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Lakes play a major role in the global carbon (C) cycle, despite making up a small area of earth’s
surface. Lakes receive, transport and process sizable amounts of C, emitting a substantial amount
of the greenhouse gases, carbon dioxide (CO2) and methane (CH4), into the atmosphere. Icecovered lakes are particularly sensitive to climate change, as future reductions to the duration
of lake ice cover will have profound effects on the biogeochemical cycling of C in lakes. It
is still largely unknown how reduced ice cover duration will affect CO2 and CH4 emissions
from ice-covered lakes. Thus, the primary aim of this thesis was to fill this knowledge gap by
monitoring the spatial and temporal dynamics of CO2 and CH4 in ice-covered lakes. The results
of this thesis demonstrate that below ice CO2 and CH4 were spatially and temporally variable.
Nutrients were strongly linked to below ice CO2 and CH4 oxidation variations across lakes. In
addition, below ice CO2 was generally highest in small shallow lakes, and in bottom waters.
Whilst below ice CH4 was elevated in surface waters near where bubbles from anoxic lake
sediment were trapped. During the ice-cover period, CO2 accumulation below ice was not linear,
and at ice-melt incomplete mixing of lake waters resulted in a continued CO2 storage in bottom
waters. Further, CO2 transported from the catchment and bottom waters contributed to high CO2
emissions. The collective findings of this thesis indicate that CO2 and CH4 emissions from icecovered lakes will likely increase in the future. The strong relationship between nutrients and
C processes below ice, imply that future changes to nutrient fluxes within lakes will influence
the biogeochemical cycling of C in lakes. Since catchment and lake sediment C fluxes play
a considerable role in below ice CO2 and CH4 dynamics, changes to hydrology and thermal
stability of lakes will undoubtedly alter CO2 and CH4 emissions. Nevertheless, ice-covered
lakes constitute a significant component of the global C cycle, and as such, should be carefully
monitored and accounted for when addressing the impacts of global climate change.
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“Those who contemplate the beauty of the earth find reserves of strength that
will endure as long as life lasts. There is something infinitely healing in the
repeated refrains of nature -- the assurance that dawn comes after night, and
spring after winter.”
― Rachel Carson, Silent Spring

In loving memory of Derek Denfeld
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C
CH4
CO2
DIC
DOC
GHG
MOB
O2
OM
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carbon
methane
carbon dioxide
dissolved inorganic carbon
dissolved organic carbon
greenhouse gas
methane-oxidizing bacteria
oxygen
organic matter
partial pressure of carbon dioxide
total organic carbon

Introduction

Carbon cycle
Carbon (C) is an abundant element on planet earth and combined with other
elements, form the basic building blocks of life. C is naturally cycled between the land and the atmosphere. In the atmosphere C can be found in the
gaseous form as carbon dioxide (CO2) and methane (CH4). Both CO2 and
CH4 are greenhouse gases (GHG) that keep heat from escaping earth’s atmosphere. Although the concentration of CH4 in the atmosphere is one
hundredfold less than CO2, CH4 is 28 times more efficient in trapping heat
than CO2 (IPCC 2013). Since the beginning of the industrial era, human
activities have increased the amount of GHG emitted into the atmosphere at
a rate above that of the natural earth cycle. Fossil fuel burning, land use
change and agricultural practices are the main perpetrators of this increase
and the recent notable climate changes (IPCC 2013). In response to increased GHG in the atmosphere, earth is experiencing rising average temperatures, shifts in snow and rain patterns and more extreme climate events,
such as floods, droughts and wildfires (IPCC 2013).
Natural ecosystems also cycle C and emit CO2 and CH4 into the atmosphere.
The natural ecosystem of lakes offer an example, as they receive, transport
and process C, emitting a substantial amount of CO2 and CH4 into the atmosphere (Cole et al. 2007; Tranvik et al. 2009). At the same time as being a
source of C to the atmosphere, organic carbon that sinks to the bottom of the
lake can be stored in lake sediments over geological time scales (Kortelainen
et al. 2004). Although lakes only make up a small area of earth’s surface,
they play a major role in the global C cycle (Battin et al. 2009). Lakes have
been termed as sentinels, integrators and regulators of climate change, further emphasizing the role they play in global biogeochemical cycles
(Williamson et al. 2008). Recent climate change due to human activities has
altered the hydrological, biogeochemical and ecological processes that affect
rates of C processing in lakes (Benoy et al. 2007). Yet, how these changes
will alter the amount of CO2 and CH4 emitted from lakes into the atmosphere
remains largely unknown. Thus, assessing the impact of climate change on C
processing and associated GHG emissions from lakes is an important undertaking.
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CO2 concentrations in lakes
The CO2 concentrations in lakes reflect the balance between external and
internal fluxes (Figure 1a). Primary production and decomposition of organic matter (OM) are two processes that make up a large part of the internal
CO2 flux. The main primary producers are photosynthetic organisms (phytoplankton, macrophytes and benthic algae) that undergo a chemical process
which converts CO2 into new OM, using nutrients and light as energy. The
reverse process is decomposition, where OM is recycled back into inorganic
compounds such as CO2. In lakes decomposition of OM into CO2 can occur
via respiration, photochemical mineralization and CH4 oxidation (described
below). Respiration is a process by which heterotrophic organisms (bacteria,
zooplankton and benthic invertebrates) in aquatic systems cannot fix C and
therefore consume C for growth, releasing water and CO2 as byproducts.
Although proportionally less so, photosynthetic organisms respire CO2 as
well. In photochemical mineralization dissolved organic carbon (DOC) is
reduced by solar ultraviolet radiation, forming a range of photoproducts.
Photoproducts can be inorganic compounds (e.g., CO2) from direct photochemical mineralization of C (Granéli et al. 1996) or can remain as organic
molecules that are susceptible to further biological decomposition
(Bertilsson and Tranvik 1998).
Many lakes are classified as net heterotrophic, where respiration exceeds
primary production, and therefore these systems produce more CO2 than is
consumed (Cole et al. 1994; del Giorgio and Peters 1994). In the case of net
heterotrophy, the partial pressure of CO2 (pCO2) in the lake is greater than
that in the atmosphere, thus, CO2 is emitted into the atmosphere. To achieve
net heterotrophy, in addition to autochthonous DOC (i.e. derived in the lake),
lakes are subsidized by an input of allochthonous DOC (i.e. derived from the
catchment) (Lennon 2004). Lakes can further be sourced with CO2 directly
via stream and groundwater inputs (Striegl and Michmerhuizen 1998; Stets
et al. 2009; Weyhenmeyer et al. 2015).

CH4 concentrations in lakes
As was the case for CO2, CH4 concentrations in lakes also reflect the balance
between external and internal fluxes (Figure 1a). The net balance of CH4 is
determined by the interplay between methanogenesis, the production of CH4,
and CH4 oxidation, the breakdown of CH4. Methanogenesis is exclusively
carried out by archaea (single-celled microorganisms) under anaerobic conditions (i.e. without oxygen (O2)). CO2 and other single C compounds, in
addition to acetate, are used by methanogens, microorganisms that produce
CH4 (Kirchman 2011). On the other hand, CH4 oxidation has been found to
12

occur in both aerobic (i.e. with O2) and anaerobic environments (Bastviken,
2009, referenced within). During aerobic CH4 oxidation, methane-oxidizing
bacteria (MOB) use CH4 as a C and energy source and O2 as an electron
acceptor, with CO2 as the typical end product. In lakes, sediments are the
main site of CH4 production. Since CH4 production is the terminal redox
reaction in the decomposition of OM, processes using alternative electron
acceptors (e.g. NO3-, Mn4+, Fe3+, SO42-) are energetically more favorable.
Therefore, CH4 production is restricted to environments with low concentrations of alternative electron acceptors yet sufficient substrate supply; such is
the case in lake sediments. Although aerobic CH4 oxidation has been found
to occur throughout the lake, it is most extensive at the aerobic-anaerobic
interface (Bastviken et al. 2002; Kankaala et al. 2006).

Figure 1 External and internal carbon (C) fluxes (grey arrows) and internal fluxes of
carbon dioxide (CO2) and methane (CH4) consumption and production (black arrows) in a lake (a) during the open water period and (b) during the ice cover period.
Abbreviations are as follows: primary production (PP), respiration (R), methane
oxidation (MOX) and photochemical mineralization (Photo).
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CO2 and CH4 emission pathways
The amount of CO2 and CH4 emitted from the lake into the atmosphere depends on the gas concentration in the water column and the gas transfer velocity at the water-atmosphere interface. The gas transfer velocity is determined by turbulent energy mixing between the surface water and atmosphere
(Zappa et al. 2007; Vachon et al. 2010) and has been found to differ for CO2
and CH4 (Prairie and del Giorgio 2013; Rantakari et al. 2015). In stratified
lakes, i.e., where surface and bottom waters become disconnected with
warmer waters found in the surface of the lake, CO2 and CH4 in surface waters are emitted into the atmosphere via diffusion (Boehrer and Schultze
2008). During the seasonal spring and autumn lake water mixing periods,
gases accumulated in bottom waters during stratification are mixed up to the
surface waters and subsequently emitted into the atmosphere (López Bellido
et al. 2009). In addition to diffusion and water mixing, CH4 has two further
emission pathways; ebullition and plant mediation. In ebullition CH4 produced in sediments is quickly bubbled through the water column and successively emitted into the atmosphere. In plant mediation CH4 is emitted from
lake sediments into the atmosphere through rooted emergent plants. In both
pathways, ebullition and plant mediation, zones of potential CH4 oxidation
are bypassed.

CO2 and CH4 dynamics in ice-covered lakes
Many lakes in the northern hemisphere are ice covered for a large portion of
the year (Prowse et al. 2012). Ice and snow on lakes act as a barrier to drivers of physical and biological processes such as atmospheric exchange, water
column mixing and light penetration (Prowse et al. 2012). The ice-cover
duration shapes the physical structure of the water column (as disscused in
Bertilsson et al. 2013) and in turn influences biological CO2 and CH4 accumulation below ice (Figure 1b). Since water is most dense at around 4˚C,
inverse stratification, i.e., where surface and bottom waters become disconnected with cooler surface waters, can establish below ice (Boehrer and
Schultze 2008). In bottom waters, lake sediments drive circulation and heat
flux, while in surface waters penetration of light is the main driver
(Bengtsson 1996; Kirillin et al. 2012). OM degradation (i.e. CO2 and CH4
production) at the sediment-water interface leads to a build-up of CO2 and
CH4 in bottom waters (Striegl and Michmerhuizen 1998; Kortelainen et al.
2006; Ducharme-Riel et al. 2015). In surface waters light availability below
ice determines the balance between respiration and primary production, and
thus CO2. In the late winter period, primary production (i.e. CO2 consumption) immediately below ice may be more favorable, as increase in solar
radiation and snow melt allow light to penetrate surface waters (Belzile et al.
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2002; Baehr and DeGrandpre 2004; Huotari et al. 2009). Further, CH4 concentrations in surface waters may be elevated as CH4 released from lake
sediments, via ebullition gets trapped at the water-ice interface (Walter et al.
2006). However, if this CH4 is subject to CH4 oxidation prior to ice-melt,
surface water CH4 concentrations may be reduced (Greene et al. 2014) and
in turn surface water CO2 concentrations increased. Apart from internal processes, surface and subsurface inflows of OM, CO2 and CH4 have been
found to be important to below ice CO2 and CH4 dynamics during early and
late winter (Karlsson et al. 2013; Miettinen et al. 2014).
At ice-melt, CO2 and CH4 gas accumulated during winter is emitted into the
atmosphere (Striegl et al. 2001; Ducharme-Riel et al. 2015). This emission
can be substantial as Karlsson et al. (2013) have recently estimated that in
subarctic lakes up to 56 % and 84 % of the total annual CO2 and CH4 emission from an individual lake, respectively, can occur at ice-melt. CH4 and
CO2 emissions during ice-melt have been found to be rapid and dynamic
(López Bellido et al. 2009) and in some cases incomplete water column mixing occurs (Huotari et al. 2009). Further, across years, the stability of stratification and the depth of water column mixing at ice-melt, and hence CO2
and CH4 emissions, have been found to vary for individual lakes (Huotari et
al. 2009).

