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List of definitions 1 

Allochthonous: When the organic matter is brought into the lake from the outer sources such 

as atmosphere or surroundings of the lake is called allochthonous 

Aquatic plants: “The term ‘aquatic macrophytes’ refers to a diverse group of 

photosynthesizing aquatic organisms, all large enough to see with the naked eye”. (Chambers 

et al. 2007)  

Autochthonous: The organic matter which is produced within the lake environment is called 

autochthonous. 

Diel: (within) 24 hours 

Diurnal: (within) daytime hours 

Eutrophic: “Characterized by high levels of primary production and high algal biomass”. 

(Howarth 2009) 

Freshwater: The inland water bodies which are not saline water. 

Lake:  The water bodies larger than ponds which are surrounded by land having inlet and out 

–let are defined as lakes.  

Littoral zone: Littoral zones of the water bodies are shallow zones which are close to the 

shore and receive higher amounts of sun light. 

Macrophyte: macrophytes are the most obvious aquatic organisms and are the major primary 

producers of lakes and wetlands. The physical structure of the wetlands depends on 

macrophytes or wetland plants. These species could come with different forms of emergent, 

submersed or submerged, floating leaved and floating plants (Valk 2012, p 71). 

Methane oxidation: The consumption of methane by the methane metabolizing bacteria or 

Methanotroph either in aerobic or aerobic aquatic environments is called methane oxidation.  

Methanogenesis:  Formation or production of CH4 gas under the anaerobic conditions by 

methanogen microbes is called methanogenesis.  

Pelagic zone: Pelagic zones are the zones deeper than littoral zones which relevantly have 

more distance to the shore and receive little or none sunlight 

 

1 
Source: Likens (2009) unless otherwise stated 

Photosynthesis: The conversion of the carbon dioxide to organic matter within the cells of 

the photosynthetic organisms (e.g. plants and algae) is defined as photosynthesis.  
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Primary production: Primary production is the conversion of solar energy into chemical 

energy. (Cronk, and Fennessy, 2001, p 193) 

Reservoir: The water bodies which are constructed by building barriers over the rivers or 

streams.  

Respiration: “Respiration is the process by which a plant cell oxidizes stored chemical 

energy in the form of sugars, lipids and proteins and converts the energy released into a 

chemical form directly usable by cells.” (Cronk, and Fennessy, 2001, p 194) 

Stomata: The pores in the epidermis layer of the plants leaves which control the gas 

transport. (Chambers et al. 2007)  

Wetland: According to the Ramsar convection on wetlands, this term is used to address the 

various static or floating aquatic environments such as of marsh, fen, peatland, rivers , marine 

related waters and etc., which has either natural or anthropogenic origin and the depth at the 

shores do not exceed six meters. (The Ramsar convection on wetlands 2009, p 44).  
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Abstract 
 

 Aquatic plants or macrophytes are known as conduits of Methane (CH4), Carbon dioxide 

(CO2) and Nitrous oxide (N2O) which contribute to the total fluxes of the Greenhouse gases 

emissions from lakes. Recent studies emphasized that the knowledge on plant mediated 

emissions calls for more systematic and comparative data especially in the areas of spatial and 

temporal variability. In this study I measured diel (24 hour) and diurnal(  daily hours only) 

plant mediated fluxes during four sampling sessions using chamber method from a  Swedish 

lake in summer 2012. The measurements were conducted on two macrophyte population 

patterns of mixed plant communities and Equisetum fluviatile (specie-specific) community. 

CH4 emissions were higher in darker hours and there were no diel correlation between CH4 

fluxes and average diel temperature. CH4 fluxes varied between 0.42 mmol m
-2

d
-1

 and 2.3 

mmol m
-2

d
-1

. The CO2 fluxes had negative fluxes in day and positive during the day which 

was logical due to macrophyte respiration and photosynthesis mechanisms. Occasional daily 

positive fluxes were seen (only) during the rainy hours and there were no correlation between 

temperature and diel CO2 fluxes. The total net CO2 exchange was 2.8mmol m
-2

d
-1

 indicating 

that there was more CO2 release in the littoral zone of that lake. N2O fluxes did not show any 

clear diel or monthly pattern and the fluxes ranged between positive and negative numbers. 

The N2O fluxes did not exceed 2µmol m
-2

 d
-1

 with the total average flux of 0.8µmol m
-2

 d
-1

. 

Keywords: CH4 flux, CO2 flux, N2O flux, macrophytes, E.fluviatile, mixed sampling, diel 

sampling, chamber method.  
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List of abbreviations 
 

C6H12O6     Glucose 

CH3COO
-
    Acetate Ion 

CH4                  Methane 

CO2               Carbon dioxide 

DIC            Dissolved inorganic matter 

DTR           Daily total radiation 

DOC          Dissolved organic matter 

EC              Eddy covariance  

Fe3
+                    

Iron ion  

GC              Gas chromatograph 

GHG          Green House Gas 

HCO3
-
         Bicarbonate ion 

LGR            Los Gatos Research 

mmol m
-2

 d
-1

        millimole per square meter per day 

mmol m
-2

 h
-1

        millimole per square meter per hour 

Mn4
+
            Manganese  

MOB           Methane oxidizing bacteria      

N2O            Nitrous oxide 

NaCl          Sodium chloride 

NO3
-
            Nitrate      

OM            Organic matter 

PIC             Particulate inorganic carbon 

POC           Particulate organic carbon  

SO2
-4               

Sulfate ion  
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1. Introduction  
 

Methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O) are the most important 

greenhouse gases (GHGs) and their natural and anthropogenic emissions influence the energy 

balance of climate system along with the other drivers such as aerosols, land cover and solar 

radiation changes (IPCC 2007). Biogeochemical cycles of mentioned GHGs are highly 

intertwined with the climate change issue particularly the Earth’s global warming (Howarth 

2009, Bastviken 2009 and Tranvik et al 2009). Lakes are considered as suitable indicators of 

the climate change issues because of the sensitivity of those environments to the 

surrounding’s chemical and physical changes and the potential of integrating those alterations 

within the ecosystems (Adrian et al 2009). Lakes are complex systems and have many internal 

and external inputs such as geographic location, land use, regional climate and ecosystems 

(Kankaala 2005). These environments could draw feedbacks of environmental inputs by 

changing water temperature, dissolved organic carbon (DOC) and changes in biota properties 

(i.e. plankton and macrophyte composition). 

Freshwater lakes are the substantial sources of CO2 and CH4 to the atmosphere (Bastviken et 

al 2010).  It has been estimated that the amount of natural CO2 and CH4   emissions from fresh 

water reservoirs are equivalent to respectively 4% and 18% of human induced emissions and 

almost 40% of all CH4 released to the atmosphere is originated from natural and agricultural 

wetlands (Kankaala 2005). Lakes especially the ones with high nitrogen loads from outer 

sources are the environments with high N2O emission contribution to the atmosphere (Yang et 

al 2012 & Huttunen et al 2003). Previous studies have mentioned boreal lakes and wetlands 

contain great amounts of organic matter and nitrogen compounds making them important 

zones for carbon and nitrogen cycling (Huttunen et al 2003, Cole 1999 and Cole et al 2000). 

