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Abstract 
Methane (CH4) is a potent greenhouse gas which is emitted to the atmos-
phere from both natural and anthropogenic sources. Current evidence 
indicates that lakes account for a large part of the global emissions of 
CH4, but their contribution is difficult to quantify because of large tem-
poral and spatial variability in processes leading to CH4 fluxes from lakes 
to the atmosphere. Making sense of the complexity and variability of CH4 
emissions from lakes requires observations covering the range of tem-
poral and spatial scales at which these processes occur, both within and 
between lakes. Northern regions are of particular interest for such stud-
ies because they contain a larger number of lakes than any other region 
in the world and they are disproportionately affected by climate change, 
with possible consequences for future CH4 emissions.  
The aim of this thesis was to investigate patterns of CH4 dynamics and 
emissions in several lakes distributed in different climatic regions of 
Sweden, paying particular attention to spatial and temporal variability of 
CH4 fluxes and concentrations. Fluxes, concentrations, carbon stable iso-
tope signature of CH4, and a range of commonly monitored lake charac-
teristics were measured several times during one year at multiple loca-
tions in each lake. The measurements provided an extensive set of obser-
vations of CH4 concentrations and fluxes in lakes, together with possible 
environmental drivers. These observations were then used to investigate 
patterns of CH4 dynamics in northern lakes and to assess the ability of 
empirical and process-based models to predict CH4 concentrations and 
fluxes in lakes. 
The results indicate that simple empirical models, consisting of linear 
regressions between explanatory variables and CH4 fluxes and concen-
trations averaged over the lake surface and ice-free period of the year, 
can be useful in some specific cases (for example describing ebullitive 
fluxes from total phosphorus or chlorophyll a concentrations). However, 
it was also noted that using such models for extrapolation can lead to 
large errors, especially if the observations do not account for temporal 
and spatial variability of CH4 fluxes and concentrations. An example of 
high variability was seen in day-night measurements of CH4 fluxes in 
four lakes over several months. To try to compensate for some of the 
shortcomings of empirical models, an established process-based and 
one-dimensional lake model was used to simulate CH4 concentration in 
the water column of the studied lakes. Predictions were in good agree-
ment with observations in several of the investigated lakes, considering 
that the model was not pre-calibrated for any of the lake specifically. 
However, it was also clear that there can be key processes that require 
specific consideration in process-based models, and some degree of 
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simplification is needed, especially when detailed information on the 
modelled systems is not available. The simplifications and assumptions 
that need to be made can be informed by the study and observation of 
relevant processes in situ. For example, groundwater was found to po-
tentially contribute a major part of CH4 stored in one small boreal lake 
using measurements of stable isotope signature of CH4 in littoral sedi-
ment and deep water of that lake, as well as in the groundwater in the 
mire next to it. Stable isotope measurements in five other lakes also re-
vealed consistent differences in CH4 sources to the surface and deep 
zones of lakes when they are separated by thermal stratification of the 
water column. Such knowledge could be used in the design of numerical 
models of lakes with the objective to improve predictions of current and 
future emissions of CH4 from these environments. 
Overall, this thesis contributes to the current knowledge on assessment 
of CH4 emissions from lakes at several temporal and spatial scales. It also 
emphasizes critical aspects which must be considered to reduce bias in 
future empirical and process-based models of CH4 in lakes. 
 
Keywords:  methane, lakes, variability, sampling design, models 
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Introduction 
Methane (CH4) is a potent greenhouse gas and one of the main drivers of 
climate change (Ciais et al., 2013). It is estimated that CH4 is responsible 
for 23% of the radiative forcing (the change in net downward radiative 
flux at the top of the troposphere) observed between 1750 and 2011 
(Etminan et al., 2016). CH4 is also a short-lived gas in the atmosphere 
with a lifetime of about 10 years, meaning that approximately 10% of all 
atmospheric CH4 is decomposed every year (Prather et al., 2012). The 
strong radiative forcing and short lifetime of CH4 make it a good target 
for measures aiming to reduce the impact of anthropogenic greenhouse 
gas emissions rapidly and at low cost, as a decrease in CH4 emissions is 
likely to cause a relatively large decrease in total radiative forcing within 
one or two decades (UNEP, 2021). Importantly, non-anthropogenic 
emissions account for a large part of CH4 emissions to the atmosphere 
and affect the balance of atmospheric CH4. It is estimated that between 
38% and 52% of the CH4 emissions to the atmosphere have a non-an-
thropogenic origin, the largest contributors being wetlands, freshwaters 
(lakes, ponds, reservoirs, streams, and rivers), geological sources, and 
wild animals (Saunois et al., 2020). 

Lakes started being recognized as a potential major source of CH4 to 
the atmosphere around half a century ago (Ehhalt, 1974). Since then, sev-
eral updated estimates have been published over time, either of global 
(Bastviken et al., 2004, 2011) or regional (Tan & Zhuang, 2015; Wik, Var-
ner, et al., 2016) lake CH4 emissions. Northern regions have attracted a 
particular attention because they are characterized by the highest abun-
dance of lakes in the world (Verpoorter et al., 2014) and are expected to 
be disproportionately affected by climate change (Serreze et al., 2000). 
One important reason for the frequent updates of global and regional 
lake CH4 emissions estimates is their large underlying uncertainties. In 
most cases, aggregated values are obtained by multiplying an average 
emission rate that is expressed as a quantity of CH4 emitted per surface 
area and per time with the total surface area of all lakes in a region or 
globally. Both emission rate and total lake surface area are still uncertain. 
For the latter, remote sensing has been used since several years and of-
fers ever improving estimates of the total surface area of lakes, enabling 
also to distinguish between different lake size categories (Downing et al., 
2006; Lehner & Döll, 2004; Messager et al., 2016; Pekel et al., 2016; Ver-
poorter et al., 2014). Finding relevant average estimates of areal CH4 flux 
in lakes is however still a difficult task, and the main approach so far has 
been to calculate the average value of observations obtained in as many 
different systems as possible with little consideration of how 
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measurements were designed in each system. This approach relies heav-
ily on having access to sufficiently diverse measurements covering the 
natural distribution of CH4 fluxes. Determining the quantity and type of 
data that is needed to satisfy this criterium requires a good understand-
ing of the multiple processes regulating the cycling of CH4 in lakes and 
the rates of emissions to the atmosphere. 