Impacts of climate change on ice-covered lakes
In many parts of the northern hemisphere temperature and precipitation have
increased due to enhanced GHG forcing in the atmosphere (Serreze et al.
2000, references within). In particular, for ice-covered lakes, warming has
been accelerated (O’Reilly et al. 2015) leading to an observed decrease in
lake ice cover duration (Magnuson et al. 2000). Long-term ice record across
the northern hemisphere have indicated that ice thickness, autumn freeze-up,
spring break-up and snow conditions are changing (Strum and Liston 2003).
These changes are likely to continue into the future having effects on physical and chemical lake conditions (e.g. Weyhenmeyer 2009) and hydrologic
connectivity of the surrounding catchment (e.g. Spence et al. 2015). In addition, below ice bacterial communities will have to adapt to the changes in
snow and ice conditions, having consequences on below ice biogeochemical
processes (Bertilsson et al. 2013). It is still largely unknown how reduced ice
cover duration will alter CO2 and CH4 emissions from ice-covered lakes.
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CO2 and CH4 across different scales
In order to understand how reduced ice cover duration will affect GHG
emissions from ice-covered lakes requires research that spans across a variety of scales from micro-scale processes (e.g. respiration, primary production)
to a regional set of lakes. Processes, such as respiration, have been studied in
individual lakes for many decades but temporal and spatial variability of
respiration has made global and regional estimates difficult. More recently,
advancements in technology such as remote sensing and sensor development
have allowed for micro-scale processes to be more accurately scaled-up
(Melack et al. 2011; Crawford et al. 2014). Typically broad regional and
global scale estimates of lake elements are developed with the use of statistically significant relationships between easily made measurements (e.g. landscape characteristics) and lake-specific concentrations (e.g. CO2) (e.g.
Raymond et al. 2012). Although this approach offers an opportunity to understand complex scientific processes on a broader scale, many assumptions
are made and therefore interpretations should be made with caution. Further,
as technology and scientific knowledge advances, current global estimates
should be revisited and refined to reduce uncertainty and increase accuracy
of research findings.
Presently, a few global estimates of inland water CO2 (Cole et al. 2007;
Tranvik et al. 2009; Aufdenkampe et al. 2011; Raymond et al. 2013) and
CH4 emissions (Bastviken et al. 2011; Wik et al. 2016) have been made.
These estimates have been fundamental in advancing our understanding of
the global C cycle in lakes. However, these estimates have a temporal biased
towards the open water season and in some cases neglect the ice-cover period altogether. Thus, in order to improve estimates of CO2 and CH4 emissions, research on CO2 and CH4 dynamics in lakes from ice-on to ice-off
across spatial scales is needed.
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Aims of the Thesis

The primary goal of this thesis was to gain insight on the spatial and temporal dynamics of CO2 and CH4 in ice-covered lakes. Thereby, a better understanding of how reduced ice cover duration will affect GHG emissions
from ice-covered lakes was obtained.
Specific goals were to determine:
•

Regional and catchment scale drivers of below ice CO2 and CH4
(Papers I & IV) How does below ice CO2 vary across a diverse set of
lakes located in Sweden and Finland? How does below ice CH4 oxidation vary between lakes characterized by varying water chemistry
and lake morphometry?

•

Within-lake CO2 and CH4 dynamics (Papers I-III) How does below
ice CO2 and CH4 vary spatially within a lake? Does CH4 oxidation
occur at the water-ice interface near ebullition bubbles trapped below the ice?

•

Temporal development of CO2 from ice-on to ice-off (Paper II) Does
CO2 linearly accumulate in lakes below ice? At ice-melt is the CO2
accumulated during the ice cover period emitted into the atmosphere?
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Methods

Study sites
The study site(s) for each individual paper of this thesis ranged in spatial
scale; 506 lakes across Sweden and Finland (Paper I), seven lakes in Uppland county, Sweden (Paper IV), Lake Gäddtjärn (Paper II) and Lake Erken
(Paper III) (Figure 2).

Figure 2 Study lakes for each individual paper of this thesis; 506 lakes across Sweden and Finland (Paper I-black box), Lake Gäddtjärn (Paper II- red box), Lake
Erken (Paper III-blue box) and seven lakes in Uppland county, Sweden (Paper IVblue box. Note distance between lakes is not to scale).

In paper I, the 506 lake database comprised lakes from the Swedish National
Lake Inventory Programme (http://www.slu.se/vatten-miljo), and the published studies of Sobek et al. (2003), Rantakari and Kortelainen (2005) and
Kortelainen et al. (2006), and spanned gradients in lake size, nutrient concentration and humic matter content. In paper II, Lake Gäddtjärn, a small
boreal lake (lake area 0.64 km2, mean depth 3.8 m) located in central Sweden (59.86 ˚N, 15.18 ˚E) was intensively sampled during the ice cover peri18

od. In paper III, multiple samplings below ice were carried out at Lake Erken
(59.85˚ N, 18.58˚ E), a historically monitored, large lake (lake area 24 km2,
mean depth 9 m). In paper IV, seven lakes located in Uppland County, Björklinge-Långsjön, Erken, Fyrsjön, Lumpen Lötsjön, Malstasjön, and Plåten,
were sampled once during the ice cover period. A schematic overview of the
associated spatial and temporal scale of the four individual papers is given in
Figure 3.

Figure 3 Schematic overview of the spatial (vertical axis) and temporal (horizontal
axis) scale from which below ice GHG dynamics were studied in each individual
paper of this thesis. One time ‘snap shot’ sampling on a regional (Paper I) and
catchment scale (Paper IV), repeated and continuous sampling in one lake (Paper II)
and repeated sampling at the water-ice interface (Paper III).

Lake characteristics
Lake characteristics, including lake morphometry, catchment characteristics,
landscape position, and climate variables, were derived in a geographical
information system. Lake morphometry (e.g. lake area, volume, average
depth) and catchment characteristics (e.g. catchment area and % land cover
type in the catchment) were acquired from topographic maps combined with
land use data on satellite images using the Arc View georeferencing software. As an indicator of landscape position, lake hydrology was defined
using the protocol described in Martin and Soranno (2006) where each lake
was assigned a category for the landscape position metric using the Swedish
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(VIVAN 2007, 298,215 lakes and 933,675 streams) and Finnish (53,511
lakes and 40,051 streams) network of rivers and lakes for flow-based modeling database. Average annual air temperature for each lake was based on an
averaged 1961-90 temperature value (from Swedish meteorological and hydrological institute for Sweden and Finnish meteorological institute for Finland). Ice duration was calculated by using an air temperature function,
which was calibrated and validated for Swedish lakes (Weyhenmeyer et al.
2013).

Field sampling
Field sampling was carried out from ice-on to ice-off (Paper II-IV). A hole
was drilled in the ice and water was collected at different depths using a
Ruttner sampler. To collect water at fine-scale depths (0-60 cm below ice) at
the water-ice interface an in-house constructed Below ice LAke MONitoring
(BLAMON) sampler was used (Paper III). In addition, depth profiles of dissolved O2, water temperature and specific conductivity were recorded at 1meter intervals using an HQ40d Portable Multi-parameter sonde (HACH).
For Lake Gäddtjärn, CO2 concentration, dissolved O2, pH, water temperature
and light intensity were automatically monitored over the ice cover and icemelt period (Paper II).

Greenhouse gas analyses
All CO2 and CH4 measurements collected during the thesis (Paper II-IV)
were directly made using the headspace equilibration technique. Briefly, the
headspace technique involved filling a polypropylene syringe with bubble
free lake water. A headspace of ambient air was then introduced and the
syringe was shaken for at least one minute to equilibrate the dissolved gas
from the water into the headspace. The resulting headspace was either directly measured (for CO2) or transferred to a closed serum vial filled with a saturated NaCl solution to preserve the sample until it was analyzed (for CH4,
e.g. Bastviken et al. (2010)). Headspace CO2 was measured on a portable
infrared gas analyzer (EGM-4, PP Systems Inc, U.S) and the corresponding
pCO2 and CO2 concentration was calculated according to Henry’s law presented by Weiss (1974) correcting for temperature and the amount of CO2
added to the syringe by the ambient air (e.g. Sobek et al. 2003). Headspace
CH4 was measured on a gas chromatograph (Agilent Technologies 7890A
GC Systems) equipped with a flame ionization detector. CH4 concentration
was calculated according to Henry’s law, correcting for temperature according to Lide and Frederikse (1995) and the amount of CH4 in ambient air.
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Published CO2 data was also used (Paper I), where CO2 was based on alkalinity, pH, water temperature and altitude according to Weyhenmeyer et al.
(2012) and from total inorganic carbon, pH and water temperature, using
Henry’s law constants corrected for temperature and atmospheric pressure
(Plummer and Busenberg 1982). Further, hourly CO2 was measured (Paper
II) using the submersible autonomous moored instrument for CO2 (Sunburst
Sensors, SAMI2) suspended in the water column at 2 m depth below the ice.

Below ice CO2 accumulation and emission at ice-melt
Below ice CO2 accumulation and loss was quantified (Paper II). Whole-lake
CO2 storage (mol CO2) was calculated as the sum of integrating the measured CO2 depth profile with the volume of each corresponding depth layer
(Michmerhuizen et al. 1996). Whole-lake accumulation and loss of CO2 (mol
CO2 d-1) was then calculated as the difference in CO2 storage between sampling occasions divided by the number of days between the sampling. Further, the relative amount of CO2 accumulated below ice that was released
during spring melt (%) was calculated as the ratio of CO2 storage leaving the
lake during ice-melt to CO2 storage accumulating in the lake during the icecover.
CO2 emission (CO2E ) was calculated utilizing the following equation (Paper
I-II):
CO2E = k x (CO2w − CO2a )

(1)

where k is the gas transfer velocity and �CO2w − CO2a � accounts for the
difference between CO2 concentrations in the water and in the air. The gas
transfer velocity was estimated from k600 normalized to a temperaturedependent Schmidt number for CO2 (600 at 20˚C) according to (Jähne and
Dietrich 1987). k600 was derived from three methods; wind speed based on
the relationship from Cole and Caraco (1998) , floating chambers measurements from Krenz (2013) and lake area adjusted measurements from
Raymond et al. (2013).

CH4 oxidation
Below ice CH4 oxidation potential was assessed in vitro by incubating CH4
amended lake water in cold temperatures (~2 ˚C) and in the dark, similar to
the conditions found for a snow and ice-covered lake (Paper III & IV). CH4
oxidation was tracked as the change in CH4 over time and the corresponding
CH4 oxidation rate was determined from the slope of the linear regression of
the natural logarithm of CH4 against time (following Utsumi et al. 1998).
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The potential rate of in situ CH4 oxidation in the lake (mg C m-3 d-1) was
calculated by multiplying the CH4 oxidation rate of the incubation by the
measured in situ CH4 concentration (Paper III), assuming that CH4 oxidation
is CH4 substrate dependent.

Chemical analyses
Additional water chemistry analyses, DOC (Paper I-IV), dissolved inorganic
carbon (DIC) (I-III), nutrients (Paper I, III & IV) and δ 13C-CH4 stable isotope (Paper III & IV) were made. Water samples for DOC were filtered
through a precombusted 0.7 µm Whatman GF/F glass fiber filter and analyzed on a total organic carbon (TOC) analyzer. In paper I, published TOC
data was seen as equivalent to DOC, since boreal lakes usually contains 97
% ± 5 % DOC (von Wachenfeldt and Tranvik 2008). For DIC analysis, 12
mL glass vials were filled with bubble free water and analyzed using a TOC
analyzer equipped with a membrane-based conductivity detector. Water for
the analyses of inorganic nutrients, nitrate (NO3-), phosphate (PO43-) and
sulfate (SO42-), was filtered through pre-rinsed 0.2 µm Supor 200 filters (Pall
Corporation, Port Washington, NY, USA) and measured by ion exchange
chromatography on an ion-chromatograph (883 Basic IC plus, Metrohm).
Stable isotope analysis of δ 13C-CH4 (i.e. 13C/12C) of the water (Paper III)
and the headspace gas (Paper IV) was analyzed at the Stable Isotope Facility
at UC Davis following standard procedures using isotope ratio mass spectrometer.