Littoral zones of lakes and wetlands with organic-rich peat sediments usually contain 

considerable anoxic zones which are the favorable environments for anoxic activities such as 

production of CH4 (Kankaala, 2004) and denitrification (Yang et al 2012). The decomposition 

of organic matter (OM) in the sediment zone promotes the anoxic condition prevailing in 

lakes sediments. 

The boreal zones usually include large lake or wetland areas partially or fully covered by 

aquatic plants or macrophytes (Huttunen et al. 2003). Generally, macrophytes have specific 

effects on dynamics of CO2 and CH4 through the mechanisms of photosynthesis and 

respiration. Within the lake ecosystem, emergent macrophytes are the major conduits of CH4, 

CO2 and N2O (Kankaala, 2004). According to same author aquatic plants are responsible for 

more than 90 percent of whole CH4 emissions from vegetated littoral zones of the boreal 

lakes. Emergent macrophytes promote oxidation of CH4 by transferring oxygen from 

atmosphere to their roots and making the environment of the root zone in lakes more oxic. 

The roots of macrophytes have the utmost important role in production and consumption of 

N2O in nitrification and de-nitrification presses (Hirota et al, 2003 and Ström et al. 2005).  

According to Kankaala (2004) and Van Der Nat et al. (1998), emergent and floating-leaved 

aquatic plants which are mainly abundant in the littoral zones are respectively the major 
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sources of CH4 and CO2 emissions from the lakes and wetlands to the atmosphere. Further, 

based on studies ( Liu 2011, Yang et al 2012 and Huttunen et al 2003) vegetated littoral zones 

of boreal lakes with variety of macrophyte species during the growing seasons could emit 

large amounts N2O to the atmosphere as well. Vascular emergent plants play important role in 

formation and transportation of CH4 and CO2 within the littoral zones of lakes and 

environments (Hyvönen 1998).Vascular emergent macrophytes such as Equisetum fluviatile 

(E.fluviatile) and Phragmites australis (P.australis) are the most abundant and the most 

methane emitters among the boreal lake emergent macrophytes (Laanbroek 2010, Bergström 

et al 2007 and Hyvönen 1998).  

Different dimensions of vegetation such as density, gas transport systems, and specie 

compositions affect the very important processes of production, consumption and transport of 

GHGs within the lake ecosystem. In boreal, the long and extreme winters lead to low 

decomposition rates in the water-logged environments such as fresh water lakes and wetlands. 

The low decomposition rate induces a great potential for organic carbon storage. In the 

relatively short and humid conditions during summer, the decomposition of seasonally thawed 

sediment layers takes place. This seasonal decomposition of OM in shallow littoral zones of 

boreal lakes is projected with rapid growth of various species of macrophytes during the  

spring and summer time (Hirota et al. 2003).Therefore; the short and active growing season of 

boreal lakes is suitable time span for conducting plant mediated flux measurements because of 

the active presence of macrophytes in lakes and wetlands. 

Some researches (Bastviken 2009, Hirota et al. 2004, Huttunen et al. 2003 and Chanton, et al. 

2002) emphasized, current knowledge about plant mediated fluxes of CH4 and CO2 is still 

demanding for more systematic and comparative data on particularly temporal and spatial 

variations. Moreover, the N2O emissions from the natural lakes and wetlands used to show 

different patterns among studies and the natural driving forces of it is still demanding for 

more investigations (Huttunen et al. 2003). Thus, there are demands for expanding the efforts, 

for quantifying the amount of the GHG fluxes that vegetation enforces to the boreal lake 

ecosystem.  

Aims  

My main intention in this thesis is to study temporal patterns of CH4, CO2 and N2O fluxes 

from different vegetation zones of a boreal lake. The following research questions are posed 

below: 

1. Is there a clear diel and monthly emission pattern of CH4, CO2 and N2O from mixed 

population of emergent macrophytes in a boreal lake? 

2. Is there a clear diel and monthly emission pattern of CH4, CO2 and N2O from 

Equisetum fluviatile (E.fluviatile) strands in a boreal lake? 

3. What is the influence of temperature and weather conditions on mentioned GHG 

emissions? 
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2. Background 

2.1 The importance of Green House Gases 

 Earth surface absorbs sun’s luminosity and reflects it as infrared radiation which causes 

temperature rise within the earth’s atmosphere (Withgott and Laposata 2011, p 300-304). The 

emitted infrared radiations are absorbed effectively by atmospheric GHGs with three or more 

atoms in their molecules. The most important GHGs are water vapor (H2O), CO2, CH4, N2O 

ozone (O3), various other kinds of human induced gases such as chlorofluorocarbons (CFCs) 

and halocarbons. Higher amount of these gases available in the atmosphere simply promote 

more re-emissions of infrared radiations in various directions. This matter eventually leads to 

spreading more energy into the ambient of atmosphere which ultimately would increase the 

temperature of the earth atmosphere and increase the greenhouse effect. GHGs absorb the 

radiated light from the sun in certain wavelengths and re-emit them in different wavelengths 

several times back and forward within the troposphere which makes the lower zone of the 

atmosphere warmer than it would to be without them. 

Among mentioned GHGs, CH4, CO2 and N2O are of utmost important and common GHGs 

which have remarkably increased by human activities since 1750 (IPCC 2007). Estimations 

shows, only methane emissions are responsible for almost 20% increase in the greenhouse 

effect observed since mid-eighteenth century (Bastviken 2009). Carbon dioxide is the most 

abundant among these three gases and based on its availability, it has the highest greenhouse 

potential (Withgott and Laposata 2011, p 300-304). CH4 abundance is significantly lower than 

CO2 but it has 25 times greater greenhouse potential per kg compared to CO2. N2O is even 

less abundant than CH4 with the greenhouse potential of 298 times higher than CO2 per kg. 

The greenhouse effect and climate change is currently stimulated by greenhouse gas 

emissions from anthropogenic sources. Yet natural sources and their development as it gets 

warmer are very important but difficult to constrain. Aquatic environments are large net 

sources of GHG emissions to the atmosphere which means those environments are strong 

contributors to the global climate change (Adrian et al. 2009 and Tranvik et al. 2009). 

2.2 Carbon cycling in fresh water lakes  

Freshwater lakes and wetlands in different altitudes and geographical patterns emit substantial 

amounts of GHGs to the atmosphere (Tranvik et al. 2009). The importance of the fresh waters 

was thought to be less important for covering a small portion of earth surface (2% of whole 

terrestrial continents). But, recent analysis showed lakes are highly active in transportation, 

transformation and storage of large amounts of terrestrial carbon. Therefore, freshwater 

ecosystems despite their relatively small portions should be valued for more investigations 

among other terrestrial and aquatic ecosystems. (Cole et al. 2007, Bastviken 2009, Gudasz et 

al 2010, Adrian et al. 2009 and Tranvik et al. 2007).  