CH4 can have several origins in lakes. The most studied one is the 
production of CH4 in lake sediments in the absence of oxygen (Conrad, 
2020; Lovley & Klug, 1983; Peeters et al., 2019). Sediments accumulate 
the organic matter that settles from the water column. The microbial 
community remineralizes this organic matter using available electron ac-
ceptors in the sediments, where more energetically favourable electron 
acceptors are consumed first. Methanogenesis, the production of CH4, 
yields less metabolic energy than processes using other electron accep-
tors and produces CH4 from simple organic molecules or from carbon 
dioxide (CO2) and molecular hydrogen (Conrad, 2020). It has been esti-
mated that CH4 formation can account for less than 20% to more than 
50% of carbon mineralization in lakes (Bastviken, 2009). Another in situ 
source of CH4 in lakes, which has been suggested relatively recently, is 
the production of CH4 in surface water, where light is available (Bižić et 
al., 2020; Bogard et al., 2014). CH4 is a by-product of photosynthetic re-
actions in that case and the production rates appear to be much smaller 
than what is observed in anoxic sediments, so this process is likely to be 
more important in large lakes, where the ratio of sediment area to water 
volume is lower (Günthel et al., 2019). Finally, CH4 can also be produced 
in anoxic conditions in the soils of the catchment of lakes and be trans-
ported via groundwater to lake bodies. Recent studies have tried to quan-
tify the contribution of such external imports of CH4 in some lakes 
(Dabrowski et al., 2020; Einarsdottir et al., 2017; Paytan et al., 2015). 

Beside methanogenesis, another key process in the cycling of CH4 in 
lakes is its consumption by microorganisms which oxidize CH4 to CO2. 
The microorganisms involved include bacteria which are using dissolved 
molecular oxygen (O2) as an electron donor for CH4 oxidation (MOX; 
Bastviken, 2009; Frenzel et al., 1990) or some less investigated but po-
tentially important microorganisms which oxidize CH4 anaerobically 
(Knittel & Boetius, 2009; Martinez-Cruz et al., 2018). Aerobic MOX is an 
important process that typically occurs at the interface between anoxic 
and oxic conditions. In lakes developing an anoxic hypolimnion, this in-
terface can be between the bottom anoxic part of the water column, 
where CH4 can be produced and accumulate, and the surface oxic layer, 
where O2 is available, because this spot offers relatively high concentra-
tions of both CH4 and O2 (Bastviken et al., 2008; Rudd et al., 1976). If the 
water column is entirely oxic, the interface between oxic and anoxic 
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conditions is in the sediment layer. A good understanding of the influ-
ence of MOX on lake CH4 is crucial to evaluate potential CH4 emissions 
and still requires more systematic investigations considering a variety of 
lake types. 

The balance between CH4 production and MOX ultimately regulates 
the concentration of CH4 in the water column of lakes. CH4 that is not 
oxidized while it is transported by water movements from where it is pro-
duced through the water column and towards the lake surface can be 
emitted to the atmosphere through the very thin diffusive boundary layer 
located just below the surface (Jähne & Haußecker, 1998). The rate of 
CH4 transfer through the diffusive boundary layer is proportional to the 
difference in CH4 concentration across the air-water interface, the mo-
lecular diffusivity of CH4 in water, and the thickness of the boundary 
layer, which is itself affected by multiple physical processes (MacIntyre 
et al., 2010; Wanninkhof, 2014). Episodically, large amounts of CH4 
stored in the anoxic bottom layer of some lakes can be transported rap-
idly to the surface upon mixing of the water column, which typically hap-
pens in spring and fall in high latitude lakes deep enough to develop a 
thermal stratification during the summer. In such cases, the entire lake 
surface can emit CH4 for several days at rates one order of magnitude 
higher than during the rest of the season (Encinas Fernández et al., 
2014). In addition, an alternative way for CH4 to be emitted from lakes 
to the atmosphere is through the formation of CH4 bubbles in the sedi-
ments when intense CH4 production creates a supersaturation of CH4 in 
the sediments (Boudreau et al., 2001). Upon release from the sediments, 
these bubbles raise to the surface, bypassing the MOX process in the wa-
ter column, and the gas in the bubbles is emitted to the atmosphere, 
causing sudden bursts of CH4 emissions at very local spatial scales (Del-
Sontro et al., 2015; Walter et al., 2007; Wik et al., 2013). 

The cumulative effect of the range of processes affecting the dynam-
ics of CH4 in lakes creates large variations in CH4 fluxes and concentra-
tions at multiple temporal and spatial scales, from meters to landscape-
size and from minutes to years. Variability can occur within lakes, as for 
example littoral zones are characterized by larger ebullition rates than 
central, deeper areas (Natchimuthu et al., 2016; West et al., 2016), be-
tween lakes, with more productive lakes apparently emitting more CH4 
(DelSontro et al., 2016; West et al., 2016), or over time, with larger rates 
of emissions observed during warmer periods (Aben et al., 2017; Wik et 
al., 2014). This variability in fluxes must be accounted for in measure-
ments. Unfortunately, covering multiple scales requires large measure-
ment efforts and financial resources, and it is frequent that sampling 
campaigns need to compromise on either the number of systems inves-
tigated or the intensity of the measurements in each system. This 
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situation creates a risk that current observations of CH4 fluxes might not 
be representative of the natural variability of CH4 emission rates from 
lakes (Wik, Thornton, et al., 2016). Therefore, there is a need for more 
systematic observations of CH4 fluxes and concentrations covering the 
relevant temporal and spatial scales to develop a better understanding of 
how CH4 fluxes and concentrations vary over time and space in lakes and 
possible simplifications of this complexity allowing for quantification of 
current and prediction of future emissions. 