Bacterial analyses
Bacterial analyses were conducted to provide a link between CH4 oxidation
potential and realized function. Bacterial abundance (Paper III & IV) and
bacterial community composition (Paper III & IV) were carried out for in
situ lake water and incubated lake water. Bacterial abundance was measured
by volumetric cell counting using flow cytometer, where prior to analysis
cells were fixed and stained according to del Giorgio et al. (1996). Cell
counts were analyzed using Flowing Software version 2.5 (Perttu Terho,
Centre for Biotechnology, Turku Finland). Bacterial communities were analyzed from amplicon sequences of bacterial 16S rRNA genes using next
generation Illumina sequencing for the readout. Raw sequence data was analyzed and quality filtered with an in-house pipeline (Sinclair et al. 2015) and
then assigned to operational taxonomic units (OTUs) using a 97 % identity
clustering. An overview of the sampling methods used in each individual
paper is given in Table 1.
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Table 1 Overview of sampling and analyzing strategies for water chemical and
biological data (see text for description) used in each individual paper of this thesis.
Abbreviations are as follows: F for field sampling, I for incubation, M for manual
sampling, A for automatic sampling, P for published data and nd for not determined.

Paper
I
II
III
VI
Paper
I
II
III
VI
Paper
I
II
III
VI
Paper
I
II
III
VI

CO2
F-P
F-M&A
F-M
I-M

Greenhouse Gas Analyses
CH4 oxidation
CH4
nd
nd
nd
nd
F-M
I-M
F-M
I-M

Gas transfer
F-P
F-M
nd
nd

DOC
F-P
F-M
F&I-M
F-M

Chemical Analyses
DIC
Nutrients
F-P
F-P
F-M
nd
I-M
F&I-M
nd
I-M

δ 13C-CH4
nd
nd
I-M
I-M

Abundance
nd
nd
F&I-M
I-M
O2
nd
F-M&A
F-M
F-M

Biological Analyses
Sequencing
nd
nd
F&I-M
I-M
Lake Conditions
pH
Water temp.
F-P
F-P
F-M&A
F-M&A
nd
F-M
F-M
F-M

Conductivity
F-P
F-M&A
nd
F-M

Statistics
Standard statistical test were used to assess the significance of the data (e.g.
t-test, ANOVA; Paper I-IV). Normality of the data was tested using ShapiroWilk’s test (p < 0.05 indicating data are non-normally distributed), and in
cases where normality was not met, data were transformed or non-parametric
test were used (e.g. Wilcoxon test, Spearman’s rho).
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A spatial analysis of below ice CO2 across 506 lakes in Sweden and Finland
was preformed (Paper I). For determining the relationship between below ice
CO2 (dependent variable) and below ice lake chemistry, lake morphometry
and ice cover variables (independent variables), Pearson’s correlation coefficients were used, where all the input data were log-transformed due to nonnormal distribution. The independent variables were ranked according to
their relevance in explaining below ice CO2 using multivariate partial least
square regression (Wold et al. 1993). Below ice CO2 within-lake spatial variation was also investigated (Paper II). To test if below ice CO2 was statistically differed between surface and bottom waters manually-measured CO2
from bottom and surface waters were compared using a matched-pair t-test.
To test if horizontal surface water CO2 was variable over the ice cover period we used a two way ANOVA, where location and time were set as the two
independent variables and CO2 concentration in the surface waters was set as
the dependent variable. To identify temporal trends in below ice CO2 a
Mann-Kendall trend test was applied, based on the non-normal distribution
of the continuous CO2 measurements (Paper II). The Mann-Kendall trend
test was also used to quantify the rate of change in the below ice CO2 concentration (in days) by taking the Theil slope.
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Results and Discussion

Spatial variability of below ice CO2 and CH4 across
lakes (Paper I & IV)
On regional scale nutrient concentrations, phosphorus and nitrogen, and lake
depth were the most important variables explaining variations in below ice
pCO2 (Paper I). Together water chemistry and lake morphometry explained
53 % of the site-to-site variation in below ice pCO2. The highest pCO2 was
found in small shallow lakes and deep bottom waters, where highest nutrients were also found. Across boreal lakes in Finland, CH4 concentrations
below ice have similarly been related to lake depth and nutrients, with highest CH4 concentrations found in surface waters of smaller humic lakes and
bottom waters of large humic lakes (Juutinen et al. 2009). High CO2 and
CH4 in small shallow lakes could reflect that these lakes generally receive
more external CO2, CH4, and OM compared to large lakes. Further, since
small shallow lakes have a larger sediment surface area-to-water volume
ratio and a smaller distance between sediments and surface waters, it is possible that benthic derived CO2 and CH4 further enhances water column CO2
and CH4 concentrations (Ducharme-Riel et al. 2015). While in deep lakes
benthic derived CO2 and CH4 remains in bottom waters as a thermally stratified water column disconnects bottom waters from surface waters. The positive relationship between water chemistry and pCO2 could also suggest that
the availability and quality of OM below ice promotes degradation and thus
CO2 and CH4 production.
When comparing CH4 oxidation potential across lakes an unexpected variability was found. Out of the seven ice-covered lakes studied, three had a
potential for CH4 oxidation while CH4 oxidation in the other four lakes was
not observed (Paper IV). Although MOB were detected in all seven lakes
sampled at the start of the incubation, a significant increase in the relative
abundance of MOB was only observed in the three lake water incubations
where oxidation was observed. Variables shown to limit CH4 oxidation have
been previously reviewed (Hanson and Hanson 1996; Bastviken 2009) and
include CH4 availability, temperature, O2 availability, pH, salinity, light intensity, zooplankton grazing and nitrogen (NH4+ or NO3-). However a clear
relation between any of these variables and CH4 oxidation was not found in
our study, suggesting that CH4 oxidation was limited by something other
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than what has previously been reported. Rather, based on our results, we
propose that phosphate and bacterial community interactions, at least partially, limits MOB growth and thus CH4 oxidation. Since MOB are considered
slow growing bacteria with low growth rates (Van Bodegom et al. 2001)
they tend to be out-competed for nutrients by faster growing heterotrophic
bacteria. Potentially the three lakes where CH4 oxidation was observed had
enough phosphate available to sustain both the fast growing heterotrophs and
the slow growing MOB.

Within-lake spatial variability of below ice CO2, and
CH4 (Paper I-III)
The below ice vertical CO2 variability (i.e., difference in CO2 concentrations
between surface and bottom waters) was greater than horizontal CO2 variability (i.e., difference in CO2 concentrations between spatial surface water
sites) (Paper II). Vertical CO2 variability increased throughout the winter
since CO2 accumulated faster in bottom waters than in surface waters. An
important source of CO2 to bottom waters were the sediments, as indicated
by CO2 increasing with water depth (Paper I-III) and in line with earlier reports of sediment respiration being the main source of CO2 emission from
boreal lakes (Kortelainen et al. 2006). Sediments represent an environment
that is highly enriched in both C and nutrients for microbial growth and respiration, leading to substantial CO2 production (del Giorgio et al. 1999).
Over winter a change in redox conditions at the sediment surface can cause
additional nutrients and C to be released from the sediments into bottom
waters (Mortimer 1941; Gonsior et al. 2013) likely enhancing microbial
respiration in bottom waters. On the other hand, surface water CO2 below ice
can be quite dynamic for a number of reasons including internal seiches
(Baehr and Degrandpre 2002), venting of gases through ice cracks (Phelps et
al. 1998) and solar driven convection (Bertilsson et al. 2013). In addition,
CH4 oxidation (Greene et al. 2014) and primary production (Baehr and
Degrandpre 2004) below the ice may influence surface water CO2 concentration variations.
Similar to the below ice vertical CO2 gradient, most studies on below ice
vertical CH4 gradient have found higher concentrations in hypoxic bottom
waters compared to the surface (Kortelainen et al. 2000; Bastviken et al.
2002; Karlsson et al. 2013). However, for the lake studied in this thesis,
Lake Erken, bottom waters had consistently low CH4 concentrations (Paper
III). Since bottom waters were oxygenated throughout the winter in Lake
Erken, it is likely reduced CH4 production and potentially increased aerobic
CH4 oxidation kept CH4 concentrations low. However, in the same lake at
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the water-ice interface CH4 concentrations were elevated near bubbles
trapped below the ice. Bubbles rapidly released from lake sediments via
ebullition that become trapped at the water-ice interface can contain high
concentrations of CH4 (Walter et al. 2006). Evidence was found to support
the concept that CH4 dissolves from these bubbles into the surrounding water
column. At highly resolved depths (0-60 cm) highest CH4 was found at 0 cm
below the ice and decreased with depth along the upper 20 cm of the water
column. The amount of CH4 dissolved in the water column and subsequently
the amount oxidized below ice will determine the fraction of CH4 that is
emitted into the atmosphere at ice-melt.
Despite that fact that CH4 is available in waters just below ice, previous studies have assumed that CH4 oxidation at the water-ice interface is negligible
due to the slowdown or inactivity of MOB in the cold waters found there
(Michmerhuizen et al. 1996; Phelps et al. 1998; Kankaala et al. 2006). However, these studies incubated water for only 24 hours. After several days of
in vitro incubations of water from Lake Erken, CH4 oxidation was found to
occur at the low temperatures similar to the water-ice interface (Paper III).
Therefore, CH4 oxidation in cold waters may be a slow process but, given
enough time, has the potential to reduce CH4 concentrations in surface waters below the ice (e.g. Greene et al. 2014). Further, the MOB group
Methylococcaceae increased in abundance throughout the incubation,
providing evidence that some strains of MOB are active and adapted to low
temperatures.

Temporal development of CO2 from ice-on to ice-off
(Paper II)
Tracking continuous CO2 concentration and whole-lake CO2 storage from
ice-on to ice-off in Lake Gäddtjärn (Paper II) revealed that CO2 did not constantly increase throughout the winter period (Figure 4). CO2 concentration
and whole-lake CO2 storage increased mainly in early winter while in late
winter the concentrations remained relatively constant after maximum ice
thickness had been reached. Further, factors driving the temporal development of CO2 below ice differ slightly between surface and bottom waters
(Paper I & II). In agreement with previous studies (Striegl et al. 2001;
Karlsson et al. 2013) catchment CO2 inputs (surface and subsurface flow)
and biological in-lake CO2 production likely contribute to surface water CO2
accumulation in early winter. As winter develops, minimized catchment CO2
inputs combined with reduced bacterial respiration, due to decreased substrate quantity and bioavailability, decreases the rate of surface water CO2
accumulation. In bottom waters CO2 continues to accumulate throughout
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winter, mainly driven by sediment OM degradation. However, as CO2 increases in bottom waters overtime, less CO2 is able to diffuse from the sediments, resulting in reduced CO2 accumulation rates later in winter.

Figure 4 Automatically monitored hourly surface water (2 m) CO2 concentrations
measured over the ice cover (grey) and spring thaw period (white) above the deepest
site (station site) in Lake Gäddtjärn from 22 Jan 2013–7 May 2013. For each period
CO2 mean ± standard deviation is reported. For the first period the Theil slope, indicating change over time, is reported (Figure from Denfeld et al. 2015).

