH4 flux variability 

in both lakes. A significant difference was also found between Grid Deep and Grid Shallow in 

August but not in June.  

Giving the fact that the highest difference between Grid Deep and Grid Shallow was found in 

Venasjön, there is a possibility that the deep part of Venasjön is a hotspot for CH4 emissions. 

Venasjön has steep sediment slopes down to the deeper parts, which may, in turn, increase the 

likelihood of sediment transport and accumulation in the deeper part. As covered, CH4 

production requires anaerobic environments and availability of organic matter, found in 

sediments (Conrad, 2009; Bastviken 2009). Hence, the lake characteristics of Venasjön could 

be a dependent factor of the unexpected flux values in the deep part. Although, this explanation 

cannot explain Parsens higher flux at the deep part, as Parsen does not have the same steep 

sloop towards the deeper parts. 
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Water turbulence could be a factor for spatial and temporal flux variabilities in lakes. Enhanced 

turbulence caused by wind and waves could alter the diffusive flux (Bastviken, 2009; Cole et 

al., 2010), where waves can affect the flux rate within FCs (Gåfalk et al., 2013). Therefore, 

local wind differences can lead to spatial CH4 fluxes within systems according to Wik et al. 

(2016), e.g. if parts of a lake are sheltered or exposed to wind and waves. We observed local 

wind differences in Venasjön and Parsen during fieldwork. In Venasjön, Grid Deep endured 

stronger wind and waves than Grid Shallow. Meaning that this local spatial and temporal 

difference within the lake may explain the higher measured flux at the deep part of the lake. 

However, this possible explanation cannot be made for the higher Grid Deep flux occurrence 

in Parsen. Because in this lake, Grid Shallow faced stronger weather conditions, based on our 

field observations. One final explanation for the unexpected observed higher Grid Deep flux in 

the studied lakes could be explained by that Grid Shallow were deployed at sediments with low 

CH4 production, possibly because of rocky or sandy sediment.  

We could see seasonal patterns in flux distribution when comparing June and August fluxes 

from a specific Grid. Mean values for each Grid deviates from the total mean value in June and 

August. This indicates a temporal variability in fluxes. Reasons for different seasonal fluxes 

could be of several reasons. For example, more organic matter may been produced in August 

than in June, which favours CH4 production. Higher observed temperatures in August could 

lead to higher degradation rate which in turn could lead to lower levels of oxygen, which also 

favours CH4 production. 

  

6.5 Variability within Grids 

As Figure 12-15 displays, our results show that fluxes vary between field days and between 

measurement periods within days. By looking at percentiles, we see that there is a small-scale 

variability within grids that varies over measurement periods (see Table 6 to 9 in appendix). 

The most notable variability between FCs was found in Grid Deep in Venasjön. When 

comparing grid fluxes for Venasjön in June, no significant difference was found. Although, 

when looking at June fluxes within grids a local CH4 variation was found. Especially in 

measurement period 4 and 9, seen in Figure 12. This indicates that measuring fluxes at smaller 

temporal and spatial scales may be important before drawing conclusions based on larger scale 

measurements. This pattern was displayed in Parsen as well but with lower CH4 flux values. 
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Many of our presented figures displays extreme values of CH4 flux. We can assume that specific 

high flux values were due to ebullition. According to Sawakuchi et al. (2014), using several 

FCs simultaneously increases the chances of capturing ebullition. By the usage of our grids, 

consisting of multiple FCs within a small defined area, the probability of capturing ebullition 

was therefore increased. If we used one or two FCs, at the specific location, these high fluxes 

could have been overlooked. Besides numbers of FCs used, the frequency of sampling also 

provided better result of fast CH4 fluxes. Especially regarding ebullition, which is of an episodic 

nature as Wik et al. (2014) and Bastviken (2009) mentions. Measured high flux values are of 

importance because, in this study, they increased the mean value for measurement periods and 

the variability between FCs. For example, two extreme values of 7.93 and 6.72 mmol m-2 d-1 

during measurement period 46 resulted in a mean value to 3.55 mmol m-2 d-1, which was the 

highest mean value observed (see Figure 13A and Table 7). This justifies the usefulness of 

using mean values for measurement periods, of several FCs, that takes the small-scale spatial 

and temporal variability into account. 