Carbon enters aquatic environments in three main forms of DOC, dissolved inorganic carbon 

(DIC), and particulate organic carbon (POC) (Tranvik et al. 2007). The DIC in the freshwater 

lakes or wetlands can appear in different forms such as carbonate (CO3
-2

) and bicarbonate 

(HCO3
-
) ions, particulate inorganic carbon (PIC) and dissolved CO2 (Prairie and Cole 2009). 
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CO2 production and its chemical equilibrium with carbonate and bicarbonate ions stimulate 

by the pH of the water. The carbonate weathering, soil respiration and ground water flow are 

the features of most lakes which provided them by high amounts of DIC. 

 Organic matter (OM) could either be originated in the lake ecosystem by natural production 

(vegetation and other different aquatic life forms) or via anthropogenic inputs such as 

domestic, municipal and industrial residuals and wastewater discharges (Tranvik et al. 

2007).Microbes, macrophytes, algae and other aquatic life forms are active in converting the 

carbon and forming autochthonous DOC and POC (Prairie & Cole 2009 and Cole 1999). The 

OM that is produced in the catchment and flushed out from the soils to the aquatic 

environments is called allochthonous OM. OM can also be produced from DIC by primary 

production in the aquatic ecosystem itself (autochthonous OM). The OM that resists 

degradation can be preserved in the sediments or is respired to CO2 or methane (CH4) and 

either released to the atmosphere or exported downstream in the dissolved forms (primarily 

DIC). Methane is produced via methanogenesis which is a final step of anaerobic OM 

degradation. Methanogens uses the degradation products of other microorganisms. The 

process of methanogenesis has been reported to be responsible for 20-56% of total carbon 

mineralization in the fresh water lakes (Bastviken 2009). 

2.3 CH4  

2.3.1 Dynamics of CH4 in freshwater lakes 

CH4 is an odor-less trace gas with a Henry’s law constant of 1.27×10
-5 

(mol m
-3 

Pa
-1

) at 25ºC 

(i.e, very low solubility in water). CH4 mostly has biogenic origin and is produced by 

methanogenic archaea bacteria or archaea through the process of methanogenesis (Bastviken 

2009). Methane is highly reduced component which releases energy by its oxidation by 

presence of oxidants such as oxygen. A portion of the CH4 is consumed by methane oxidizing 

bacteria. Hence, in aquatic environment CH4 is consumed and produced respectively under 

oxic and anoxic conditions. It is hypothesized that CH4 can contribute significantly to aquatic 

food webs as a carbon source because methane oxidizing bacteria can be served as food for 

other organisms in the food web. CH4 produced in inland waters is not consumed completely 

and therefore some is released to the atmosphere via different paths (Bastviken 2009 and Lai 

2009). 

2.3.2 Methanogenesis process 

The process of methanogenesis is performed via two pathways of acetate dependent 

(acetotrophic) or Hydrogen (H2) dependent (Bastviken 2009). In fresh water lakes 

methanogenesis mostly performed in hydrogenotorophic path (approx. 80%) and less by 

acetotrophic path (approx. 20%). The chemical formulas of two mentioned pathways are 

presented below (Lai, 2009): 

Acetotrophic path:  CH3COO→CH4+2H2O 

Hydrogenotorophic path:   4H2O+CO2→CH4+2H2O 
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OM should undergo several steps of degradation to intermediate fermentation products by 

different groups of bacteria to become ready for microbial methanogenesis (the terminal step 

of anoxic OM degradation) (Bastviken, 2009 and Segres 1998). H2, CO2 and acetate are the 

most important fermented substrates which their presence is crucial for the methanogenesis 

process. Methane formation is in competition with non-methanogenic bacteria in up-taking 

the substrates. The presence of variety of electron acceptors such as nitrate (NO3
-
), manganese 

(Mn
4+

), iron (Fe
3+

) and sulfate (SO
2-

4) would be in favor of non-menathogenic bacteria 

capable of utilizing verity of oxidized component as their electron acceptors .These bacteria 

could consume the available carbon source in the sediment faster than methanogenic Bactria 

and decrease the methane formation in the sediments., (Bastviken 2009 and Laanbroek 2010). 

2.3.3 Environmental factors affecting methanogenesis  

High O2 concentrations in the sediment inhibit or reduce the rate of methanogenesis in lakes 

(Bastviken 2009). However, presently; it is proved that numbers of methanogenic bacteria are 

capable of tolerating elevated concentrations of oxygen. High to moderate concentrations 

(between 0.1-1mM) of sulfide would benefit non-methanogenic bacteria searching for 

substrate and slow down the methane production. Sediment zone PH is reported to be 

influential in methanogenesis rate; however, the magnitude of this importance is moderate. 

Low pH rates seen to promote acetotrophic and high rates suits the hydrogenotorophic 

process. The desired temperature for methanogenesis is well above the situation temperature. 

It is believed the potential production of CH4 increased by four fold with 10ºC increase in 

temperature. The best environments for methanogenesis in the freshwater environments are 

anoxic media with low amount of electron acceptors and enough concentrations of substrates 

(Bastviken 2009 and Duc et al. 2010). The root zones of the macrophytes could increase the 

methane production by organic matter leakage and root decay on, the other hand; could slow 

down methanogenesis by O2 leakage to the water (Laanbroek 2010). 

2.3.4 Microbial oxidation of methane 

Methane oxidation is performed via either aerobic or anaerobic processes. Aerobic oxidation 

is done by vast group of bacteria called methane oxidizing bacteria (MOBs) (Bastviken, 

2009). These bacteria use CH4 as their first energy and carbon source and utilize O2 as the 

electron acceptor. Anaerobic methanogenesis takes place in electron acceptor rich 

environments where anaerobic bacteria could perform anaerobic methane oxidation or reverse 

methanogenesis. This process is believed to be important in saline environment but the 

importance of anaerobic methane oxidation in freshwater lakes has not been proved yet. (Duc 

et al. 2010).  
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2.3.5 CH4 emission from freshwater lakes 

Methane is emitted via four known mechanisms from the fresh water environments 

(Bastviken 2009). The fastest path is through the ebullition from the sediments. In this path, 

methane bubbles scape the oxidation process by rapidly passing the water column. Ebullition 

is depth dependent and is most efficient in the shallow waters in which the methane molecules 

do not need to deal with high hydrostatic pressure. Second path is diffusive flux form the 

surface of the water. This type of flux occurs by advective processes between surface of the 

water and atmosphere. The more physical contact of the surface water by the air such as 

turbulence could enhance the diffusive flux rates Bastviken (2009).  Another rapid diffusive 

flux could occur in some particular cases when the methane rich hypolimnion layers in some 

stratified lakes reach to the surface of the water column. This type of release may rapidly emit 

considerable amounts of CH4 from the anoxic layers of wetlands and lakes. However, the 

significance of this kind of methane flux comparing to the other emission procedures is yet 

under debate (Bastviken 2009). 

Methane flux from rooted emergent aquatic plants is another important way of CH4 emission 

(Lai 2009 and Laanbroek 2010). The macrophytes could play the role as conduits for the 

methane entered to the roots and transport them up to leaves where those are released to the 

atmosphere (Chanton 2005). Through this path, CH4 molecules do not deal with hydrostatic 

forces of the water column and could escape from the oxidizing bacteria (Bastviken 2009). 