Continuous CO2 measurements from Lake Gäddtjärn resulted in two potentially distinct events of high CO2 emission during ice-melt (Paper II). Surprisingly, the first and highest CO2 concentration peak was likely driven by
small-scale upper water column mixing of CO2 transported laterally from the
surrounding catchment. During spring thaw, snow melt-water and stream
water has been shown to contain high concentrations of CO2 (e.g. Dinsmore
et al. 2011, Dinsmore et al. 2013) and since this incoming water is cold it
will only mix at similar temperature gradients in the upper water column of
the lake. It was not until a few days after ice-melt began, that convective
turnover of deep waters became important. Although CO2 emission rates
were relatively high in the lake, rapid warming of surface waters resulted in
incomplete spring lake water mixing. This resulted in 15–34 % of the wintertime accumulated CO2 to remain in the lake, mainly in bottom waters. The
fate of this reaming CO2 is unknown, if not internally processed, the storage
may only be temporary, as CO2 may be transported downstream or emitted
to the atmosphere at autumn lake water mixing.
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These results indicate that some of the assumptions made in current CO2 and
CH4 upscaling estimates may not always be true. In contradiction to the
global scale CO2 upscaling approach (e.g. Raymond et al. 2013), below ice
CO2 accumulation may not always be linear and at ice-melt incomplete lake
mixing causes accumulated CO2 to remain in the lake. Further, CO2 and CH4
emissions at ice-melt calculated as the difference between whole-lake CO2
and CH4 before and after ice-melt (e.g. Karlsson et al. 2013), may not accurately represents the actual amount of CO2 and CH4 emitted into the atmosphere; as stream and snow-melt water were found to source CO2 and CH4
into the lake during ice-melt (Paper II) and CH4 oxidation was found to occur in temperature conditions similar to the ice-melt period (Paper III). It
should be emphasized that the contribution of catchment derived CO2 to the
lake at ice-melt may be considerable, as 28–36 % of the CO2 emission at icemelt in Lake Gäddtjärn was estimated to be from external sources.
Although this thesis did not focus on the temporal development of CH4 below ice, current studies suggest that CH4 dynamics may follow similar patterns to what was found for CO2. CH4 accumulation is likely not linear below ice, as rates of ebullition (Walter et al. 2006) and CH4 oxidation
(Kankaala et al. 2006) may vary over the ice cover period. In some cases
CH4 accumulation below ice has been found to be low, however, high CH4
emissions from the lake at ice-melt still persevere and have been attributed
to lateral CH4 transport from the catchment (Miettinen et al. 2014;
Podgrajsek et al. 2015). In addition, incomplete water mixing has also been
found to leave CH4 accumulated in bottom waters after the ice-melt period.
In a small boreal lake similar to Lake Gäddtjärn, only 54–60 % of the CH4
accumulated during winter was released at ice melt (López Bellido et al.
2009).

Broader implications
GHG emissions from ice-covered lakes in a changing climate
In many parts of the northern hemisphere temperature increase has led to an
observed change in the timing of ice-on and ice-off (Magnuson et al. 2000).
Changes to ice cover duration will likely increase GHG emissions from lakes
through (1) changes to hydrological connectivity in the surrounding catchment and (2) changes to thermal stability of the lake water column. Changes
in the hydrology and thermal stability of lakes will lead to changes in biogeochemical cycles and hence CO2 and CH4 emissions from lakes into the atmosphere. The finding of this thesis, that nutrients were positively related to
below ice CO2 and CH4 oxidation, and have previously been reported to
relate to below ice CH4 concentrations (Juutinen et al. 2009), implies that
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biogeochemical cycles of C, nitrogen and phosphorus are tightly linked.
Thus, changes to one element will influence the biological processes of the
whole ecosystem (Chen et al. 2015). Therefore when assessing how climate
and cryosphere change will effect CO2 and CH4 emissions from ice-covered
lakes, changes to external and internal C, nitrogen and phosphorus fluxes in
lakes need to be considered. Further, it is important to note that changes to C
and nutrient fluxes to and within aquatic systems as a consequence of changing winter conditions likely differ across spatial scales and geographical
regions (e.g. Weyhenmeyer et al. 2011; Lundin et al. 2015).
The timing of ice-on and ice-off, in combination with precipitation, modifies
the mobilization of C and nutrients from the catchment to the lake via effects
on runoff and vegetation (Haei and Laudon 2015). Since lateral inorganic C
fluxes through the boreal watershed can sizeable (Weyhenmeyer et al. 2015),
increased catchment CO2 and CH4 fluxes as a result of changes in climate
and land use, may directly increase CO2 and CH4 emissions from icecovered lakes. Further, increased DOC mobilization to lakes, in addition to
nutrients, will increase in a warmer and wetter climate (Weyhenmeyer and
Karlsson 2009), indirectly increasing CO2 and CH4 emissions. As already
documented during a warmer and wetter autumn, CO2 concentrations below
lake ice were elevated (López Bellido et al. 2009). Moreover, GHG emissions from lakes located in permafrost regions are extremely sensitive to
change, as in addition to changes in the hydrology and vegetation of the
thawing permafrost landscape (Christensen 2004), the distribution and number of lakes will be altered (Walter et al. 2006; Tranvik et al. 2009).
The timing of ice-on and ice-off regulates the amount of energy received by
the lake, subsequently affecting the seasonal thermal stability of the water
column. In ice-covered lakes the thermal stability of the water column has
important implications for light regimes, substrate gradients and O2 availability, ultimately effecting bacterial activity and biogeochemical processes
below ice (Bertilsson et al. 2013). In particular, the formation of deep-water
anoxia plays a critical role in CH4 production and C and nutrient cycling at
the sediment-water interface. Under a changed bottom sediment redox condition additional nutrients and DOC can be released from the sediments into
bottom waters (Mortimer 1941; Gonsior et al. 2013). Ice-covered lakes with
low O2 and high nutrients have resulted in high CH4 (Juutinen et al. 2009)
and CO2 concentrations (Sobek et al. 2003, Kortelainen et al. 2006). Since an
increase in winter and spring temperature will cause a reduction in the frequency and intensity of deep-water mixing (Peeters et al. 2002), favoring
deep-water anoxia, an increase in CO2 and CH4 emissions, predominantly
from bottom waters, may be expected in the future.
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Future research on GHG emissions from ice-covered lakes
This thesis provides a starting point for understanding how CO2 and CH4
emissions from ice-covered lakes will change with a future warming and
reduction to lake ice cover duration. However, the scarcity of below ice CO2
and CH4 data from ice-covered lakes calls for future research to better understand GHG emissions from lakes in a changing climate. Some pressing research needs that have evolved as a part of this thesis are listed below:
Improving CO2 and CH4 emissions from lakes: What improvements can
be made to global and regional CO2 and CH4 emission estimates from icecovered lakes?
Improvements to global and regional CO2 and CH4 emission estimates from
ice-covered lakes require an understanding of processes at ice-melt; magnitude of lake water mixing, CH4 oxidation in the water column and terrestrial
CO2 and CH4 loading. In addition, more robust CO2 and CH4 emission estimates require differentiating emission potential among lake types and seasons. Although lake area has been used as a proxy for whole lake emissions
(Bastviken et al. 2004;Raymond et al. 2013) and is now accessible on a
global scale (Downing et al. 2006; Verpoorter et al. 2014), lake depth may
be a more precise predictor (e.g. Kortelainen et al. 2006, Wik et al. 2016).
However, lake depth estimates are only available for some regions (Sobek et
al. 2011; Heathcote et al. 2015) and therefore more efforts should be made to
accurately define lake depth on a global scale
Predicting CO2 and CH4 emissions from lakes in a changing climate:
How will reduced lake ice cover duration alter CO2 and CH4 emissions from
ice-covered lakes?
As the climate in northern latitudes continues to change, understanding the
climate feedback of ice-covered lakes becomes increasingly important. A
current study by Wik et al. (2016) used simple models to determine that CH4
emissions from northern lakes will increase 20–54 % before the end of the
century if ice-free seasons are extended 20 days. Like studies are needed to
quantitatively predicate how CO2 and CH4 emissions from ice-covered lakes
will respond to reductions in lake ice cover duration.
Dynamics at the water-ice interface: How do processes at the water-ice
interface control below ice surface water CO2 and CH4 dynamics?
Driven by light and heat availability, biological and physical processes are
dynamic at highly resolved depths just below the ice surface (Paper III; Ellis
et al. 1991; Kirillin et al. 2012). Further ice-exclusion creates a concentrated
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zone of DOC just below the ice (Belzile et al. 2002). The availability of light
and substrate at the water-ice interface influences the interactions between
microbial activity and biogeochemical processes. Yet, limited studies have
focused on micro-scale processes at the water-ice interface, despite the potential significant effect on bacterial community interactions and subsequent
CO2 and CH4 concentrations.
Linking microbiology and biogeochemistry: How does microbial activity
relate to biogeochemical processes below ice?
Cross-disciplinary research that links microbial activities to biogeochemical
processes is essential to understanding the response of lakes to changes in
ice cover duration. For example, by linking microbial community composition to biogeochemical properties, this thesis was able to identify that a specific group of methanotrophs and subsequent CH4 oxidation during winter
was restricted to lakes with sufficient phosphate (Paper IV). More research is
clearly needed on interactions between substrate availability and microbial
community composition and function.
Catchment processes at ice-melt: What fraction of CO2 and CH4 emitted
from lakes at ice-melt is derived from stream and catchment melt-water?
This thesis finds that stream and catchment melt water may significantly
contribute to GHG emissions from the lake at ice-melt (Paper II). Since climate change will likely increase the mobilization of C and nutrients from the
catchment to adjacent aquatic systems, understanding the current and future
contribution of catchment processes to CO2 and CH4 emissions from lakes at
ice-melt is of utmost importance. In particular, ground water contributes are
seldom measured during the open water season and even less so during the
ice cover period, highlighting the need for ground water measurements during the ice-cover period.
Joint effort from the scientific community: Can team-based research help
answer complex scientific questions?
It is a clear outcome of this thesis that changes to lake ice cover duration will
have complex consequences on GHG emissions from lakes. Fundamental to
understanding complex ecosystem dynamics is research that connects microscale processes to broad-scale patterns. This necessitates linking experimental and modeling approaches with long term dynamics (Peters et al.
2008). Furthermore, if research is to keep up with the pace of changes to icecovered lakes a joint effort from the scientific community is needed
(Hampton and Marianne 2015).
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Sensitivity to changes in lake ice cover duration: Which ecosystems are
most sensitive to changes in lake ice cover duration?
Since the effects of climate change are not uniform spatially or regionally,
results from this thesis suggest that the sensitivity to lake ice cover change
may be greater in some areas. For instance, ecosystems along the 0˚C mean
annual isotherm are extremely sensitive to changing temperatures and associated cryosphere change (Christensen 2004); as seasonally ice-covered
lakes in these regions could transition to permanently open-water systems
(Weyhenmeyer et al. 2011). In terms of the sensitivity of lakes to increases
in GHG emissions at ice-melt, permafrost and agriculture zones, prone to
major nutrient and C loss, should receive more attention. In addition, small
shallow lakes are hot spots of CO2 and CH4 accumulation during winter (Paper I) and are important systems to monitor as they are particularly sensitive
to changes in temperature and precipitation (Rautio et al. 2011).

33

Summary and Conclusions

The main findings of this thesis are as follows:
Spatial patterns of GHG in ice-covered lakes:
•
•
•
•

•
•

Nutrients and lake depth are important variables in explaining below
ice CO2 and CH4
Below ice CO2 and CH4 are generally highest in small shallow lakes
and bottom waters
Below ice water column CO2 and CH4 are influenced by C fluxes
from the catchment and lake sediment
Surface water CH4 concentrations are elevated near bubbles trapped
at the water-ice interface, and if oxidized CO2 concentrations may be
elevated
CH4 oxidation is variable between lakes explained, in part, by phosphate availability and bacterial community interactions
Below ice biogeochemical cycles of C are strongly related to phosphorus and nitrogen

Temporal patterns of GHG in ice-covered lakes:
•
•
•

•
•
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CO2 and CH4 emitted from the lake into the atmosphere at ice-melt
is an important component of annual CO2 emission estimates
CO2 and CH4 accumulation below ice may not always be linear
CO2 and CH4 accumulated during the ice-cover period may remain
in the lake, at least temporally, if water column mixing at ice-melt is
incomplete
Stream and catchment melt water may significantly contribute to
CO2 and CH4 emissions from the lake at ice-melt
CH4 oxidation near bubbles trapped at the water-ice interface has the
potential to reduce CH4 concentrations in the surrounding water prior to ice-melt

The collective findings of this thesis indicate that CO2 and CH4 emissions
from ice-covered lakes will likely increase in the future. The strong relationship between nutrients and C processes below ice, imply that future changes
to nutrient fluxes in lakes will influence the cycling of CO2 and CH4. Since
catchment and lake sediment C fluxes play a considerable role in below ice
CO2 and CH4 concentrations, changes to hydrology and thermal stability of
lakes will undoubtedly alter CO2 and CH4 emissions from ice-covered lakes.
Ice-covered lakes constitute a significant component of the global C cycle
and will likely increase in significance with climate change. As such, icecovered lakes should be carefully monitored and accounted for in addressing
impacts of global climate change. Additional research is needed to have a
more mature and complete understanding of CO2 and CH4 emissions from
ice-covered lakes globally.
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Summary in Swedish (Sammanfattning)