As Wik et al (2016) mentions, few studies consider the spatial and temporal variability in 

fluxes. However, there are studies that have shown spatial and temporal variability of fluxes 

but at larger scales (see: West et al., 2016; Soja, et al., 2013). Our results suggest that there is 

a small-scale spatial and temporal variability of CH4 total fluxes in lakes which should be 

considered in future research. 
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7. Conclusions 

 

● There was a spatial difference in CH4 fluxes depending on lake and Grid location, and 

there was a small-scale spatial variability in CH4 fluxes within grids, 

● There was a temporal difference of CH4 fluxes depending on field campaign, where 

there was a small-scale temporal variability in CH4 fluxes between field days and 

measurement periods. 

 

Our study also suggests that our developed grid-method may be useful for small-scale 

measurements of CH4 fluxes. 
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9.Appendix 

 

Measurement locations in Venasjön and Parsen below. One grid was placed at the deepest part in both 

lakes and the other grid next to the shoreline at the lake's inflow.  

 

Figure 16. Venasjön with grid locations. 
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Figure 17. Parsen with grid locations. 

 

Table 4 and 5 below displays the date and time for measurement periods. Every period had an 

initial time and final time, that marks the beginning of accumulation of CH4 in the first FC and 

when the last FC in the Grid were sampled. Every date in both tables originates from the 

respectively Final Time  

Table 4. Measurement periods Venasjön. 

Venasjön 

Shallow Deep 

 Measurement 

Period  

 

Date 
Initial 

Time 

Final 

Time  

Measurement 

Period 
Date 

Initial 

Time  

Final 

Time 

1 18-06-14 10:58 14:24 2 18-06-14 12:08 16:05 

3 18-06-14 14:29 19:10 4 18-06-14 18:26 20:20 

5 18-06-15 19:24 12:55 6 18-06-15 20:25 14:15 

7 18-06-15 12:59 17:25 8 18-06-15 14:45 18:45 



   
 

 46  
 

9 18-06-15 17:30 20:10 10 18-06-15 18:58 21:19 

11 18-06-16 20:15 10:14 12 18-06-16 21:23 11:15 

13 18-06-16 10:13 13:14 14 18-06-16 11:22 14:20 

15 18-06-16 13:18 15:29 16 18-06-16 14:28 16:23 

33 18-08-15 09:24 12:24 34 18-08-15 11:07 13:47 

35 18-08-15 12:26 15:13 36 18-08-15 13:47 16:24 

37 18-08-16 15:16 11:46 38 18-08-16 16:24 12:47 

39 18-08-16 11:46 14:10 40 18-08-16 12:47 15:07 

41 18-08-16 14:10 16:04 42 18-08-16 15:07 17:15 

43 18-08-17 16:04 10:09 44 18-08-17 17:15 11:13 

45 18-08-17 10:09 12:14 46 18-08-17 11:13 14:09 

47 18-08-17 12:15 14:50 48 18-08-17 14:09 16:00 
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Table 5. Measurement periods Parsen. 

Parsen 

Shallow Deep 

 

Measurement 

Period  

 

Date 
Initial 

Time 

Final 

Time  

Measurement 

Period 
Date 

Initial 

Time  

Final 

Time 

17 18-06-18 15:18 17:49 18 18-06-18 16:25 19:40 

19 18-06-18 17:50 20:31 20 18-06-18 19:44 22:01 

21 18-06-19 20:33 12:01 22 18-06-19 22:08 13:24 

23 18-06-19 12:06 15:46 24 18-06-19 13:30 17:14 

25 18-06-19 15:59 18:49 26 18-06-19 17:15 20:05 

27 18-06-20 18:50 11:10 28 18-06-20 20:05 12:07 

29 18-06-20 11:13 14:10 30 18-06-20 12:09 15:07 

31 18-06-20 14:11 16:12 32 18-06-20 15:11 17:26 

50 18-08-11 14:43 17:29 49 18-08-11 13:10 16:20 

52 18-08-12 17:30 13:03 51 18-08-12 16:21 12:03 

54 18-08-12 13:05 15:49 53 18-08-12 12:06 14:45 

56 18-08-12 15:52 19:03 55 18-08-12 14:47 17:45 

58 18-08-13 19:04 12:34 57 18-08-13 17:49 11:23 

60 18-08-13 12:39 18:28 59 18-08-13 11:29 17:23 
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Table 6-9 below shows every grid mean and 25th and 75th percentile value during specific 

measurement periods. The tables also show number of FC samples from every measurement 

period.  