Such knowledge can be used for designing models which would allow 
to predict CH4 emissions without requiring direct measurements. Such 
models can either be empirical relationships between CH4 emission rates 
and one or a few drivers, or they can implement in a more complex and 
process-based framework the dominant physical, chemical, and biologi-
cal processes taking place in lakes. Several models of both types have 
been previously developed (e.g., Bastviken et al., 2004; Hipsey et al., 
2019; Holgerson & Raymond, 2016; Juutinen et al., 2009; Stepanenko et 
al., 2016; Tan et al., 2015), but the uncertainties related to the ability of 
models to properly capture the complexity of natural systems make it 
critical to validate model predictions using in situ observations. Consid-
ering that existing observations mostly do not cover multiple lake types 
in systematic ways (Guo et al., 2021), efforts to collect observations sat-
isfying this condition have the potential to improve model design, vali-
dation, and predictions. 
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Research objectives 
Multiple processes are involved in the cycling of CH4 in lakes and deter-
mine how much of this potent greenhouse gas is released to the atmos-
phere. These processes occur at several spatial and temporal scales and 
measurements covering the same range of scales are needed to improve 
our ability to quantify and predict current and future CH4 emissions from 
lakes. For this thesis, multi-scale observations of CH4 concentrations, 
fluxes, stable carbon isotopes, as well as of a variety of lake characteris-
tics were collected in a set of lakes in Sweden and used to address the 
following topics. 

- Investigating the possibility to describe patterns behind CH4 
fluxes (Papers I & II) 

- Evaluating models of different complexities to predict CH4 con-
centrations and fluxes from lakes as a tool to integrate and sim-
plify knowledge from relevant processes (Papers I & III) 

- Studying specific aspects of the dynamics of CH4 in lakes using 
case studies (Papers II & IV). 
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Methods 
The general objective of the sampling setup was to cover several types of 
temporal and spatial variability when measuring CH4 fluxes and concen-
trations, as well as several characteristics of the studied lakes. Floating 
chambers (a detailed description is provided in Paper I) were used be-
cause their small footprint allows measurements of CH4 fluxes at the m2-
scale. By using several floating chambers in each lake at different depths 
and locations (Figure 1), it was possible to account for within-lake hori-
zontal spatial variability in fluxes and surface water concentrations. The 
sampling design also allowed distinguishing the share of diffusive and 
ebullitive components of fluxes at each chamber location (see Paper I for 
details). Furthermore, vertical profiles of CH4 concentrations (and other 
variables) measured near the deepest point of the lakes covered the ver-
tical variability of CH4 in lakes. Between-lake variability was accounted 
for by selecting lakes in several parts of Sweden across a latitudinal (and 
therefore temperature) gradient and covering regions with different pre-
cipitation regimes (Table 1). Within each region, lakes were selected to 
represent the diversity of lake types found locally in terms of water chem-
istry or productivity, among other characteristics. Finally, temporal var-
iability was addressed by repeating measurements of CH4 fluxes, concen-
tration, and auxiliary variables at regular interval during one full ice-free 
period in each lake. The temporal scales covered by the sampling setup 
ranged from hour (the frequency of CH4 flux measurements was two 
hours or less with automated chambers and 48 hours with manual cham-
bers; Table 2) to the duration of the ice-free period. 

Table 2 lists the variables that were measured in each lake and refers 
to Papers I-IV for more detailed descriptions and explanations regarding 
the specific sampling methods. The purpose of these subsidiary meas-
urements was to cover the relevant temporal and spatial variability of 
physical, chemical, and biological characteristics of the studied lakes. 
These variables are typically less variable over short time periods and 
distances, so that they do not require sampling at the same frequency 
and with the same spatial coverage as CH4 fluxes and concentrations. 

Location and bathymetric maps of the studied lakes are shown in 
Figure 1, while Table 1 provides general information on the lakes. Addi-
tional details about the lakes and their catchments are provided in Pa-
pers I-IV. In particular, additional details on BD3, BD4, BD6, NAS, NBJ, 
LJR, NOR, GRA, DAM, LA, ST, LO, VEN, SOD, PRS, GUN, GRI, SGA, 
LAM, KLI and GYS are provided in Paper I, details on LJE and ERS are 
provided in Paper II, and information on STJ is provided in Paper IV. 
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Figure 1. Locations of the studied lakes with the corresponding bathy-
metric maps (shades of blue indicate 2 m depth intervals) and locations 
of CH4 flux measurements (red dots). White bars in inset maps measure 
100 m. 
Credits: Anna Sieczko (figure and data preparation), David Rudberg (design idea and 
data preparation), Lantmäteriet (background maps in insets), maps-for-free.com (coun-
try map).  