Kol (C) är ett vanligt förekommande grundämne på jorden och tillsammans
med andra grundämnen utgör det livets byggstenar. C ingår i ett naturligt
kretslopp mellan land och atmosfär. I atmosfären förekommer C i gasform
som koldioxid (CO2) och metan (CH4). Både CO2 och CH4 bidrar till den
naturliga växthuseffekten i jordens atmosfär. Mänsklig påverkan har ökat
mängden CO2 och CH4 som släppts ut till atmosfären snabbare än jordens
naturliga cykel vilket lett till märkbara klimatförändringar. Naturliga ekosystem som sjöar släpper också ut CO2 och CH4 till atmosfären. Även om sjöar
utgör en liten del av jordens yta spelar de en stor roll i den globala kolcykeln. Sjöar absorberar, transporterar och använder C, vilket leder till betydande utsläpp av CO2 och CH4 ut till atmosfären. Som en effekt av klimatförändringarna kommer den globala cykeln av C fortsätta att förändras.
Istäckta sjöar kan vara bland de mest känsliga för klimatförändringar, och
om sjöarnas istäckta period fortsätter minska i framtiden kommer stora effekter att märkas i de biogeokemiska cyklerna i dessa sjöar. Is och snö på
sjöar fungerar som barriärer för fysikaliska och biologiska processer som
sjöns utbyte med atmosfären, omblandning och genomträngandet av ljus i
vattnet. Hur länge istäcket varar formar vattnets fysikaliska struktur och
påverkar på så vis den biologiska ansamlingen av CO2 och CH4 under isen.
Nedbrytning av organiskt material i gränsskiktet mellan sediment och vatten
kan leda till höga nivåer av CO2 och CH4 i bottenvattnet under isen. Samtidigt kan koncentrationen av CH4 i ytvattnet öka på grund av CH4-bubblor
som bildas i och släpps ut från sedimentet. Om CH4 vid gränsskiktet mellan
vatten och is oxideras kan koncentrationen av CO2 också öka i ytvattnet. När
isen smälter släpps CO2 och CH4 som har ackumulerats i sjön ut i atmosfären. Dessa utsläpp har visat sig vara en betydande del av det årliga utsläppet
av CO2 och CH4 från sjöar. Även om istäckta sjöar är känsliga för framtida
klimatförändringar finns det få studier som undersöker hur istäckets kortare
varaktighet påverkar utsläppen av CO2 och CH4 från dessa sjöar. För att besvara dessa komplexa frågor krävs forskning som sträcker sig över flera
olika skalor. Det främsta målet med denna avhandling var att fylla dessa
kunskapsluckor genom att bidra med kunskap om rumslig och temporal dynamik hos CO2 och CH4 i istäckta sjöar.
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Studierna i de fyra artiklarna baserades på olika platser: en mängd av 506
Svenska och Finska sjöar i den första artikeln, två individuella sjöar (Gäddtjärn och Erken) i den andra och tredje artikeln och sju sjöar i Upplands län i
Sverige i den fjärde artikeln. Sjöarnas provtagning skedde i olika tidsintervall, från enstaka till upprepade gånger eller kontinuerligt under sjöarnas
istäckta period. För varje sjö mättes växthusgaserna CO2 och CH4, tillsammans med mätningar av sjöns biologiska, kemiska och fysikaliska egenskaper. Med statistiska metoder bedömdes den spatiala och temporala variationen
av CO2, CH4 och CH4-oxidation.
Resultaten av denna avhandling visar att CO2 och CH4 under is varierade
över rumsliga skalor mellan sjöarna. Näringsämnen var starkt kopplade till
variationen av CO2 och CH4 under is. Regionalt, över 506 Svenska och
Finska sjöar, var CO2 under is främst kopplat till sjöns djup och näringsämnen. De observerade variationerna av CH4-oxidation i sju istäckta sjöar kan
förklaras delvis av interaktionen mellan fosfat och sjöns mikrobiella samhällen. Inom sjön påverkas även CO2 och CH4 under isen av C-flöden i sjösediment och från sjöns avrinningsområde, då CO2 under isen generellt var
högst i små grunda sjöar och i bottenvatten. Samtidigt fångas CH4 bubblor
som släpps ut från sjösediment till ytvattnet under isen, vilket ökar CH4koncentrationen i omgivande vatten och om denna CH4 oxideras, ökar även
koncentrationen av CO2 i omgivande ytvatten.
Utöver variationerna på den rumsliga skalan varierar CO2 och CH4 också
under sjöns istäckta tidsperiod, med oväntade variationer under perioden för
issmältning. Ackumulationen av CO2 under isen var inte linjär och vid
issmältningen ledde en ofullständig omblandning av sjön till fortsatt lagring
av CO2 i bottenvattnen. Under issmältningen observerades två toppar i utsläpp av CO2. Den första orsakades av CO2 som transporteras från avrinningsområdet och den andra orsakades av CO2 som transporteras upp från
bottenvattnet. Detta påvisar att externa CO2-källor kan bidra till utsläppen av
CO2 vid perioden för issmältning.
De samlade resultaten i denna avhandling påvisar att utsläpp av CO2 och
CH4 från istäckta sjöar förmodligen kommer att öka i framtiden. Den täta
kopplingen mellan näringsämnen och C-processer under isen tyder på att
framtida förändringar i flöden av näring i sjöar kommer att påverka cyklerna
för både CO2 och CH4. Då C-flöden i sjösediment och avrinningsområdet
spelar en betydande roll för koncentrationen av CO2 och CH4 under is,
kommer förändringar i sjöars hydrologi och termiska stabilitet utan tvivel
påverka utsläppen av CO2 och CH4 från istäckta sjöar. Förändringar i utsläppen av CO2 och CH4 från istäckta sjöar är inte nödvändigtvis enhetlig för alla
sjöar, eftersom små grunda sjöar och sjöar där jordbruk och permafrost förekommer i stor utsträckning inom avrinningsområdet kan vara bland de mest
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känsliga för förändringar. Därav utgör istäckta sjöar en betydande del i den
globala C-cykeln och bör noggrant bevakas i samband med framtidens klimatförändringar.
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Popular Summary

Whenever I return home I am asked, what is it that you study again? And
why did you have to go all the way to Sweden to study Limnology? To my
friends and family back home, here is what I have been doing for the past
four years: First let’s start with the basics. What is Limnology? Limnology,
from Greek limne, ‘lake’ and logos, ‘knowledge’, is the study of inland waters. Inland waters include lakes, ponds, reservoirs, rivers, streams, wetlands
and groundwater. My research mainly focuses on lakes. So why come to
Sweden to study lakes? Well for starters Sweden has over 100,000 lakes
covering around 9 % of the total land area of Sweden. For a limnologist this
is like being a kid at a candy store, except instead of candy the vast amount
of lakes creates excitement!
Now you are probably wondering, what makes lakes so exciting? Many of us
have enjoyed swimming, fishing and other recreational activities in lakes.
But did you know lakes also play an important role in the global carbon cycle. Carbon is all around us, it is in the food we eat, it is in our bodies, it is in
trees, it is in soils and it is in water. Like water, carbon moves between the
land and the atmosphere. In a lake carbon can be stored in lake sediments,
transported downstream to the ocean or released as carbon dioxide and methane into the atmosphere. When we breathe we exhale carbon dioxide. The
same thing happens in a lake, when bacteria consume carbon they release
carbon dioxide and methane. Both carbon dioxide and methane are greenhouse gases that absorb and retain heat in earth’s atmosphere. Greenhouse
gases in the atmosphere are beneficial but too much of these gases in the
atmosphere can be destructive. Due to human activates, such as fossil fuel
burning and agriculture, we have increased the amount of carbon dioxide
and methane released into the atmosphere at a rate above that of the natural
earth cycle. This increase has resulted in notable warming on earth. In Sweden, lakes are ice-covered for many months of the year. However, warming
of the earth has led to a reduction in lake ice cover duration. This is where
my research comes in. I am interested in understanding how reduced ice
cover duration on lakes will change the amount of carbon dioxide and methane released from the lake into the atmosphere.
Let’s imagine a soda can as an ice-covered lake for the time being. A closed
soda contains gaseous carbon dioxide. That is why soda bubbles. Ice39

covered lakes also contain carbon dioxide in addition to methane. The ice
acts similar to a lid on a soda can, keeping the gases trapped inside the lake.
Part of my research investigates below ice carbon dioxide and methane dynamics in lakes. What controls the carbon dioxide and methane in an icecovered lake? Once again the answer lies in a soda can. Soda is mainly water, sugar and carbon dioxide. The carbon dioxide in soda is forced into the
can during production. This is analogous to carbon dioxide and methane
entering a lake via streams and ground water. The sugar in soda is similar to
organic matter in a lake. Different combinations of sugars give soda its color
and flavor. The same is true for organic matter. Some lakes are brown in
color like Root Beer, whereas others are clear like Spirit. Just like some people prefer to drink Root Beer over Spirit, some bacteria prefer to eat leaves
over algae. Depending on what the bacteria eat and at what rate, the carbon
dioxide and methane released to the water column will vary. My research
suggests that both carbon dioxide and methane from streams and ground
water and the consumption of organic matter in the lake contribute to below
ice carbon dioxide and methane concentrations.
To take it a step further, my research tries to answer what happens to the
carbon dioxide and methane in the lake at ice-melt. When you open a soda
can the pressure drops and the carbon dioxide in the soda is released. This is
the ‘fizz’ you hear when you open the can. A similar process happens at icemelt when the ‘can is opened’ and the carbon dioxide and methane in the
lake is released into the atmosphere. However, the rate and quantity of carbon dioxide and methane released from the lake differs depending, in part,
on the water movement at ice-melt. For example, depending on the wind
condition the surface water of the lake will move differently. If there is little
wind and thus limited water movement on the lake, gases are slowly released
from the lake. You can think of this as leaving your soda can open overnight.
The next morning when you go to drink your soda it will be flat. Overnight
the carbon dioxide slowly left the soda can. On the other hand if there is a lot
of wind, water and gases from different depths in the lake will mix, forcing
more carbon dioxide and methane to leave the lake. This is similar to shaking your soda can. By shaking the can you are forcing the carbon dioxide to
be rapidly released from the soda. In the small boreal lake that I studied, I
found that at the start of the ice-melt period carbon dioxide and methane
were released into the atmosphere analogous to an ‘open soda can’. A few
days after ice-melt began the lake became a ‘shaken soda can’ and carbon
dioxide and methane from deep waters in lake were released into the atmosphere.
So, that is what I have been doing in Sweden these past few years. I have
studied the carbon cycle in ice-covered lakes. Perhaps next time you hear the
‘fizz’ of a soda can opening you will be reminded of my research.
40

Acknowledgements

My journey towards my PhD began many years ago, perhaps in Professor
Karen Frey's Arctic System Science class which gave me the opportunity to
join the Polaris Project or perhaps in my childhood backyard where my siblings and I would play near our pond. I've always found comfort in being
surrounded by serene nature and compassionate people. Now as I reflect
back on my time at Uppsala University the same is true; to Lake Gäddtjärn,
Lake Erken and the people that I have had the privilege to be surrounded by
for the past four plus years, you have forever touched my heart.
To my supervisors; Gesa, Sebastian and Pirkko- thank you for all your help
along the way! I am truly honored to have had the opportunity to be mentored by each of you. Gesa, thank you for giving me the opportunity to explore the scientific and geographic world and for always believing in me.
Thank you for your time, patience, energy and for all the insight along the
way. You have supported me in many ways, both scientifically and personally, and I am very grateful for that. I appreciate our shared sense of adventure
and proactiveness. Thanks to Lisa and Lotta for the baking events and for
speaking perfect English to me. Sebastian, thank you for letting me join the
Gäddtjärn team. I will always be indebted for the time that we came back
from Gäddtjärn late at night and you met us at work with food for the long
night of lab work ahead. Thank you for helping me remember that a PhD is a
marathon, not a sprint. Thanks for being charismatic and uplifting! Pirkko,
thank you for welcoming me to Helsinki with open arms. I enjoyed discussing science and life with you and appreciate your perceptive input. It was fun
exploring Helsinki, thanks for accompanying me to my brother’s unique
food event. To the senior scientists; Lars, thanks for your support. I am also
glad that I have gotten to know and appreciate your sense of humor and collection of odd things. Peter, thank you for your insight on science, orienteering and skiing. Stefan, thanks for discussing ideas about the Malméns projects and adding a flare to our papers. Alex, thanks for organizing lunch runs
and for help with bioinformatics. Silke, it was a pleasure teaching the Baltic
Sea course with you. Anna B., thank you for all your effort in organizing the
teaching and for the camp fire at Lake Mörtsjön. Eva L., thanks for teaching
me a bit about Swedish culture during fika. Don, I appreciate your scientific
inquiry. You have given me hope that I can one day learn Swedish. To the
guest researchers; Craig Williamson, thank you for introducing me to GLE41