The study indicates CH4 entered from the root zones in the emergent plant could be converted 

to the CO2 and be released to the atmosphere. The contribution of methane ebullition is much 

greater at the open waters in lakes (more than 50% of whole emissions). However, methane 

bubbling is shown to have vast and un-clear zonal distribution within the inland water bodies. 

According to the findings of Bastviken 2009 and Lai 2009, the vegetated parts of inland 

waters have shown less methane bubbling than ebullition. On the contrary, in the same 

vegetated zones the plant mediated fluxes dominates the methane emissions. Generally, 

ebullition and plant mediated fluxes are shown to be the dominant flux types within the lakes.   

2.4 Carbon Dioxide 

Carbon dioxide is the most important trace gas found in earth’s atmosphere which has 

anthropogenic and natural origins (IPCC 2007). On the earth ecosystem, plants are 

responsible to balance the atmospheric CO2 by utilizing this gas as a major so use of carbon in 

the photosynthesis mechanism (Withgott and Laposata 2011, p 30-31).  Plants via 

photosynthesis produce carbohydrates (glucose) during the day light and release the carbon 

dioxide to the atmosphere in the night through respiration. Chemical reactions of 

photosynthesis and respiration are summarized in two equations below (Withgott and 

Laposata 2011, p 30-31): 

 Photosynthesis :   6CO2 +6H2O + Sun’s Irradiance ( as the energy source)→C2H12O6+ 

6O2 

 Respiration  :      C6H12O6 +6O2→ 6CO2 + 6H2O + energy 

Carbon dioxide emitted to the atmosphere could have anthropogenic and natural sources. 

Atmospheric carbon dioxide annual growth in 2004 was about 80% (from 21 to 38 gigatones) 

by having the 77% anthropogenic origin. The imbalances of CO2 emissions from natural and 
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anthropogenic aquifers considered as a major natural driving force of greenhouse effect and 

global warming. So the consequences of carbon dioxide imbalances are highly entangled with 

global warming negative global impacts (IPCC 2007). 

2.4.1 CO2 emission and absorption in fresh water lakes 

Carbon dioxide is a soluble gas and the net amount of it in the aquatic systems stimulated by 

variety of dynamic processes (Prairie and Cole 2009). The dissolved carbon dioxide within 

the water column depletes by photosynthesis and produced or replenished by the macrophyte 

or any other photosynthetic species (Prairie and Cole 2009). The procedure of taking up the 

atmospheric CO2 into the water column is facilitated by macrophytes respiration. This process 

is mainly done by the emergent aquatic plants which are rooted into the sediment levels of the 

lakes or wetlands (Wetzel 2001, p 187).  

The photosynthesis and respiration in fresh waters are constantly shifting over diel cycle 

within the aquatic ecosystem by microbes and aquatic plants (Tranvik 2009).Therefore the net 

amount of CO2 dissolved into the water or emitted from those environments is highly 

dependent on the diel activities of those species.  A part of methane produced in the sediment 

by the methanogenic bacteria would be oxidized by oxidizing bacteria in the overlying water 

column and produce CO2. The fluxes of CO2 are usually much higher than CH4. According to 

the Henry’s low, the partial pressure of gas in air are to be in equilibrium with partial pressure 

of it in the water column. The reason that might lakes have different dissolved CO2 in 

different geographical zones is because of factors such temperature and altitude which affect 

pressure. Concentration of the dissolved CO2 is higher than atmosphere. Storage fluxes also 

occur when the trapped CO2 in the hypolimnion storages layer out and move and release 

sudden great amount of CO2. Another important carbon dioxide emission is plant mediated 

fluxes. Plants and especially in the case of wetland and lakes, macrophytes emit CO2 to the 

atmosphere via stomata pores of their leaves during dark hours (Prairie and Cole 2009). 

2.5 Nitrogen  

Nitrogen is the essential element found in all amino acids and nucleotides which makes the 

protein and nucleic acids (Withgott and Laposata 2011, p 38-39). The structure of many 

aquatic organisms is dependent on nitrogen and nitrogen based substances such chitin in the 

cell walls of fungi and exoskeleton of aquatic insects. Biological and chemical statues of 

inland waters such as primary production of most fresh water lakes are constantly dependent 

on nitrogen availability (Howarth, 2009). Nitrogen molecules accompany phosphorous and 

regulate production rates within the water column. Organic N forms could be found in two 

forms of particulate organic carbon (PON) and dissolved organic nitrogen (DON) (Howarth, 

2009). Inorganic N forms are dissolved N2 gas, nitrates (NO3
-
), Nitrite (NO2

-
), ammonium ion 

(NH4
+
) and ammonia (NH3). Among these forms Nitrate is the most oxidized ion with the 

valence state of +5 and ammonia and ammonium has the lowest valence sate of -3 which 

makes them the most reduced forms of nitrogen within the aquatic ecosystems. 

Nitrogen in atmosphere generally found in form of N2 (Howarth, 2009). N2 molecules should 

called fixation mechanism which is done mostly by bacterial nitrogen fixation. Other natural 

fixations ways for nitrogen are volcanic and lightening fixations. It is believed that before the 
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industrial revolution most of the N2 fixed in to the terrestrial and aquatic ecosystems were 

done by bacterial fixation mechanism which was geographically balanced by the 

denitrification processes. But after introduction of synthetic agricultural fertilizers, huge 

amounts of nitrogen entered to the whole ecosystems of earth and altered the nitrogen balance 

of the continental nitrogen budgets (Withgott and Laposata 2011, p 38-39 and Howarth, 2009) 

2.5.1 Nitrogen cycle and dynamics in aquatic ecosystems  

The N2 in the aquatic systems in order to be biologically available or could be taken up by the 

macrophytes should combined with hydrogen in the process of “ Nitrogen fixation” Withgott 

and Laposata 2011, p 38-39 and Howarth, 2009). This process in lake environment performed 

by nitrogen-fixing bacteria and in result ammonium (NH3) is produced which could be taken 

up by aquatic plants. Nitrogen fixed organically in the biomass of the plants consecutively 

passes through the food web of the ecosystem. Methane oxidation could also be linked to 

nitrogen cycling since many MOBs tend to act as nitrogen (N2) fixers in aerobic 

environments. The equation below summarized the fixation (Howarth, 2009): 

½ N2 + 3/2 H2O+H
+ 

→NH4
+
 +3/4 O2 

The organic nitrogen compounds in the aquatic environment are converted to inorganic 

nitrogen again via a web of bacterial processes (Howarth 2009 and McCarthy et al. 2007). 