 9 

Table 1. General information about the studied lakes. 
Lake Trophic 

state1 / 
color2 

Max. 
depth 
[m] 

Air 
temp. 
[°C]3 

Prec. 
[mm 
y-1]4 

Measure-
ment period5 

Data 
used in 
Paper(s) 

BD3 OL / L 8.2 -0.6 860 Jun-Sep ‘18 I, III 
BD4 OL / L 8.1 -0.6 860 Jun-Sep ‘18 I, III 
BD6 OL / L 3.2* -0.6 860 Jun-Sep ‘18 I 
STJ OL / H 6.7 3.0 630 Aug ‘17 IV 
NAS OL / L 10.7 2.0 590 Jun-Oct ‘19 I, III, IV 
NBJ OL / H 9.5 2.0 590 Jun-Oct ‘19 I, III 
LJE OL / ML 9.5 2.0 590 Jun-Oct ‘19 II 
LJR OL / ML 9.7 2.0 590 Jun-Oct ‘19 I-IV 
NOR OL / MH 7.3 5.3 800 Apr-Nov ‘20 I, III 
GRA OL / MH 8.2 5.3 800 Apr-Nov ‘20 I, III 
DAM ME / MH 2.9 6.1 750 Apr-Nov ‘20 I, III 
LA EU / ML 4.5 7.0 590 May-Oct ‘08 I 
ST EU / ML 4.0 6.7 590 May-Oct ‘08 I 
LO EU / L 11.2 7.0 590 May-Oct ‘08 I 
VEN EU / ML 11.1 7.5 610 May-Dec ‘18 I-IV 
SOD HY / ML 3.4 7.5 610 May-Nov ‘18 I, III 
PRS ME / ML 7.0 7.5 610 May-Nov ‘18 I-IV 
ERS EU / H 4.5 7.3 900 Sep-Nov ‘17 II 
GUN EU / H 9.1 7.3 900 Mar-Dec ‘19 I, III 
GRI OL / H 4.9 7.3 800 Mar-Dec ‘19 I, III 
SGA OL / L 21.7 7.3 1000 Mar-Dec ‘19 I, III, IV 
LAM ME / H 2.2 6.7 740 Apr-Nov ‘20 I, III 
KLI OL / L 17.6 6.7 740 Apr-Nov ‘20 I, III 
GYS ME / MH 9.6 6.7 740 Apr-Nov ‘20 I, III 

1OL = oligotrophic, ME = mesotrophic, EU = eutrophic, HY = hypertro-
phic 
2Light absorbance coefficient at 420 nm wavelength in surface water. 
L < 0.025 cm-1, 0.025 cm-1 ≤ ML < 0.050 cm-1, 0.050 cm-1 ≤ MH < 0.075 
cm-1, H ≥ 0.075 cm-1 
3Average temperature for the period 1991-2020 at the nearest weather 
station operated by the Swedish Meteorological and Hydrological Insti-
tute (SMHI). 
4Average yearly precipitation for the period 1991-2020 at the nearest 
weather station operated by SMHI. 
5Period when CH4 fluxes were measured (lakes were ice-free during this 
period). 
*Maximum depth of the basin where CH4 fluxes were measured. 
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Table 2. Variables measured in the studied lakes. 
Variable(s) Brief description Main 

ref. 
CH4 flux Manual sampling of gas from floating cham-

ber after 48-hour deployments and lab anal-
ysis of sampled gas 

I 

 Automated measurements every 2 hours or 
less using chambers equipped with CH4 sen-
sors 

II 

CH4 concen-
tration in wa-
ter 

Sampled near all chambers at the beginning 
and end of each chamber deployment 

I 

Sampled once per month along a depth pro-
file near the deepest point of the lakes 

I 

δ13C-CH4* Sampled in the anoxic bottom water and in 
the littoral sediment bubbles of some lakes 

IV 

Water chemis-
try** 

Measured once per month at the surface 
and sometimes in the middle and at the bot-
tom of the water column near the deepest 
point of each lake 

I 

Light attenua-
tion in water 

Measured once per month near the deepest 
point of each lake 

III 

Meteorological 
variables*** 

Hourly data obtained from the MESAN1 
analysis model from SMHI 

III 

Shortwave so-
lar radiation 

Hourly data obtained from the STRÅNG2 
model from SMHI 

III 

Catchment 
gross primary 
production 

8-day interval cumulative data obtained 
from the MOD17A2H3 product based on the 
MODIS instrument operated by NASA 

I 

Digital eleva-
tion model 

Provided by Lantmäteriet I 

   
*Standardized ratio of carbon isotopes 13C to 12C in CH4. 
**Includes total organic carbon, dissolved organic carbon, total nitrogen, 
total phosphorus, chlorophyll a, light absorbance in water at 420 nm 
wavelength 
***Includes air temperature, wind speed, atmospheric pressure, precip-
itation, relative humidity, cloud cover 
1https://www.smhi.se/data/oppna-data/meteorologiska-data/analys-
modell-mesan-1.30445 
2https://strang.smhi.se/ 
3https://lpdaac.usgs.gov/products/mod17a2hv006/ 
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Results and discussion 

Representativity of the studied lakes 
The studied lakes are in regions representative of the climatic conditions 
found in Sweden. The range of normal annual average air temperatures 
in the regions where the lakes are located extends from -0.6 to +7.5 °C 
(Table 1). It covers a large part of the range of normal annual average air 
temperature observed in Sweden (-3 to +9 °C for the entire country but 
-1.5 to +8 °C in most areas according to the climate normal for Sweden 
for the period 1991 - 2020 calculated by SMHI1). Several precipitation 
regimes are also represented in the studied regions, with normal annual 
precipitation for the 1991 - 2020 period ranging from 590 to 1000 mm 
(Table 1). In Sweden, normal annual precipitation values vary between 
300 and 1300 mm depending on the region but are between 500 and 
1000 mm almost everywhere except in some parts of the south-western 
coast and in small areas in the northernmost part of the country1. The 
objective of covering the pronounced longitudinal precipitation gradient 
in the south of Sweden implies that lakes from the warmer southern part 
of Sweden are more represented than lakes from the colder northern re-
gions in the group of studied lakes. Furthermore, the studied lakes are 
also representative of water chemistry conditions encountered in lakes 
from the Swedish geographic and climatic regions. A comparison be-
tween values of total organic carbon, dissolved organic carbon, total ni-
trogen, total phosphorus, chlorophyll a concentrations and 420 nm light 
absorbance in the water measured in the studied lakes with values meas-
ured in several hundred of lakes between 2000 and 2021 in the national 
and regional monitoring programs (Miljödata-MVM, 2021) indicates 
that 85% to 97% of the diversity of lake characteristics found in Sweden 
is represented by the studied lakes, depending on the variable (see also 
Paper I). The range of lake sizes (0.01 - 1 km2) represented in the set of 
lakes considered is on the lower side of the global range of lake sizes, but 
it covers the range of sizes that combines high number of lakes regionally 
and globally (Verpoorter et al., 2014) and high rates of CH4 emissions per 
unit of surface area (Holgerson & Raymond, 2016), making this size 
range particularly relevant for the study of CH4 emissions from lakes. 