ON. Gene and Phyllis Likens, I am blessed to have met you both, your time
at Limno will always be remembered. To co-authors; Miitta Rantakari, it has
been a pleasure discussing science and having you visit Uppsala. Erik
Sahlée, thanks for entrusting me with the SAMI. To the staff at EBC; Ulla
and Eva N. S. thank you for your kindness and helping keep my PhD in order. Tova, thanks for showing me far too many times how to register my
receipts. Marie, thanks for taking the time to explain the Swedish system to
me. Erik and the workshop thanks for helping build the float and the ice core
driller!
To those that have helped sample Lake Gäddtjärn; Thank you for freezing
your bums off with me and making field work a million times more fun!
Macrus W., thank you for heling me with the sensors and for allowing me to
bounce ideas off you. Anastasija thank you for being a courageous field assistant when the ice was sketchy. Karólina, thanks for the passion and creativity that you put into everything you do. Francois and Elias, remember that
time we got stuck in the snow at Gäddtjärn, laughing about it after was worth
it! To Janne, you are awesome! Thank you for the time we had to dredge
through the snow to find mysterious Lake Kringeltjärn and the time that you
helped Monica and I sample all day into the darkness with our cell phones
for light. That sampling day literally saved paper four of this thesis. Thank
you for your enthusiasm and spirit at the ‘Thanksgiving race’ and for sharing
your wisdom. Christoffer, thank you for the help with the IC, for your patience with the calculations and for being good company in the lab. To time
spent in Krycklan; Marcus Klaus, what an adventure it was to xc-ski to Lake
9 and sample on the water covered ice. Thanks for the continued scientific
discussion. Good luck with finishing up your PhD! Martyn Futter, thanks for
co-leading the course in Krycklan and for your appreciation of long walks.
To Lake Erken Laboratory; To the staff at Erken, thanks for your help and
for keeping tab on the ice conditions. Kurt, thank you for believing in our
project. William, thanks for your positive energy and hulk arms. Christer,
Tack för din hjälp och för att du lär mig lite svenska. Pia, Yang and Nicole,
it was fun to participate in Sci-fest. Karin, thanks for making the seating
arrangements for the Sci-fest dinner, three years later and I am still lucky to
be sitting next to my table partner! To the time spent at Linköping University; Henrik, Lena and Siva, thank you for helping in the lab. David Bastviken,
thank you for taking the time to discuss ideas, lab strategies and calculations
and for teaching us how to wire a pump. Your input was invaluable and your
belief in us was what kept us going! To Birgitta and Tomas, thank you for
your hospitability, car rides and for keeping us energized with räksmörgås,
semla and other yummy treats.
To CRAICC, COW and GLEON; it has been a privilege to discuss science
and collaborate with an inspiring group of international scientists! To the
42

GLEON GSA group; Grace, thank you for sparking my interest in team science. I had a great time co-leading with you! Jennie, thanks for being my
NPP partner and your enthusiasm as GSA chair. Facu and Jon, I have enjoyed playing football in Argentina and basketball in Canada, looking forward to the next activity in Vienna. To Sarah and Chelsea it has been awesome to hang out with you at the meetings, good luck with finishing up your
PhD! To Yang, thanks for being my roommate at the GLEON meetings. To
the doktorand social organizing committee; Thanks for the fun times organizing the PhD pubs and gasque. Adrian thanks for getting me involved.
To those that welcomed me to Uppsala; Anne and Dolly, the emails you sent
before I arrived were priceless. They made me feel welcomed and reassured
my decision to uproot my life. Anne, thank you for the continued support
and advice, for awesome dance parties with Emil, for our love of jars and for
your transmissible laugh. Dolly, thank you for being a mentor and a friend,
your serenity and perception have offered me comfort and knowledge. To my
officemates; thank you for making the office a fun place to be. Charles
thanks for our shared appreciation of GIS. Omneya, thank you for the Egyptian food, your cornbread is delicious! Inga, it was fun teaching the Baltic
Sea course together. Lorena, we weren’t officemates but I did enjoy the car
ride with you to the Baltic Sea. Thanks for letting me tag along. Anna S.,
you are a superwomen, I am amazed at how you do it all! To my first lunch
buddies; Jovana and Jason, thank you for asking me to eat lunch with you on
my first day of work. Jason, I enjoyed being ‘hushållsgris’ together, making
sushi, and our unforgettable trip to Tallin. Thank you for your kindness, you
are just great! And to Jovana, the close bond between us was apparent from
the beginning. I am still trying to figure out the magic power of your warm
hands, they saved my fingers from freezing while sampling many times.
Thanks for being a reliable colleague and friend. You have been there for me
through it all and I am very grateful for that. Thanks to for fun times exploring San Francisco, New years in London (with Hannah) and to many more
future memoires together with you and Cristoffer in Stockholm! To my
roommates in Uppsala; Andrea and Sara the baking and Italian cuisine
nights in Flogsta where delicious! Ieva, it was nice to discuss the world and
everything else with you. Matt it was a pleasant surprise to be roommates for
a month. I enjoyed our chats over a warm cup of tea. Christina H., I am so
glad that you came to Uppsala to meet Matt and to take part in my epic first
weekend in Uppsala. And to Hannah, the first time I met you in the fika
room I knew we would be good friends and was overjoyed when I found out
that we would be roommates! You amazed me right away, helping me carry
my heavy luggage and trekking through Gäddtjärn with all your sediment
cores. Thanks for being you and for reminding me to relax a bit. Alex, good
luck finishing up your PhD! To the PhDs that have graduated; Roger, thank
you for guiding me along the way in a diligent, explorative and positive
43

manner. It was a pleasure teaching GIS with you. I will always cherish our
trip to Argentina and empanadas! Christina your bubbly personality and
dance moves are awesome! Torsten, thank you for the home cooked meals
and movie nights. And for helping me ice-skate around Fjällnora. Valerie,
remember that time we learned Swedish! Oh wait, four years later and we
are still at it. Thanks for hosting me in Vienna and getting funky with me on
the dance floor! Friederike, I am thankful we attended the TED event together to get inspired. Mercé, I wish I knew your secret to growing vegetables.
To those that were before my time; Pia, Philip, Hannes, Cristian, Ina, Jerôme
Jürg and Brian, I only caught the tail end of your time at Limno but you guys
gave me a good first impression of life as a Limno. Cristian, thanks for the
computer advice when I first started, it has lasted my whole PhD! It is nice
to have you back at the department. Brian, thanks for letting me cat-sit, it
helped me confirm that I am still a dog person. To those that remain at Limno; Maria, when I am feeling cold in the office, I think of how warm you and
Martin must be in Australia (thanks for the papaya ointment to remind us).
Alina, I love your newsletters, you really have talent. Thanks for being my
MC Hammer dance partner! Yinghua, thanks for your kindness and making
lunches more enjoyable. Martin, Jag hoppas att vi kan prata svenska en dag,
thanks for your encouragement. Annika, your costumes are awesome, thanks
for your creativity! To Jingying, Leyden, Lucas, Rhiannon, Anna, Fernando,
Marloes, Máté and Adam enjoy the ride! Birgit, thank you for showing me
around Uppsala when I first arrived and for dinners at your place. Nuria, I
am so glad that you have been at the department throughout different moments of my PhD. Just your presence is uplifting! Andrea, I admire the spark
in you. Sari and Moritz, thanks for the shared passion for Swedish competitions. To Simone, Martha, Heli, Sarahi, Oona, Raquel, Erik, Johanna, Kristin, Katrin and Pilar, I wish you luck with whatever journeys await you!
To the event group; thank you for making my life outside of science exciting
and for the great memories that I will take with me wherever I go! To my
basketball buddies- Salar, Axel, and Blondie- thank you for giving me the
confidence to play basketball in Sweden. It kept me from feeling home sick.
Salar, thanks for the conversation over a good glass of wine and comfort
food. Axel, thank you for driving us to Vasaloppet and to you and Katti for
organizing some very memorable events! Rob, you have been a special part
of the journey, or should I say the Roblanica journey. I secretly will miss the
drawings on our office whiteboard. Thanks for your quirkiness (I can relate)
and sense of humor which brightened my day. Johan, thanks for being our
number one fan during tjejklassikern. I wish you luck in finishing the svensk
klassikern! Eva P., thanks to sampling at Lake Tämnaren, we met each other
early on. I have fond memories from our travels in Roskilde and Helsinki.
Anna K., thanks for the entertaining venture in San Francisco with the awe44

some breakfast buffet and happy hour! Sebastian B. and Jonny, thank you
for discussing Swedish life with me, I have a better understanding and appreciation now because of it.
To my dear friend Monica, you have been a great officemate, making sure I
eat healthy snacks and listening when I needed advice, you have been a great
field and lab partner, leading the ice core drilling and picking up the slack
for my inability in all things micro, you have been a great co-author, discussing and debating scientific ideas and the English language, you have been a
great teammate, encouraging me from the top of the hill at Vasaloppet when
I had lost all hope, you have been strong and resilient, and most of all you
have been a great friend, who has been there for me through the laughter and
the tears and who has made the time during my PhD most memorable!
Wherever the future take us, know that you are always in my heart. Remember to start training at 39 so we are prepared for 40, forever a fan of team
Blanica!
Till min äskling Emil, thank you for making me laugh and smile every day,
for supporting me when I need it most and for accepting me for who I am.
Du är lugnet i min storm!
And last but not least to my family and friends back home; Jenna, Alex,
Phoebe, Sergio, Deb, Kate, Claire, Moria and Andy, thanks for coming to
visit and letting me pretend to be a local. Claire, thanks for you scientific
insight. Kate, thanks for sending positive thoughts. Phoebe and Sergio, I
can’t wait to meet baby Lopez! Jabess thanks for the entertaining messages.
Jenna, looking forward to Bali in 2017! To my parents and siblings; I
couldn’t ask for a more supportive and loving family. Mom, thanks for encouraging me to explore the world and occasionally joining in, thanks for the
early morning chats and edits, and for transcending your positivity and will
across the ocean. Dad, thanks for being my life coach. From our discussions
while walking around the block to g-chatting, you always know the right
words. I don’t think any of us ever thought we would see the day that you’d
become Mr. Globetrotter! But I am so happy for it, and will always cherish
our hike in the north of Sweden. Zack, thank you for being a role model and
for pushing me to step outside my comfort zone. I am glad that we share a
common interest in traveling and Scandinavian partners. Wherever you and
Cat end up, they are lucky to have you. Hopefully you can settle in that place
for a little bit so that I can finally catch up to you on countries! Kassie, there
is comfort in knowing that we can let it out and in return help each other put
it back together. I’m so happy that you and Chris are blessed with beautiful
and energetic Emerson. I can’t wait for her to start talking! Derek, you will
always hold a special place in my heart and are sorely missed. You have
taught me a lot about life; that understanding differences is what makes life
45

special, that a hug can say more than words and that courage and strength are
the keys to perseverance. To your son Felix, he amazes me; he illuminates
everyone around him with his smile, dance moves and gregariousness. He
remembers every small detail, even if that means remembering that Brussel’s
name is not Pretzels but he is going to call him Pretzels anyways because he
finds it funny! Felix thanks for reminding me of the small pleasures in life;
“The most beautiful things in the world cannot be seen or touched, they are
felt with the heart.”
― The Little Prince by Antoine de Saint-Exupéry