Those energy yielding processes are generally known as nitrification in which ammonium is 

oxidized to nitrate. The rate of nitrification is directly dependent on bacterial populations and 

the amount of ammonium accumulation in the aquatic environment. Anaerobic ammonium 

oxidation of N2 (ANAMOX) and dissimulatory reduction of nitrate is also two newly found 

process of nitrification. It is mentioned by Howarth (2009) that, nitrification can be the main 

cause of nitrogen sink in the aquatic environment such as lakes, wetlands and reservoirs The 

equations below summarized the nitrification process (Howarth, 2009):  

NH4
+
+O2 → NO3

-
+H2O+2H+ ¾ O2 

Nitrate gained from the nitrification process reduces to nitrite by heterotrophic bacteria 

(Howarth, 2009 and McCarthy et al. 2007). These bacteria gain their energy form OM 

degradation process and use the nitrate or nitrite as their electron acceptors. Gaseous nitrogen 

released to the water column as a product of denitrification process (Withgott and Laposata 

2011, p 39). De-nitrification only takes place in absence or very low presence of oxygen. 

Therefore, the best place in aquatic environment for denitrification is the anoxic sediments or 

bottom layers of stratified lakes Howarth (2009). Other means of denitrification processes 

have been discovered lately via sulfide oxidation. The equations below summarized the 

denitrification process (Howarth, 2009): 

OM+ NO3
-
 +H

+ 
→ 5/4 CO2 +1/2 N2+ 5/4 H2O 

Nitrous oxide is one of the intermediate products of the denitrification and also a by-product 

in the nitrification process. 
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Figure 1. The Schematic presentation of nitrogen cycle in the freshwater lakes. This picture is 

inspired from Laanbroek (2010) 

2.5.2 N2O emissions from fresh water lakes and wetlands 

It is reported by Mengis et al. (1997), Wang et al. (2006) and Huttunen et al. (2003) that the 

pelagic regions of shallow boreal lakes do not significantly emit N2O to the atmosphere and 

those are considered as moderate or below moderate sources of N2O. Original (not 

constructed) lakes and wetlands may show low nitrous oxide due to having less denitrification 

going on within their literal zones. The reason for that may be cause of the less anoxic 

conditions in the sediments which restricts denitrification. On the other hand, constructed 

wetlands especially the ones aimed for treatment of domestic or agricultural wastewater are 

usually entangled with heavy loads of N and higher contributions in N2O emissions (Liikanen 

et al. 2005). However, the results of N2O fluxes from different studies vary and often don’t 

show any clear patterns (Huttunen et al. 2003). 

The Study by Wang et al. (2006) on a eutrophic Subtropical lake in china reported high 

amounts of nitrous N2O from pelagic regions. This study divided the lake to the different 

spatial zones and performed seasonal GHG measurements. Throughout one year sampling 

macrophyte rich littoral zones of that lake had the highest N2O emission rates. Same as in 

Huttunen et al. 2003, they included that the vegetated littoral zones comparing to pelagic 

regions had significantly higher emission rates of about 43.6 % of total emission. The same 

study also noticed nitrous oxide emissions demonstrated seasonal trend and the highest 

temporal emission rates were corresponded positively to the high algal blooming period. The 

results of this study resembled the studies of Liu et al. (2011) and Yang et al. (2012) 

emphasizing the importance of the zonal appearance, vegetation and algal blooming in N2O 
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fluxes. Same studies mentioned the variability in sun’s radiance and air temperature s and 

depth had noticeable and sometimes significant effects on nitrous dioxide fluxes. 

2.6 Macrophytes and Plant mediated fluxes 

Macrophytes are important sources of oxygen and can highly contribute to overall primary 

production and influence processes related to CH4, CO2 and N2O dynamics within the lake 

environment. Macrophytes absorb CH4 through the roots and transport them to the 

atmosphere via the leaves. Since methane molecules are almost insoluble in the water, 

produced methane has more opportunities than CO2 to reach to atmosphere. Stomata pores in 

the epidermis layer of the plant leafs are the gateways for import and exporting the GHGs. 

Opening and closing of leaf’s Stomata is controlled by sunlight. 

Lake and pond Aquatic plants are classified according how they appear in the water into 

floating-leafed (i.e. Potamogeton natans), free-floating (i.e. Lemna spp.), submersed (i.e. 

Utricularia spp.) and emergent macrophytes (i.e. P.australis and T. latifoilia) (Brönmark and 

Hansson 2005 p, 73-75). Plants release carbon dioxide through respiration mechanism in the 

dark and absorb it via photosynthesis in the day light through the stomata pores in the leaves. 

But CH4 only escapes through the leaves and there are no CH4 intakes from the leaves 

(Whiting and Chanton 1995)  

According to Whiting and Chanton (1995), Laanbroek (2010) and Kankaala et al. (2001), 

emergent macrophytes have the highest impact on CH4 fluxes compared to other macrophytes 

types. The highest methane reported via emergent macrophytes was from littoral zones of the 

lakes. In addition, vascular emergent aquatic plants have noticeable effects on CO2 dynamics 

through their respiration and photosynthesis (Ström et al. 2005). If the rate of photosynthesis 

would be greater than respiration it is called net autotrophic and if the opposite occur it is 

called heterotrophic (Tranvik 2009 & Prairie and Cole 2009). N2O fluxes from the vegetation-

rich boreal lakes are often neglected due to low numbers of observations (Huttunen et al. 

2003).  

The two species of Equisetum fluviatile and Phragmites australis are reported to emit more 

methane per cubic meter per day within the littoral zones during the growing season 

compared to other boreal lake macrophytes (Bergström et al. 2007). Methane transportation in 

some plants such as Phragmites spp, Nuphar spp, E.fluviatile and Typha spp is performed via 

pressurized convective through-flow, or by molecular diffusion as in Carex spp, Peltandra 

spp, and Eriophorrum spp (Whiting and Chanton 1995). Diel behavior of plant mediated 

methane fluxes is highly dependent on these two gas transportation systems. 

2.6.1 Temporal patterns of plant mediated fluxes 

The daily changes of sun’s radiation, air and sediment temperature and growth stage of the 

macrophyte populations affect diel and temporal plant mediated CH4 and CO2 fluxes in fresh 

water lake environments (Whiting and Chanton 1995, Chanton et al. 1993, Prairie and Cole 

2009 and kaki et al. 2001). In the fresh water lakes, the temporal N2O fluxes could highly be 

dependent on the rates of nitrification and denitrification within the root zone and the growing 

season peaks of the macrophytes (Huttunen et al. 2003 and Wang et al. 2006). 
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Sun’s irradiance is believed to act as an important natural driving force in diel and monthly 

fluxes of CH4 and CO2 (Van der Nat et al. 1998 and Käki et al. 2001). The sun’s luminosity 

changes during the plant’s growing season would speed up and slow down the gas 

transportation mechanisms and stomata closures. The light absorption by the leaves during the 

daytime could increase the internal temperature of the vascular macrophytes as well as 

humidity and water vapor pressure and eventually pressurize the through-flow of the gas 

transportation. The emission rates between two convective through flow utilizing species of 

T.latifolia and P.australis have shown high methane emissions at early morning and noon and 

low emission rates at nights Käki et al. 2001.This emission rates correlated positively with 

diel sun’s radiance tendencies. 