 
1 https://www.smhi.se/kunskapsbanken/klimat/normaler/normalperioden-

1991-2020-1.166930 
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Looking for simple patterns behind CH4 fluxes (Papers I 
& II) 
CH4 fluxes from lakes to the atmosphere and CH4 concentrations at the 
surface of lakes, which directly affect and are often used to estimate 
fluxes (e.g., Cole et al., 2010; Denfeld et al., 2020; Juutinen et al., 2009), 
are the components of the CH4 cycle in lakes that need to be quantified 
to assess the role played by lakes in the global atmospheric CH4 budget. 
As mentioned earlier, fluxes and concentrations are also very variable in 
space and over time. Consequently, special attention was given to the 
coverage of spatial and temporal variability of CH4 fluxes and surface wa-
ter concentration in the studied lakes. The sampling design resulted in a 
total of nearly 5000 individual CH4 flux values (48-hour measurement 
periods) and 7000 CH4 concentration values measured in all lakes (Pa-
pers I and IV). Additional CH4 flux measurements were done using au-
tomated chambers over shorter time periods and in only some of the 
lakes but at a higher temporal frequency (Paper II). Existing recommen-
dations regarding the number of locations and frequency of measure-
ment for CH4 fluxes in lakes suggest that they should be done at least at 
11 sampling locations per lake and should cover 39 24-hour cycles scat-
tered through the ice-free period to properly account for the spatial and 
temporal variability of fluxes in lakes of similar size to the studied ones 
(Wik, Thornton, et al., 2016). These recommendations provide a relevant 
order of magnitude of the number of observations needed to consider 
CH4 variability in lakes. In the studied lakes, CH4 flux measurements 
covered at least 24, most often more than 30, and up to 39 24-hour cycles 
in each lake, which is less than the recommendations but is nevertheless 
rare compared to past studies and given that it was repeated systemati-
cally in many lakes. Meanwhile, the automated measurement of fluxes at 
a frequency of 2 hours or less in five lakes, over short periods of a few 
days to a few weeks, and using a limited number of chambers, yielded 
approximately 4600 additional flux measurements (Paper II). 

Two approaches were used to simplify and aggregate the large num-
ber of collected individual measurements. In the first one, described in 
detail in Paper I, aggregated CH4 flux and surface water concentration 
values were derived for each lake and ice-free period by averaging meas-
urements over the lake surface and over time. This was done by account-
ing for previously reported variability between depth zones (Natchimu-
thu et al., 2016; West et al., 2016) and by using changes in surface water 
temperature (Aben et al., 2017; Wik et al., 2014) as a proxy to account for 
flux variability in time. Other lake characteristics that were also meas-
ured multiple times in each lake were averaged too, although in a simpler 
way because they are not known to be characterized by the same high 
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degree of variability as CH4 fluxes. The whole-lake, ice-free period aver-
age values, which integrated spatial and temporal variability within the 
lakes during the ice-free period, were then used to evaluate linear regres-
sions between CH4 fluxes or concentrations (response variable) and one 
or two explanatory variables related to the lakes or their catchments. In 
particular, the objective was to determine if statistically significant and 
relevant relations could be found without log-transforming the data, 
contrarily to what has been done in most past studies (e.g., Bastviken et 
al., 2004; DelSontro et al., 2018; Holgerson & Raymond, 2016). Avoiding 
log-transformation would provide more robust and predictive models 
that do not require conversion of predictions back to untransformed val-
ues. 

It was found that the lake and ice-free period averaged ebullitive 
component of CH4 fluxes was best predicted by explanatory variables re-
lated to lake productivity, like total phosphorus (Figure 2) or chlorophyll 
a concentrations, in agreement with previous studies (Bastviken et al., 
2004; DelSontro et al., 2018; Sepulveda-Jauregui et al., 2015) but possi-
bly suggesting for the first time relatively high regression performance 
over large scales with non-log-transformed data. Since ebullition was the 
main component of total CH4 fluxes (defined as the sum of diffusive and 
ebullitive fluxes) in most lakes, lake and ice-free period averaged total 
fluxes were also related to total phosphorus and chlorophyll a concentra-
tions. 

For the lake and ice-free period averaged diffusive component of CH4 
fluxes, no other reliable predictor than surface CH4 concentration could 
be found. Therefore, the results did not provide simpler methods than 
direct measurements to assess diffusive CH4 fluxes in lakes, since CH4 
concentrations are themselves very variable within lakes and generally 
not part of regular lake monitoring efforts. Lake and ice-free period av-
eraged CH4 concentrations were found to be partially predictable from 
average wind speed and share of forested areas in the catchment of the 
lakes, but it is unclear what could be the mechanistic explanation behind 
such a relation. Difficulties in predicting CH4 concentrations at the sur-
face of lakes and CH4 diffusive fluxes to the atmosphere (which depend 
primarily on concentrations at the surface, as mentioned above) is not a 
surprise as they are regulated by multiple dynamic processes affecting 
CH4 production, transport, and consumption in lakes (Blees et al., 2015; 
Hofmann, 2013). Alternative approaches, other than the long-term inte-
gration of multiple observations presented here, may therefore better re-
flect time-dynamics and be more adequate to predict CH4 concentrations 
and diffusive fluxes in lakes. 