Table 6. Measurement periods mean flux, 25 and 75 percentile (Q1 and Q3) and number of FC (N) in Venasjön, June 

Measurement 

Period 

Mean Q1 Q3 N 

1 1.1 0.78 1.28 7 

2 1.23 1.06 1.67 7 

3 0.51 0.26 0.78 5 

4 1.98 1.25 2.99 7 

5 0.35 0.31 0.42 7 

6 0.7 0.57 0.86 6 

7 0.45 0.30 0.45 7 

8 0.46 0.21 0.84 7 

9 0.98 0.16 1.04 7 

10 0.13 0.09 0.16 6 

11 0.16 0.09 0.26 6 

12 0.15 0.05 0.25 7 

13 0.53 0.14 0.48 7 

14 0.21 0.12 0.33 6 

15 0.17 0.1 0.24 6 

16 0.31 0.06 0.25 7 

Total - - - 105 

 

Table 7. Measurement periods mean flux, 25 and 75 percentile (Q1 and Q3) and number of FC (N) in Venasjön, August 

Measurement 

Period 

Mean Q1 Q3 N 

33 0.42 0.21 0.61 7 

34 1.72 0.95 2.67 7 

35 0.42 0.21 0.59 7 

36 1.88 0.77 3.28 7 

37 0.41 0.37 0.47 7 

38 1.51 1.30 1.82 7 

39 0.26 0.2 0.31 7 

40 1.78 0.35 2.23 7 

41 0.69 0.35 1.23 7 
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42 0.84 0.34 1.3 7 

43 0.40 0.35 0.52 7 

44 2.22 1.77 2.52 7 

45 0.12 0.1 0.14 7 

46 3.55 1.58 6.7 7 

47 0.55 0.47 0.65 7 

48 1.60 0.98 1.98 7 

Total - - - 112 
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Table 8. Measurement periods mean flux, 25th and 75th percentile (Q1 and Q3) and number of FC (N) in Parsen, June. 

Measurement 

Period 

Mean Q1 Q3 N 

17 0.78 0.25 0.52 7 

18 0.14 0.09 0.18 7 

19 0.18 0.13 0.20 7 

20 0.11 0.09 0.16 7 

21 0.38 0.27 0.32 7 

22 0.23 0.20 0.26 7 

23 0.31 0.1 0.66 7 

24 0.51 0.21 0.49 7 

25 0.35 0.27 0.44 7 

26 0.33 0.32 0.44 7 

27 0.27 0.17 0.35 7 

28 0.13 0.07 0.21 7 

29 0.19 0.1 0.27 7 

30 0.36 0.17 0.42 7 

31 0.24 0.14 0.31 7 

32 0.76 0.11 1.21 7 

Total - - - 112 

 

 

Table 9. Measurement periods mean flux, 25th and 75th percentile (Q1 and Q3) and number of FC (N) in Parsen, August. 

Measurement 

Period 

Mean Q1 Q3 N 

49 0.78 0.30 0.68 7 

50 0.39 0.29 0.58 7 

51 0.14 0.49 1.2 7 

52 0.18 0.19 0.35 6 

53 0.11 0.88 2.08 7 

54 0.38 0.77 1.02 7 

55 0.23 0.61 0.8 7 

56 0.31 0.41 0.68 7 

57 0.51 0.34 0.61 7 

58 0.35 0.13 0.27 7 

59 0.33 0.24 0.5 7 
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60 0.27 0.08 0.13 7 

Total - - - 83 

 

 

 

 

Figure 18. Grid deep in Venasjön during the first field day with the original anchor attachment 

 

 

 