The investigation performed by Whiting and Chanton (1995), indicated that sediment and air 

temperature rises could elevate diurnal patterns of methane fluxes. The authors, mentioned air 

temperature rises were clearly seen due to elevation of methane fluxes seen from macrophytes 

using convective flow mechanism. Same study that Macrophysics using molecular diffusion 

mechanism as their gas transport mechanism would increase the methane emission when there 

is more CH4 production in the sediment zones. The elevated sediment temperature reported to 

have positive correlation with more methane fluxes from those aquatic plant plants using 

molecular diffusion mechanism. 

Higher temperature would be in favor of methanogenesis which could increase the access of 

methane for the macrophytes. Thus, the convective through flow transport mechanism is 

mainly stimulated by the direct sun’s radiation to the macrophysics stems but molecular 

diffusion is stimulated by the sediment temperature and methane production (Whiting and 

Chanton 1995 and Chanton 2005). The studies the T.domingensis strands in a subtropical lake 

and T.latifolia strands in a boreal lake showed high emission rates of methane mostly during 

the morning (Chanton et al. 1993 and kaki et al. 2001 respectively). Similar methane fluxes 

are reported from another boreal study by Yavitt and Knapp (1998) from species T.latifolia 

and P.australis. 

In contrast with Knapp and Yavitt 1992, the study of Whiting and Chanton (1995) indicated 

that, leafs stomata activity has none or very low influence on plant methane emissions. The 

authors mentioned that there is a low CH4 flow between macrophyte’s root (rhizosphere zone) 

and soil .So, the leaf resistance caused by changes in the sunlight has a minimal effect in the 

diurnal methane emissions. Accordingly, methane emissions are not stimulated by 

photosynthesis and stomata aperture but, air temperature and sediment temperature seemed be 

more effective methane flux stimulators with their impact on both plant gas transport 

mechanisms in the fresh water ecosystems. 

The study of Kaki et al. (2001) showed that the methane emission rates throughout the 

growing season was highly dependent on the plants growth stage .Moreover, this study also 

indicated that in none or low vegetated areas of lakes, ebullition dominated emission but in 

the littoral and shallow zones plant mediated fluxes were the dominating methane emission 

mechanism. Similar diel and seasonal patterns of methane emission of T.latifolia strands were 

reported by studies of Chanton et al. (1993) in Florida-USA, Knapp and Yavitt (1992) and 
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Yavitt and Knapp (1998) in Kansas-USA and New York-USA respectively. These findings 

showed that the same macrophyte specie had the same methane emission rates in different 

latitudinal or geographical locations. 

N2O emission from freshwater lakes is shown to be highly dependent to the abundance of the 

macrophytes (Wang et al. 2006 and Liu et al. 2011). The pelagic regions by having none or 

very low amounts of macrophytes are shown to release significantly less N2O than vegetated 

littoral zones. The nitrous dioxide emission varies a lot between current studies which reveals 

there are demands of more systematic measurements in different geographical regions 

(Huttunen et al. 2003). The coincident of algae blooming and macrophytes growing peak 

during summer is reported to include the highest N2O plant mediated fluxes (Wang et al. 

2006). 

2.7 The Flux Measurement methods 

There are different methods of sampling available for GHG fluxes. Ström et al. (2005) used 

the monolith culturing for observing CH4 and fluxes. In this method the peat-plant monoliths, 

in other words the full alive macrophyte biomass with intact root-sediment section, was 

collected .The collected samples was transferred into the laboratory. The lab condition should 

stimulate the natural growing season conditions such as controlled temperature with day/night 

rhythm with proper light intensity, humidity and etc. The study of Ström et al. (2005) 

employed this method to observe the species- specific vascular plants on carbon dioxide and 

methane. This method was also been applied by Kankaala et al. (2003) where they put the 

sampled macrophytes in the specialized laboratory similar to greenhouse to stimulate the 

wetland environment in an in-vitro condition.  

As mentioned in Lai (2009), two other major methods which are commonly used in GHG flux 

measurement are micrometeorological eddy covariance (EC) and chamber methods. The EC 

technique employs the air turbulent movements to determine an average for gas flux. This 

average is accounted as a covariance of CH4 mixing trends in vertical wind velocity. This 

method is useful for having continues readings in limited areas of the ecosystems. This 

method is moderately accurate but costly and complicated in terms of installation, operation 

and maintenance Lai (2009). The closed chamber method is noticeably less costly than the 

other methods and have been employed by several other studies such as Lai (2009), Whiting 

and Chanton (1995), Ström et al. (2005) , Huttunen et al. (2003), Huttunen et al. (2002a), Liu 

et al. (2010), Liikanen (2006) and Hyvönen (1998). In this method the vegetation is covered 

by transparent chambers during a restricted time span and the samples are usually withdrawn 

manually. The gas fluxes are measured by calculating the slope of the gas concentration 

changes during the sampling time span. The problem of this sampling method would be the 

possible plant stress when covered by the chamber, operation labors and complications in 

estimating the net production. In this thesis I further list and explain the features and 

experienced challenges of the chamber method as the method I used in this study in the 

discussion part.  
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3. Materials and methods 

3.1 The study site  

The location of sampling was the littoral zones of lake Följesjön at the Skogaryd research site 

(58°22′10″ N, 12°08′47″ E) located in Västra Götaland county in southwest of Sweden. The 

lake Följesjön is surrounded by dense boreal forest and partially elevated sides which makes 

the lake a reservoir of organic carbon. The lake was surrounded by highly vegetated marsh 

zone. A board walk was formerly built over the marsh zone between the shore and the littoral 

zones of the lake in order to provide access to the different parts of the littoral zone of the lake 

(Figure 3). Littoral zone was partially overgrown and the species of P.australis, T.latifolia and 

E.fluviatile were the dominating spices. The densities of plant communities were diminished 

as they approached to the deeper pelagic regions and there were no emergent macrophyte in 

the center of the lake’s water body.  

 

Figure 2. In this map the location of Följesjön Lake is presented. This map is taken from 

http://www.lantmateriet.se © 2012 lantmateriet/898 

 

 

http://www.lantmateriet.se/
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Figure 3. The picture of Lake Följesjön in Skogaryd area. A view of board-walks at open 

water zone (left) at more densely vegetated zone (right).The pictures were taken by Houtan 

Radpour and Nina Marliden (2012). 

3.2Sampling locations  

The samplings were conducted at the beginning of the littoral zone the different types of 

submerged, floating leaved and floating plants were included in each chamber spots. (Figure 

4) A sample of how we observed and noted the macrophytes is bought up in tables 1 and 2. 

The chosen spots for sampling had rich mixture of different types of emergent macrophytes. 

Species of Sphagnum spp and Carex spp where densely populated in the marsh zones. The 

average water depth under the board walk was 100- 1.30cm. The littoral zone of the lake 

consisted deep sediment zone under the water column.  

 

Figure 4. The sample picture of an E.fluviatile sampling spot (left) and a mixed sampling spot 

(right), Pictures taken by Houtan Radpour (2012). 

Samplings were conducted on four dates (sessions).Within each session three sampling spots 

as replicates were chosen to perform measurements from. Measurements of three spots of 

mixed populations and three spots of E.fluviatile strands were done separately at a session. 

The spots were chosen in a way to cover different macrophyte populations of low, medium 

and high densities. No other emergent species were included for E.fluviatile sampling. 