Another major conclusion in Paper I was that aggregated literature 
data collected in various ways and with inconsistent consideration of 
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spatial and temporal variability of CH4 fluxes within lakes do not guar-
antee that the derived models generalize well to lakes that were not in-
cluded in the original observations. For the same conceptual model (i.e., 
using the same explanatory variables), stronger relations were obtained 
when model parameters were fitted to the observations collected in the 
studied lakes, with consistent consideration of spatial and temporal var-
iability, than what was reported in the literature, where variability is usu-
ally not or inconsistently accounted for. Better consideration of spatial 
and temporal variability of CH4 fluxes in sampling design is a critical as-
pect to consider in the future to improve the prediction power of empir-
ical models of CH4 emissions from lakes. 

The second approach to investigate simple patterns in CH4 fluxes 
used the measurements collected in four lakes over periods of a few days 
to a few weeks using automated floating chambers that measured fluxes 
at 2-hour intervals and chambers sampled manually several time 
through the day to investigate the variations in CH4 fluxes over day-night 
(diel) cycles. The detailed methodology and results are described in Pa-
per II. It was found that fluxes were systematically higher during day 
than during night and that this pattern was consistently observed in all 
four lakes included in the study and over periods of 11 to 43 days (Figure 
3). These results indicate that this pattern could be a recurring phenom-
enon in northern lakes. Given that emissions of CH4 are typically meas-
ured during daytime, it also implies that average flux values calculated 
from daytime flux measurements only might need to be revised to ac-
count for the possibility that they overestimate the 24-hour average CH4 
fluxes. A solution to this time-extrapolation issue for past data is to use 
a conversion factor between daytime and 24-hour average fluxes. Such a 
conversion factor was derived from the ratio between day and night CH4 
fluxes observed among all 24-hour cycles covered by sub-daily flux meas-
urements in the studied lakes. The ratio was equal to 2.5, implying that 
daytime CH4 flux values should be multiplied by 0.7 to be converted to 
equivalent 24-hour average values during days with an even share of day-
time and night-time. Applying this correction factor to values used in a 
study that estimated total CH4 emissions from lakes north of 50° N (Wik, 
Varner, et al., 2016), it was found that the estimate might overestimate 
emissions by 15%, or 2.4 Tg CH4, per year. 

Potential drivers for the diel cycle of CH4 emissions from lakes were 
also investigated. It was concluded that wind speed was the most likely 
factor contributing to higher CH4 fluxes during day than during night, as 
wind speed and CH4 flux temporal patterns matched closely (Figure 4), 
and wind is known to increase CH4 fluxes by enhancing turbulence at the 
surface of lakes, increasing gas exchange rates from the water to the at-
mosphere. Furthermore, wind has also been shown to promote CH4 
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release by diffusion and ebullition from the sediments in shallow parts 
of lakes (Bussmann, 2005; Hofmann et al., 2010; Keller & Stallard, 
1994). It was also noted that several other potential drivers were charac-
terized by day-night cycles. Solar radiation is an example and could for 
example stimulate the production of CH4 as a by-product of photosyn-
thesis in surface water (Grossart et al., 2011) or inhibit MOX during day, 
when incoming radiation is higher (Thottathil et al., 2018). However, 
these effects were probably negligible in the studied lakes since no 
greater day-night CH4 flux differences were observed in the more eu-
trophic lakes, where higher rates of photosynthesis are expected, or dur-
ing longer days with stronger solar radiation. Air temperature is also typ-
ically higher during day than during night but the overall effect on CH4 
fluxes would likely be opposite to what was observed, with higher fluxes 
during night when surface water in contact with cold air cools down and 
sinks due to its increased density, mixing the surface water layer and po-
tentially enhancing fluxes by lifting deeper water containing more CH4. 
Although there may have been indirect effects if night-time cooling 
caused convection-driven renewal of surface water CH4 concentration, 
delaying the increase in emissions to the following day, the diel patterns 
observed pointed towards no clear immediate effect of air cooling and 
convection on fluxes. 
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Figure 2. Comparison between measured averaged CH4 ebullitive fluxes 
and values predicted using total phosphorus concentration as a proxy. 
Fluxes are averaged over the surface and ice-free period of lakes. 
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Figure 3. Average fluxes measured at each hour of the day in four lakes. 
Measurements in VEN are separated in two panels, depending on the 
stratification status of the water column when measurements were done. 
Source: Paper II 
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Figure 4. Comparison between average fluxes and average wind speed 
at each hour of the day. Measurements in VEN are separated in two pan-
els, depending on the stratification status of the water column when 
measurements were done.
Source: Paper II
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Process-based models and CH4 in lakes (Paper III) 
The limited possibility described in Paper I to predict CH4 surface water 
concentrations and diffusive fluxes from simple indicators, as well as the 
variability of CH4 fluxes at many scales illustrated by the diel cycle inves-
tigated in Paper II, warrant the use of alternative methodological ap-
proaches to study CH4 dynamics in lakes and emissions to the atmos-
phere. One approach used in many fields of natural science to make 
sense of existing observations and test if current knowledge of processes 
is sufficient to predict the evolution of the state of a system over time 
consists of creating a numerical model of the system. In the recent years, 
several models of lakes that consider and implement physical, chemical 
and biological processes, including processes relative to CH4 production, 
consumption, and transport in the water column, have been developed 
(Hipsey et al., 2019; Stepanenko et al., 2016; Tan et al., 2015). The main 
advantage of the application of numerical models to lake studies is the 
possibility to rapidly explore the effects of a wide range of scenarios or 
lake characteristics on CH4 cycling at a much lower cost than through in 
situ experiments. However, models also require observations, which 
have hitherto been sparse and existing data did not cover multiple lake 
types in systematic ways (Guo et al., 2021). New data sets containing 
measurements of multiple parameters (temperature, O2 and CH4 con-
centrations, CH4 fluxes, etc.) taken at several moments during the year 
in many lake types are needed to validate these models and suggest im-
provements. 