46

References

Aufdenkampe, A. K., E. Mayorga, P. A. Raymond, J. M. Melack, S. C. Doney, S. R.
Alin, R. E. Aalto, and K. Yoo. 2011. Riverine coupling of biogeochemical
cycles between land, oceans, and atmosphere. Front. Ecol. Environ. 9: 53–60.
Baehr, M. M., and M. D. Degrandpre. 2002. Under-ice CO2 and O2 variability in a
freshwater lake. Biogeochemistry 61: 95–114.
Baehr, M. M., and M. D. DeGrandpre. 2004. In situ pCO2 and O2 measurements in a
lake during turnover and stratification: Observations and modeling. Limnol.
Oceanogr. 49: 330–340.
Bastviken, D. 2009. Methane, p. 783–805. In G. Likens [ed.], Encyclopedia of
inland waters. Elsevier.
Bastviken, D., J. J. Cole, M. L. Pace, and L. J. Tranvik. 2004. Methane emissions
from lakes: Dependence of lake characteristics, two regional assessments, and a
global estimate. Global Biogeochem. Cycles 18: doi:10.1029/2004GB002238.
Bastviken, D., J. Ejlertsson, and L. Tranvik. 2002. Measurement of methane
oxidation in lakes: a comparison of methods. Environ. Sci. Technol. 36: 3354–
61.
Bastviken, D., A. L. Santoro, H. Marotta, L. Q. Pinho, D. F. Calheiros, P. Crill, and
A. Enrich-Prast. 2010. Methane emissions from pantanal, South America,
during the low water season: Toward more comprehensive sampling. Environ.
Sci. Technol. 44: 5450–5455.
Bastviken, D., L. J. Tranvik, J. A. Downing, P. M. Crill, and A. Enrich-Prast. 2011.
Freshwater methane emissions offset the continental carbon sink. Science. 331:
50.
Battin, T. J., S. Luyssaert, L. A. Kaplan, A. K. Aufdenkampe, A. Richter, and L. J.
Tranvik. 2009. The boundless carbon cycle. Nat. Geosci. 2: 598–600.
Belzile, C., J. A. E. Gibson, and W. Vincent. 2002. Colored dissolved organic matter
and dissolved organic carbon exclusion from lake ice: Implications for
irradiance transmission and carbon cycling. Limnol. Oceanogr. 47: 1283–1293.
Bengtsson, L. 1996. Mixing in ice-covered lakes. Hydrobiologia 322: 91–97.
Benoy, G., K. Cash, E. McCauley, and F. Wrona. 2007. Carbon dynamics in lakes of
the boreal forest under a changing climate. Environ. Rev. 15: 175–189.
Bertilsson, S., A. Burgin, C. C. Carey, S. B. Fey, H. Grossart, L. M. Grubisic, I. D.
Jones, G. Kirillin, J. T. Lennon, A. Shade, and R. L. Smyth. 2013. The under-ice
microbiome of seasonally frozen lakes. Limnol. Oceanogr. 58: 1998–2012.
Bertilsson, S., and L. J. Tranvik. 1998. Photochemically produced Carboxylic acids
as substrates for freshwater Photochemically produced carboxylic
bacterioplankton. Limnol. Oceanogr. 43: 885–895.
van Bodegom, P., F. Stams, L. Mollema, S. Boeke, and P. Leffelaar. 2001. Methane
oxidation and the competition for oxygen in the rice rhizosphere. Appl. Environ.
Microbiol. 67: 3586–3597.
Boehrer, B., and M. Schultze. 2008. Stratification of lakes. Rev. Geophys. 46:
doi:10.1029/2006RG000210.

47

Chen, M., G. Zeng, J. Zhang, P. Xu, A. Chen, and L. Lu. 2015. Global landscape of
total organic carbon, nitrogen and phosphorus in lake water. Sci. Rep. 5: 15043.
Christensen, T. R. 2004. Thawing sub-arctic permafrost: Effects on vegetation and
methane emissions. Geophys. Res. Lett. 31, doi:10.1029/2003GL018680.
Cole, J. J., and N. F. Caraco. 1998. Atmospheric exchange of carbon dioxide in a
low-wind oligotrophic lake measured by the addition of SF6. Limnol. Oceanogr.
43: 647–656.
Cole, J. J., N. F. Caraco, G. W. Kling, and T. K. Kratz. 1994. Carbon dioxide
supersaturation in the surface waters of lakes. Science. 265: 1568–1570.
Cole, J. J., Y. T. Prairie, N. F. Caraco, W. H. Mcdowell, L. J. Tranvik, R. G. Striegl,
C. M. Duarte, P. Kortelainen, J. A. Downing, J. J. Middelburg, and J. Melack.
2007. Plumbing the global carbon cycle : Integrating inland waters into the
terrestrial carbon budget. Ecosystems 10: 171–184.
Crawford, J. T., L. C. Loken, N. J. Casson, C. Smith, A. G. Stone, and L. A.
Winslow. 2014. High-speed limnology: Using advanced sensors to investigate
spatial variability in biogeochemistry and hydrology 49: 442–450.
Denfeld B.A., Wallin M.B., Sahlée E., Sobek S., Kokic J., Chmiel H.E. and
Weyhenmeyer G.A. 2015. Temporal and spatial carbon dioxide concentration
patterns in a small boreal lake in relation to ice-cover dynamics. Boreal Env.
Res. 20: 679–692.
Dinsmore K.J., Billett M.F., Dyson K.E., Harvey F., Thomson A.M., Piirainen S.and
Kortelainen P. 2011. Stream water hydrochemistry as an indicator of carbon
flow paths in Finnish peatland catchments during a spring snowmelt event. Science of The Total Environment 409: 4858–4867.
Dinsmore, K. J., M. B. Wallin, M. S. Johnson, M. F. Billett, K. Bishop, J.
Pumpanen, and A. Ojala. 2013. Contrasting CO2 concentration discharge
dynamics in headwater streams: A multi-catchment comparison. J. Geophys.
Res. Biogeosciences 118: 445–461.
Downing, J. A., Y. T. Prairie, J. J. Cole, C. M. Duarte, L. J. Tranvik, R. G. Striegl,
W. H. Mcdowell, P. Kortelainen, N. F. Caraco, J. M. Melack, and J. J.
Middelburg. 2006. The global abundance and size distribution of lakes, ponds,
and impoundments. Limnol. Oceanogr. 51: 2388–2397.
Ducharme-Riel, V., D. Vachon, P. A. del Giorgio, and Y. T. Prairie. 2015. The
relative contribution of winter under-ice and summer hypolimnetic CO2
accumulation to the annual CO2 emissions from northern lakes. Ecosystems 18:
547–559.
Ellis, C. R., H. G. Stefan, and R. Gu. 1991. Water temperature dynamics and heat
transfer beneath the ice cover of a lake. Limnol. Oceanogr. 36: 324–334.
del Giorgio, P. A., D. F. Bird, Y. T. Prairie, and D. Planas. 1996. Flow cytometric
determination of bacterial abundance in lake plankton with the green nucleic
acid stain SYTO 13. Limnol. Oceanogr. 41: 783–789.
del Giorgio, P. A., J. J. Cole, N. F. Caraco, and R. H. Peters. 1999. Linking
planktonic biomass and metabolism to net gas fluxes in northern temperate
lakes. Ecology 80: 1422–1431.
del Giorgio, P. A., and R. H. Peters. 1994. Patterns in planktonic P:R ratios in lakes:
Influence of lake trophy and dissolved organic carbon. Limnol. Oceanogr. 39:
772–787.
Gonsior, M., P. Schmitt-Kopplin, and D. Bastviken. 2013. Depth-dependent
molecular composition and photo-reactivity of dissolved organic matter in a
boreal lake under winter and summer conditions. Biogeosciences 10: 6945–
6956.

48

Granéli, W., M. Lindell, and L. Tranvik. 1996. Photo-oxidative production of
dissolved inorganic carbon in lakes of different humic content. Limnol.
Oceanogr. 41: 698–706.
Greene, S., K. M. Walter Anthony, D. Archer, A. Sepulveda-Jauregui, and K.
Martinez-Cruz. 2014. Modeling the impediment of methane ebullition bubbles
by seasonal lake ice. Biogeosciences 11: 6791–6811.
Haei, M., and H. Laudon. 2015. Carbon dynamics and changing winter conditions:
A review of current understanding and future research directions.
Biogeosciences Discuss. 12: 15763–15808.
Hampton, S. E., and V. Marianne. 2015. Heating up a cold subject : prospects for
under-ice plankton research in lakes. J. Plankton Res. 37: 277–284.
Hanson, R. S., and T. E. Hanson. 1996. Methanotrophic bacteria. Microbiol. Rev.
60: 439–71.
Heathcote, A. J., P. A. del Giorgio, and Y. T. Prairie. 2015. Predicting bathymetric
features of lakes from the topography of their surrounding landscape. Can. J.
Fish. Aquat. Sci. 650: 643–650.
Huotari, J., A. Ojala, E. Peltomaa, J. Pumpanen, P. Hari, and T. Vesala. 2009.
Temporal variations in surface water CO2 concentration in a boreal humic lake
based on high-frequency measurements. Bor.eal Environ. Res. 14: 48–60.
IPCC. 2013. Climate Change 2013: The physical science basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA, 1535 pp, doi:10.1017/CBO9781107415324
Jähne, B. J., and W. Dietrich. 1987. Measurements of the diffusion coefficients of
sparingly soluble gases in water. J. Geophys. Res. 92: 10767–10776.
Juutinen, S., M. Rantakari, P. Kortelainen, J. T. Huttunen, T. Larmola, J. Alm, J.
Silvola, and P. J. Martikainen. 2009. Methane dynamics in different boreal lake
types. Biogeosciences 6: 209–223.
Kankaala, P., J. Huotari, E. Peltomaa, T. Saloranta, and A. Ojala. 2006.
Methanotrophic activity in relation to methane efflux and total heterotrophic
bacterial production in a stratified, humic, boreal lake. Limnol. Oceanogr. 51:
1195–1204.
Karlsson, J., R. Giesler, J. Persson, and E. Lundin. 2013. High emission of carbon
dioxide and methane during ice thaw in high latitude lakes. Geophys. Res. Lett.
40: 1123–1127.
Kirchman, D. L. 2011. Processes in Microbial Ecology, Oxford University Press.
Kirillin, G., M. Leppäranta, A. Terzhevik, N. Granin, J. Bernhardt, C. Engelhardt, T.
Efremova, S. Golosov, N. Palshin, P. Sherstyankin, G. Zdorovennova, and R.
Zdorovennov. 2012. Physics of seasonally ice-covered lakes: a review. Aquat.
Sci. 74: 659–682.
Kortelainen, P., J. T. Huttunen, T. Väisänen, T. Mattsson, P. Karjalainen, and P. J.
Martikainen. 2000. CH4, CO2 and N2O supersaturation in 12 Finnish lakes
before and after ice-melt. Verhandlungen der Int. Vereinigung für Limnol. 27:
1410–1414.
Kortelainen, P., H. Pajunen, M. Rantakari, and M. Saarnisto. 2004. A large carbon
pool and small sink in boreal Holocene lake sediments. Glob. Chang. Biol. 10:
1648–1653.