Densities of the macrophytes were estimated by counting the numbers of the shoots and 

clusters of each sampling spot. We tried to keep the spots as constant as possible throughout 
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all four sampling sessions; however, some minor spot dislocations were needed due to species 

withering or being damaged either by sampling process or natural happenings. All catchment 

spots were photographed and documented for later analysis. The Figure (4) is the photographs 

taken from two different sampling spots. 

Table 1.Macrophyte composition of mixed sampling spots in the sampling session four on 30
th

 

July 2012. The amount for height noted in the table is the average height from whole each 

species population in the sampling spot. (Mix= Mixed macrophyte community) 

 

Table 2. Macrophyte compositions of E.fluviatile sampling spots in the sampling session four 

on 30
th

 July 2102. The amount for height noted in the table is the average height from whole 

each species population in the sampling spot. (Eq= E.fluviatile) 

Species Eq- spot A Eq- Spot B Eq- Spot C 

E.fluviatile 5 stands ,1 withered, 

height:55cm 

3 individuals , Semi 

withered  

4 fully withered  

 

Species Mix- Spot A Mix- Spot  B Mix- Spot  C 

P. australis 1 stem, old leaves, height 

:90 cm  

3 stems, one withered 

withered),height:85c

m 

 one withered 

Carex spp 20 clusters, 70% 

healthy,height:45cm 

8 small clusters, semi 

withered ,height:35cm 

4-5 clusters, 40% 

withered 

E. fluviatile 12, semi-old ( some 

broken), average height 

:35cm 

2 strands, withered 

,height:35 cm 

22 mostly weathered 

and broken 

L. thyrsiflora none 25 individuals, mostly 

withered, height:35cm 

4 semi withered, 

height:35 cm  

U. intermedia More,than20 individuals, 

Sub surfaced 

More,than20 

individuals, Sub 

surfaced 

None 

M. trifoliata 14, almost withered 

height:25 cm 

30 individuals ,70% 

withered ,height 30 

Ten individuals( 

mostly  withered) 

height: 

Sphagnum 

spp 

50 % covered , 10 cm 

height 

none 95 % coverd,15- 20cm 

height 

T.latifolia none Semi-withered, eight 

leaves, 60 cm height 

None 

Overall 

density 

Low High Medium 
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3.3 Sampling sessions 

We went for four sampling sessions from Lake Följejön during the growing season of the year 

2012. Four sampling sessions were held on dates July17
th

, July 30
th

, August 15
th

 and 

September 24
th

 of 2012 in order to record temporal patterns of CH4, CO2 and N2O fluxes. 

3.4 Sampling design 

The method used for GHGs emission measurements was floating chamber measurements. 

Chambers were made in two sizes in order to perform sampling from both mixed population 

of macrophytes and specific strand(s) of Equisetum fluviatile .The bigger Chamber was 

named pyramid (P) had a frame made of plastic water pipes. P chamber was made in pyramid 

shape with a cubic space at the base. This shape was the most preferable shape on accounts of 

stability on the surface of the water .The structure covered by four pieces of highly 

transparent air tight plastic sheets (Otto Nielsen Emballage, 2800 Lyngby, Denmark) the same 

plastic sheet as used in Hansen et al. (1998). 

The chamber structure was covered by a tent which was made with plastic sheets. The plastic 

sheets were measured, being cut, and attached by duct tape at the seams. Total volume of this 

chamber was 1.4m
3
. This chamber was equipped with two computer CPU fans (AVC, DC 

12V 0.7A Model; DS08025T12UP033) to provide a homogenous concentration within 

chamber ambient and avoid concentration differences in different parts of the chamber. In 

order to have more floating capability on the water four pieces of Styrofoam flaps were 

attached by plastic straps to the base of the chamber. 

The Smaller chamber named Cylinder (C) was made to perform sampling from E.fluviatile 

strands without interference of other macrophyte species. It was made of a 74 cm long 

transparent plastic pipe which was formerly used for sediment sampling. It had 7cm of inner 

diameter and total volume of 0.00285 m
3
. The top side of the chamber was covered and sealed 

by same air tight plastic sheet as used in P chamber. C chamber was equipped by an inlet and 

an outlet plastic tube with plastic 3-way valve stop-cocks to which 60 ml syringes were 

attached in order to simultaneously replace the sampled headspace upon sampling. The reason 

to have this system was to provide the inside chamber environment with air circulation and to 

avoid occurrence of under pressure due extracting the gas samples. The gas concentrations 

were corrected for the dilution effect of injected air for controlling the pressure equilibrium.  
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Figure 5. The P chamber (left), C chamber (top-right), author launching P chamber on the 

sampling spot. The pictures are taken by Nina Marliden and Houtan Radpour (2012).  

According to the small size of B chamber, no fans were used in this chamber. Styrofoam flaps 

at the base were implemented in order to provide more stable deployment on the water 

surface. Besides two plant chambers described above, another type of chamber was used in 

order to sample emissions from open water surface without emergent plants to compare the 

background fluxes from the open water zones with plant mediated fluxes from vegetated 

zones. These chambers were made of 6.5 liter plastic sinks which were coated with reflexive 

aluminum tapes to avoid high temperature inside the chamber due to sunlight. These 

chambers were also equipped with Styrofoam flaps for flotation on the water. Like the other 

chambers, samples were taken from the open water chambers via similar tubing and three-

way valve stop-cocks attached to the 60 ml syringes.  According to the protocol of sampling 

control samples were taken 2-3 times during the each sampling session. 

I made some modifications in method and routine of samplings in order to reach to a robust 

and reliable sampling protocol. Three suitable catchment spots with high, low and medium 

plant population density around the board walk were decided in each sampling session. I tried 

not to change or alter the plant population and mixture sampling spots during the different 

session; however, some spot dislocations were inevitable. Chamber measurements over 15 

min time frames were made on each spot. The reason for not having the chamber on the plant 

more than 15 minutes was to minimize disturbing the macrophyte’s natural activities and 

health. Weather and water conditions of each sampling periods, including temperature, wind 

speed, and pressure was noted using wind speed / baro-meter (Silva, ADC pro, Sweden). 

Natural or accidental happenings such as chamber tilting, rain and storms were noted during 

the sampling sessions. 
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Each diel sampling session were 24 hours long and 4 to 6 measurements per spot were 

performed in each session. In each session, sampling were conducted for all the three spots of 

A, B and C respectively, from both mixed populations (using P chamber) and E.fluviatile 

strands ( using C chamber) at all measurement times. For each measurement, one sample in 

every 3 minutes was taken. This yielded to 5 samples in each flux measurement sequence to 

follow up concentration of gas in the chamber. The initial sample was taken after 3 minutes 

from lunching the chamber on the spot. After finishing all 5 samples, the chamber were 

equilibrated with outside air before launching it on the next spot. Chambers were constantly 

watched to prevent leakage during the measurements. 