In Paper III, the one-dimensional LAKE model described in Ste-
panenko et al. (2016) was used to simulate water temperature, O2 con-
centrations and CH4 concentrations in the water column of the studied 
lakes during the ice-free season. An important focus of the work was to 
keep the number of calibrated parameters in the model as low as possi-
ble, to evaluate the possibility of applying one-dimensional models at 
large scales without requiring detailed information on every simulated 
lake. The meteorological forcing data (air temperature, wind speed, rel-
ative humidity, atmospheric pressure, incoming solar radiation) were 
obtained from the MESAN and STRÅNG models, which provide mod-
elled values covering the entire territory of Sweden. The model predic-
tions were then compared with the observations collected along the wa-
ter column of the lakes on several occasions during the ice-free period. 

The evolution over time of the temperature profile in the water col-
umn of lakes is a fundamental feature that has widespread effects on the 
chemical and biological conditions in lakes. It is therefore critical that 
numerical models of lakes succeed in simulating the energy balance at 
the lake surface and the transport of energy through the water column 
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and to the bottom if they are to reliably simulate other processes. Water 
temperature was well predicted by the model in almost all lakes and at 
all depths. The only clear exception was GUN, which was thermally strat-
ified for a few weeks only but was predicted by the model to have been 
stratified during approximately four months in the spring and summer. 
O2, which is an important regulator of CH4 concentration in lakes 
through its role in MOX and in inhibiting CH4 production, was also well 
represented in the model. CH4 concentration patterns were less accu-
rately reproduced by the model than water temperature and O2 concen-
tration patterns. Nevertheless, predicted CH4 concentrations values near 
the surface were usually in the same order of magnitude as observations 
(Figure 5). Model predictions of CH4 concentrations at the bottom of 
lakes were less reliable (Figure 6). 

The good results obtained with the model for water temperature and 
O2 concentration in the water column of almost all simulated lakes indi-
cate that the general conditions controlling CH4 concentrations through 
consumption and transport in the water column were likely not the crit-
ical factors affecting the mismatch between predictions and observations 
of CH4 concentrations, especially at the bottom of lakes. It is therefore 
more likely that factors controlling CH4 production are responsible for 
the observed difference. Since the same parametrization was used for all 
lakes, it is likely that more accurate results could be obtained by varying 
the parameters controlling CH4 production in the model according to the 
studied lake. Further studies could investigate if the lake-dependent pa-
rameters are predictable from lake characteristics that are simple to as-
sess, so that the generalization capacity of the model is maintained. How-
ever, our results indicate that acceptable predictions can be obtained us-
ing a general parameterization in a wide variety of systems. 
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Figure 5. Methane concentration at 1 m below the surface of each lake, 
measured near the deepest point of the lakes (red dots) and predicted by 
the LAKE model (black line). 
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Figure 6. Methane concentration at 1 m above the bottom of each lake, 
measured near the deepest point of the lakes (red dots) and predicted by 
the LAKE model (black line). 
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A case study of CH4 dynamics in lakes (Paper IV) 
Papers I to III illustrated several ways by which spatially and temporally 
resolved measurements of CH4 fluxes from lakes to the atmosphere can 
contribute to better quantification and predictions of fluxes through in-
terpolation and modelling that integrate the variability characterizing 
CH4 fluxes. Nevertheless, several questions remain open regarding CH4 
dynamics in lakes and require dedicated investigation, which would for 
example allow to find better parameterization of specific processes that 
could later be integrated in process-based models. 

Among others, the critical role of the balance between CH4 produc-
tion and MOX in regulating how much CH4 is emitted from lakes to the 
atmosphere means that these processes are widely investigated using 
several complementary methods. One common method estimates the 
amount of CH4 that is oxidized based on the stable carbon isotopic sig-
nature of CH4, which is the ratio of the number of CH4 molecules con-
taining the isotope 13 of carbon (13C) to the number of CH4 molecules 
containing the more abundant isotope 12 of carbon (12C). Biologically 
produced CH4 is characterized by a very low 13C:12C ratio (relative to a 
reference value and multiplied by 1000 to yield permille units; δ13C) be-
cause the enzymatic processes involved in CH4 production discriminate 
against the heavier isotope. The same is true of the enzymatic processes 
involved in MOX, implying that δ13C of a pool of CH4 exposed to MOX 
increases when 12C-containing CH4 is preferentially consumed. Using 
mass balances of stable carbon isotopes in CH4 before and after MOX 
allows to determine the fraction of CH4 that is oxidized. The stable car-
bon isotopic signature of CH4 sources is a key parameter in this method. 
Its spatial variability in lakes, which was suggested by some recent stud-
ies (Cadieux et al., 2016; Thompson et al., 2016; Wik et al., 2020), still 
requires more systematic investigations considering a variety of lake 
types to be better understood. 

In Paper IV, measurements of δ13C-CH4 in deep, anoxic water and in 
bubbles in the shallow littoral sediments of several lakes were compared. 
It was observed that values in the shallow littoral sediments were sys-
tematically higher than in the deep, anoxic water (Figure 7), indicating a 
consistent and possibly general pattern in boreal lakes. A few possible 
explanations for this observation were discussed and are illustrated in 
Figure 8. One explanation could be linked to the substrate used for meth-
anogenesis. In the littoral zone of lakes, benthic algae could represent an 
important source of organic matter to the sediments, while phytoplank-
ton would represent a larger share of the labile organic matter reaching 
the sediments of the deeper parts of lakes. Previous studies have shown 
that benthic algae are characterized by higher δ13C-CH4 values than 
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phytoplankton (Doi et al., 2010), which could create a difference in δ13C 
values in the carbon source for methanogenesis between deep and shal-
low parts of lakes. Another explanation for the difference in δ13C-CH4 
values between littoral sediments and deep water might also be linked to 
the input of groundwater containing CH4 characterized by low δ13C val-
ues. This was illustrated by the case of one of the lakes where the water 
flowing through the adjacent mire contained CH4 characterized by simi-
lar δ13C values as the deep, anoxic water of the lake, but different than 
values measured in the bubbles trapped in the littoral sediments (Figure 
9). 