49

Kortelainen, P., M. Rantakari, J. T. Huttunen, T. Mattsson, J. Alm, S. Juutinen, T.
Larmola, J. Silvola, and P. J. Martikainen. 2006. Sediment respiration and lake
trophic state are important predictors of large CO2 evasion from small boreal
lakes. Glob. Chang. Biol. 12: 1554–1567.
Krenz J. 2013. Measuring CO2 emissions from a small boreal lake and its connecting
streams using automatic floating chambers. Swedish University of
Agriculture Sciences.
Lennon, J. T. 2004. Experimental evidence that terrestrial carbon subsidies increase
CO2 flux from lake ecosystems. Oecologia 138: 584–591.
Lide, D. R., and H. Frederikse. 1995. Handbook of Chemistry and Physics, 76th ed.
CRC Press.
López Bellido, J., T. Tulonen, P. Kankaala, and A. Ojala. 2009. CO2 and CH4 fluxes
during spring and autumn mixing periods in a boreal lake (Pääjärvi, southern
Finland). J. Geophys. Res. 114: G04007.
Lundin, E. J., J. Klaminder, D. Bastviken, C. Olid, S. V. Hansson, and J. Karlsson.
2015. Large difference in carbon emission – burial balances between boreal and
arctic lakes. Sci. Rep. 5: doi:10.1038/srep14248.
Magnuson, J. J., D. M. Robertson, B. J. Benson, R. H. Wynne, D. M. Livingstone,
T. Arai, R. A. Assel, R. G. Barry, V. Card, E. Kuusisto, N. G. Granin, T. D.
Prowse, K. M. Stewart, and V. S. Vuglinski. 2000. Historical trends in lake and
river ice cover in the northern hemisphere. Science 289: 1743–1746.
Martin, S. L., and P. A. Soranno. 2006. Lake landscape position : Relationships to
hydrological connectivity and landscape features. Limnol. Oceanogr. 51: 801–
814.
Melack, J. M., A. C. Finzi, D. Siegel, S. MacIntyre, C. E. Nelson, A. K.
Aufdenkampe, and M. L. Pace. 2011. Improving biogeochemical knowledge
through technological innovation. Front. Ecol. Environ. 9: 37–43.
Michmerhuizen, C. M., R. G. Striegl, and M. E. Mcdonald. 1996. Potential methane
emission from lakes following ice melt. Limnol. Oceanogr. 41: 985–991.
Miettinen, H., J. Pumpanen, J. J. Heiskanen, H. Aaltonen, I. Mammarella, A. Ojala,
J. Levula, and M. Rantakari. 2014. Towards a more comprehensive
understanding of lacustrine greenhouse gas dynamics — two-year
measurements of concentrations and fluxes of CO2, CH4 and N2O in a typical
boreal lake surrounded by managed forests. Boreal Environ. Res. 20: 75–89.
Mortimer, C. H. 1941. The exchange of dissolved substances between mud and
water in lakes. J. Ecol. 29: 280–329.
O’Reilly, C. M., S. Sharma, D. K. Gray, S. E. Hampton, J. S. Read, R. J. Rowley, P.
Schneider, J. D. Lenters, P. B. McIntyre, B. M. Kraemer, and G. A.
Weyhenmeyer. 2015. Rapid and highly variable warming of lake surface waters
around the globe. Geophys. Res. Lett. 42: doi:10.1002/2015GL066235.
Peeters, F., D. M. Livingstone, G.-H. Goudsmit, R. Kipfer, and R. Forster. 2002.
Modeling 50 years of historical temperature profiles in a large central European
lake. Limnol. Oceanogr. 47: 186–197.
Peters, D. P. C., P. M. Groffman, K. J. Nadelhoffer, N. B. Grimm, S. L. Collins, W.
K. Michener, and M. A. Huston. 2008. Living in an increasingly connected
world: a framework for continental-scale environmental science. Front. Ecol.
Environ. 6: 229–237.
Phelps, A. R., K. M. Peterson, and M. O. Jeffries. 1998. Methane effiux from highlatitude lakes during spring ice melt. J. Geophys. Res. 103: 29029–29036.

50

Plummer, L. N., and E. Busenberg. 1982. The solubilities of calcite, aragonite and
vaterite in CO2-H2O solutions between 0 and 90°C, and an evaluation of the
aqueous model for the system CaCO3-CO2-H2O. Geochim. Cosmochim. Acta
46: 1011–1040.
Podgrajsek, E., E. Sahlée, D. Bastviken, S. Natchimuthu, N. Klijun, H. E. Chmiel, L.
Klemedtsson, and A. Rutgersson. 2015. Methane fluxes from a small boreal lake
measured with the eddy covariance method. Limnol. Oceanogr. accepted.
Prairie, Y. T., and P. A. del Giorgio. 2013. A new pathway of freshwater methane
emissions and the putative importance of microbubbles. Inl. Waters 3: 311–320.
Prowse, T., K. Alfredsen, S. Beltaos, B. Bonsal, C. Duguay, A. Korhola, J.
McNamara, W. F. Vincent, V. Vuglinsky, and G. A. Weyhenmeyer. 2012.
Arctic freshwater ice and its climatic role. Ambio 40: 46–52.
Rantakari, M., J. Heiskanen, I. Mammarella, T. Tulonen, J. Linnaluoma, P.
Kankaala, and A. Ojala. 2015. Different apparent gas exchange coefficients for
CO2 and CH4 : Comparing a brown-water and a clear-water lake in the boreal
zone during the whole growing season. Environ. Sci. Technol. 49: 11388–
11394.
Rantakari, M., and P. Kortelainen. 2005. Interannual variation and climatic
regulation of the CO2 emission from large boreal lakes. Glob. Chang. Biol. 11:
1368–1380.
Rautio, M., F. Dufresne, I. Laurion, S. Bonilla, W. F. Vincent, and K. S.
Christoffersen. 2011. Shallow freshwater ecosystems of the circumpolar arctic.
Ecoscience 18: 204–222.
Raymond, P. A., J. Hartmann, R. Lauerwald, S. Sobek, C. McDonald, M. Hoover,
D. Butman, R. Striegl, E. Mayorga, C. Humborg, P. Kortelainen, H. Durr, M.
Meybeck, P. Ciais, and P. Guth. 2013. Global carbon dioxide emissions from
inland waters. Nature 503: 355–359.
Raymond, P. a., C. J. Zappa, D. Butman, T. L. Bott, J. Potter, P. Mulholland, a. E.
Laursen, W. H. McDowell, and D. Newbold. 2012. Scaling the gas transfer
velocity and hydraulic geometry in streams and small rivers. Limnol. Oceanogr.
Fluids Environ. 2: 41–53.
Serreze, M. C., J.e.walsh, F. S. C. Iii, T. Osterkamp, M. Dyurgerov, V.
Romanovsky, W. C. Oechel, J. Morison, T. Zhang, and R. G. Barry. 2000.
Observational evidence of recent change in the northern high latitude
environment. Clim. Change 46: 159–207.
Sinclair, L., O. A. Osman, S. Bertilsson, and A. Eiler. 2015. Microbial community
composition and diversity via 16S rRNA gene amplicons: evaluating the
illumina platform. PLoS One 10: e0116955. doi:10.1371/journal.pone.0116955.
Sobek, S., G. Algesten, A.-K. Bergstrom, M. Jansson, and L. J. Tranvik. 2003. The
catchment and climate regulation of pCO2 in boreal lakes. Glob. Chang. Biol. 9:
630–641.
Sobek, S., J. Nisell, and J. Fölster. 2011. Predicting the volume and depth of lakes
from map-derived parameters. Inl. Waters 1: 177–184.
Spence, C., S. V Kokelj, S. a Kokelj, M. Mccluskie, and N. Hedstrom. 2015.
Evidence of a change in water chemistry in Canada’s subarctic associated with
enhanced winter streamflow. J. Geophys. Res. Biogeosciences 120: 113–127.
Stets, E. G., R. G. Striegl, G. R. Aiken, D. O. Rosenberry, and T. C. Winter. 2009.
Hydrologic support of carbon dioxide flux revealed by whole-lake carbon
budgets. J. Geophys. Res. 114: 1–14.
Striegl, R. G., P. Kortelainen, J. P. Chanton, K. P. Wickland, G. C. Bugna, and M.
Rantakari. 2001. Carbon dioxide partial and 13C content of north and boreal
lakes at spring ice melt. Limnol. Oceanogr. 46: 941–945.

51

Striegl, R. G., and C. M. Michmerhuizen. 1998. Hydrologic influence on methane
and carbon dioxide dynamics at two north-central Minnesota lakes. Limnol.
Oceanogr. 43: 1519–1529.
Strum, M., and G. E. Liston. 2003. The snow cover on lakes of the arctic coastal
plain of Alaska, U.S.A. J. Glaciol. 49: 370–380.
Tranvik, L. J., J. A. Downing, J. B. Cotner, S. A. Loiselle, R. G. Striegl, T. J.
Ballatore, P. Dillon, K. Finlay, K. Fortino, L. B. Knoll, P. L. Kortelainen, T.
Kutser, S. Larsen, I. Laurion, D. M. Leech, S. L. Mccallister, D. M. Mcknight, J.
M. Melack, E. Overholt, J. A. Porter, Y. Prairie, W. H. Renwick, F. Roland, B.
S. Sherman, D. W. Schindler, S. Sobek, A. Tremblay, M. J. Vanni, A. M.
Verschoor, E. Von Wachenfeldt, and G. A. Weyhenmeyer. 2009. Lakes and
reservoirs as regulators of carbon cycling and climate. Limnol. Oceanogr. 54:
2298–2314.
Utsumi, M., Y. Nojiri, T. Nakamura, T. Nozawa, A. Otsuki, N. Takamura, M.
Watanabe, and H. Seki. 1998. Dynamics of dissolved methane and methane
oxidation in dimictic Lake Nojiri during winter. Limnol. Oceanogr. 43: 10–17.
Vachon, D., Y. T. Prairie, and J. J. Cole. 2010. The relationship between nearsurface turbulence and gas transfer velocity in freshwater systems and its
implications for floating chamber measurements of gas exchange. Limnol.
Oceanogr. 55: 1723–1732.
Verpoorter, C., T. Kutser, D. a. Seekell, and L. J. Tranvik. 2014. A global inventory
of lakes based on high-resolution satellite imagery. Geophys. Res. Lett. 41:
6396–6402.
von Wachenfeldt, E., and L. J. Tranvik. 2008. Sedimentation in boreal lakes—The
role of flocculation of allochthonous dissolved organic matter in the water
column. Ecosystems 11: 803–814.
Walter, K. M., S. A. Zimov, J. P. Chanton, D. Verbyla, and F. S. Chapin. 2006.
Methane bubbling from Siberian thaw lakes as a positive feedback to climate
warming. Nature 443: 71–75.
Weiss, R. F. 1974. Carbon dioxide in water and seawater: the solubility of a nonideal gas. Mar. Chem. 2: 203–215.
Weyhenmeyer, G. A. 2009. Do warmer winters change variability patterns of
physical and chemical lake conditions in Sweden? Aquat. Ecol. 43: 653–659.
Weyhenmeyer, G. A., and J. Karlsson. 2009. Nonlinear response of dissolved
organic carbon concentrations in boreal lakes to increasing temperatures.
Limnol. Oceanogr. 54: 2513–2519.
Weyhenmeyer, G. A., P. Kortelainen, S. Sobek, R. Müller, and M. Rantakari. 2012.
Carbon dioxide in boreal surface waters: A comparison of lakes and streams.
Ecosystems 15: 1295–1307.
Weyhenmeyer, G. A., S. Kosten, M. B. Wallin, L. J. Tranvik, E. Jeppesen, and F.
Roland. 2015. Significant fraction of CO2 emissions from boreal lakes derived
from hydrologic inorganic carbon inputs. Nat. Geosci. 8: 933–936.
Weyhenmeyer, G. A., D. M. Livingstone, M. Meili, O. Jensen, B. Benson, and J. J.
Magnuson. 2011. Large geographical differences in the sensitivity of icecovered lakes and rivers in the Northern Hemisphere to temperature changes.
Glob. Chang. Biol. 17: 268–275.
Weyhenmeyer, G. A., H. Peter, and E. Willén. 2013. Shifts in phytoplankton species
richness and biomass along a latitudinal gradient-consequences for relationships
between biodiversity and ecosystem functioning. Freshw. Biol. 58: 612–623.
Wik, M., R. K. Varner, K. W. Anthony, S. MacIntyre, and D. Bastviken. 2016.
Climate-sensitive northern lakes and ponds are critical components of methane
release. Nat. Geosci. doi: 10.1038/ngeo2578.

52

Williamson, C. E., W. Dodds, T. K. Kratz, and M. a Palmer. 2008. Lakes and
streams as sentinels of environmental change in terrestrial and atmospheric
processes. Front. Ecol. Environ. 6: 247–254.
Wold, S., E. Johansson, and M. Cocchi. 1993. 3D QSAR in Drug Design, Theory,
Methods and Applications, H. Kubinyi [ed.]. ESCOM Science.
Zappa, C. J., W. R. McGillis, P. A. Raymond, J. B. Edson, E. J. Hintsa, H. J.
Zemmelink, J. W. H. Dacey, and D. T. Ho. 2007. Environmental turbulent
mixing controls on air-water gas exchange in marine and aquatic systems.
Geophys. Res. Lett. 34: doi:10.1029/2006GRL028790.

53

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1341
Editor: The Dean of the Faculty of Science and Technology
A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-275018

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2016