The observation of a consistent pattern of spatial variability of δ13C-
CH4 between deep and shallow parts of lakes has important implications 
for studies on MOX in lakes and on the role of CH4 in lake food webs as 
it implies that large differences in δ13C in CH4 sources should be expected 
depending on which layer of stratified lakes is investigated. In the surface 
layer, CH4 most likely originates from the littoral sediments where it is 
produced, implying that the most adequate δ13C value for the source of 
CH4 to this layer is the one measured in CH4 bubbles in the littoral sedi-
ments. The situation is different in the bottom layer, which is isolated 
from the surface by the thermocline. In the bottom layer, CH4 is either 
produced in the sediments under the thermocline or comes from the 
catchment with groundwater. The δ13C value for the source of CH4 in this 
layer should therefore be measured in the sediments in the deepest part 
of the lake or in the groundwater flowing into the lake. Alternatively, if 
external inputs of CH4 are responsible for significant differences in δ13C-
CH4 in the lake, it implies that external sources of CH4 can be major con-
tributors of CH4 to lakes, which is a possibility that has rarely been con-
sidered in the past when assessing fluxes of CH4 between different ter-
restrial and aquatic systems. 
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Figure 7. Comparison between values of 13C to 12C stable isotope ratio 
in methane (δ13C-CH4) in the gas bubbles found in the littoral sediments 
of six lakes, and in their deep, anoxic water. Lake PAR corresponds to 
lake PRS in Table 1. 
Source: Paper IV 
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Figure 8. Processes that could explain the observed difference in 13C to 
12C stable isotope ratio in methane (δ13C-CH4) between the gas bubbles 
found in the littoral sediments, and in the deep, anoxic water. Black ar-
rows indicate processes that are more likely explanations. 
Source: Paper IV 
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Figure 9. Measured ratios of stable isotopes 13C and 12C in methane 
(δ13C-CH4) in the air, in the water at different depths, in the bubbles in 
the littoral sediments and in the water in the adjacent mire (groundwater 
mire) in lake STJ. 
Source: Paper IV 
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Conclusion 
This thesis investigated some of the opportunities offered by spatially 
and temporally resolved measurements of CH4 fluxes and concentrations 
in a set of lakes in Sweden, together with detailed characterization of the 
studied lakes, to improve our understanding of CH4 cycling and fluxes in 
lakes. Several spatial and temporal variability scales of CH4 fluxes and 
concentrations were considered in the sampling design, including tem-
poral scales from hours to the duration of the ice-free period and spatial 
scales ranging from meters to lake size to differences between regions 
with different climatic characteristics. Such extensive observations are 
rare, and several conclusions could be drawn based on the results. 

Simple and coherent patterns in CH4 fluxes from lakes were ob-
served (Papers I and II). Some of these patterns were in the form of sim-
ple empirical models (linear regressions) relating lake characteristics to 
CH4 fluxes at the lake and ice-free period scales and regarded mostly lake 
productivity (total phosphorus or chlorophyll a concentration) and the 
ebullitive component of fluxes (Paper I). Moreover, empirical models de-
rived from spatially and temporally resolved observations were more ro-
bust than similar models derived from compilation of observations from 
the literature that did not cover different spatial and temporal scales in a 
consistent way. This result should encourage the development of obser-
vation networks targeting systematic and coherent collection of observa-
tions at relevant spatial and temporal scales. 

The observation of a consistent diel cycle of CH4 fluxes from lakes 
(Paper II) was another observed pattern and emphasizes the need to con-
sider 24-hour patterns in future measurements of CH4 fluxes in lakes. 

A one-dimensional lake model was used to simulate CH4 concentra-
tion in the water column of several lakes and comparisons with repeated 
observations showed that reasonably accurate predictions can be ob-
tained with a general model parameterization (Paper III). Process-based 
models are good candidates to offer more accurate predictions of CH4 
concentrations in lakes, which were less successfully predicted by simple 
empirical models, likely indicating the complexity of the processes in-
volved in CH4 concentration regulation and the importance of consider-
ing relevant temporal scales for the variability of explanatory variables. 

Using measurements of δ13C-CH4 in deep anoxic water and in littoral 
sediment bubbles, it was shown that sources and cycling of CH4 differs 
among different lake zones, which is important to consider to better un-
derstand the balance between CH4 production and MOX in lakes, and 
thereby the mechanisms behind net emissions to the atmosphere (Paper 
IV). 
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In general, this work shows that addressing questions related to CH4 
dynamics in lakes, and especially CH4 emissions from lakes to the atmos-
phere, will require the application of a combination of methods. First, 
systematic collection of observations at relevant spatial and temporal 
scales should constitute the backbone of any effort aiming at improving 
our understanding of CH4-related processes in lakes and would provide 
the empirical material needed to validate new hypotheses and models. 
The sampling design used in this work can provide inspiration on how 
empirical observations can be collected. Second, case studies focusing on 
specific aspects of CH4 dynamics in lakes and on how they connect to the 
catchments of lakes are crucial to improve their quantification and pa-
rameterization and possibly reveal new CH4 sources, sinks and fluxes. 
Third, numerical models of lakes, combining knowledge on processes 
and systematic empirical observations at relevant spatial and temporal 
resolution, should be further developed as they have the potential of of-
fering an effective framework to extrapolate knowledge from studied 
lakes to larger scales.  
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