In first and second sessions, samples were taken using 60ml syringes with three-way valve 

stop-cocks and transferred to the base camp to perform CO2 and CH4 analysis using a Los 

Gatos Research greenhouse gas analyzer (DLT-100; LGR). But in third sampling samples 

were injected from the syringes to 20ml glass vials with rubber stoppers (sealed with 

aluminum caps) on site. In this method each vial was flushed by the 60 ml syringe containing 

three times to the volume of the vial (3×20 ml) with the sampled gas to ensure there were only 

sampled gas inside the vial for the analysis. The reason for having the gas a sample in vial 

was because we decided to perform analyzes with an automatic gas chromatograph (GC) 

which enabled us to analyze N2O. Unfortunately couples of vials in the third session were 

leaked due to bad stoppers. We faced some samplings difficulties and pitfalls in each session 

during the sampling or transferring the samples such as vial leaking and chamber tilting or 

sediment disturbing. These issues might have altered the samples concentrations and the 

occasional negative fluxes for methane. The negative methane fluxes and leaked or lost 

samples were omitted from further analysis.  

For optimizing the sampling in the third session, we tried an electric pump (Diaphragm gas 

pump, SP570 EC LC 8VDC, Sweden) for C chamber on the E.fluviatile strands. The pump 

was made to create nonstop circulated air suction and supposed to fill the vial with chamber 

headspace gas. The pump strategy was not successful because the needles into the vial caused 

restricted flow and therefore the pumping induced under pressure in the cylinder and 

eventually caused considerable rise of the water column in C chamber and disrupted the 

sampling procedure. The other problem of the pump was the rapid battery depletion and 

practical issues of operating it under the rain.  

A CO2 logger (Senseair, ELG-CO3 logger, Sweden) were attached in C chamber to measure 

CO2 Concentrations and inner chamber temperature. In the fourth session, sampling methods 

were adapted further to avoid gas leaking via stoppers in vials. We increased the sample 

flushing amounts from 1x 60ml syringe to 3x60 ml syringes. Prior to sampling, the vials were 

filled with saturated salt water (NaCl+H2O). The reason to have the salt water solution was to 

make an additional impenetrable liquid layer for gas samples inside the vials. Each vial in this 

method was first flushed by 2 full 60 ml syringes using a second outflow needle. Then the 

flow needle was removed and 30-40 ml of the third syringe which pushed into the vial 

causing over pressure. The salt water was pushed out during the flushing and only 2 cm layer of 

the solution was kept as a gas barrier by keeping the vials upside-down until analyzed by GC. 
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3.5 GHG analysis 

The samples from two sampling sessions were analyzed using off-Axis Cavity Output 

Spectrometer (LGR greenhouse gas analyzer; www.lgrinc.com). The syringes carrying the gas 

samples were transferred to the base camp after the sampling and been analyzed by LGR in a 

short time. Samples from other sessions were all injected to the 20ml vials and transported to 

the laboratory of TEMA V, Linköping University to be analyzed by Gas Chromatograph 

(Agilent Technologies, 7890A equipped with a 1.8 m × 3.175 mm Porapak Q 80/100 column 

from Supelco, a methanizer, a flame ionization detector (FID), thermal conductivity detector 

(TCD) and a ECD (Electron Capture Detector) with a 7697A headspace sampler). The rough 

data gained from GC analysis were in peak area units which we calculated them into mole 

(details on calculations are further discussed in calculation part). In order to perform 

calibration procedure, regression curve were drawn using Microsoft Excel program. Linear 

Regression was calculated using results from analyzing gas standards with known 

concentrations of 10 ppm CH4, 2000 ppm CO2 and 2 ppm N2O. All calculations and data 

results were performed in Excel and SPSS computer programs.  

 

Figure 6. On the left -analyzing the samples with LGR DLT-100 greenhouse gas analyzer set 

in the basecamp near to Följesjön lake. LGR was in the syringe mode so the samples could 

directly injected form syringes for analysis. On the right-analyzing the transported samples to 

the lab by GC set. The samples were injected to 20ml vials. 

3.6 Flux calculations 

The results from the GC was converted to ppm by multiplying the peak areas with the slope of 

the linear regression curve in Excel (The LGR results were already in ppm and no calibrations 

were needed). In order to have the concentrations of the gases in mole per chamber volume 

we first converted the ppm concentrations of the samples to partial pressure (Pascal units) and 

then used the Ideal Gas Law. The calculation steps below were conducted for three gases of 

CH4, CO2 and N2O according to Bastviken et al. (2010): 

      (   )  
   

   
  (   )                                                                                            

http://www.lgrinc.com/
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      (   )       (   )  
 (   ) 

  
                         

 

where P (gas) is the partial pressure of the gas, ppm is the amount of gas per mole, P(tot) is 

the ambient pressure which were measured onsite ,R is the gas constant (8.314 Pa m
3
 K

-1
 mol

-

1
),V is the volume of the chamber in cubic meter, T is temperature in Kelvin , and n(gas) is 

the number of moles of gas in the chamber (corresponding to the amount of the gas 

molecules).  

We used Equation 3 to reach to the concentration slope of each five taken samples from the 

chamber. In this Equation x and y are the variables, b is the slope derived from 5 consecutive 

sample concentrations versus the corresponding time when the sample was drawn, x and y 

being the variables.  

                                                                                     

The change in n (dN; moles h-1) was derived from the slope of the regression between n (gas) 

and time using the 5 consecutive samples. The scatter plot (graph 1) is an example of made 

slope calculation. 

 

Figure 7. A sample of slope calculation is represented in above scatter point graph. The slope 

gained from the five consecutive samples is calculated using equation at the top-right of the 

graph yielding the slope value (b) of 0.00002. 

 

finally we introduced “A” as the chamber base area in squared meter and divided  it by 24 in 

order to reach the diel flux ( Equation 4) so that the flux could be converted to n mmol per 

square meter per hour. 

 

   Flu (    l  −2d−1)  
dN (   l  h−1)

A(  )/ 4 ×     
                      4 
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4. Results 

4.1. Methane fluxes 

4.1.1 Methane fluxes of mixed Sampling 

Diel and monthly CH4 fluxes are demonstrated with error bars in figure 8. Each bar represents 

the average flux of spots A, B and C. First session (top-left) was held in July 17
th

 in which we 

only conducted diurnal sampling. Therefore, only four sampling sets from 6:00 till 18:00 

(every four hours) are presented in this chart. The other sessions contain 6 bars representing 

the diel fluxes. Missing or negative methane fluxes due to sampling or analyzing errors were 

removed from the charts. Figure 8 clearly indicates that we had the highest emission rates on 

July30
th

. The other three CH4 flux temporal pattern were similar to each other by having slight 

increase when they approached to the darker hours of 22:00 and 2:00. 

 

Figure 8. The error bar charts show the diel fluxes from mixed population of four sampling 

sessions. The fluxes are in mmol m
-2

d
-1

(Y axis) and diel time span is in clock time of the day(X 

axis). N=3 in each bar. 

Methane fluxes show the highest diel average of 1.2 mmol m
-2

 d
-1

 In July 30
th

  (top –right) 

following  respectively by August 15
th

  (bottom-left) , September 24
th

  ( bottom-right) and 

eventually the sampling session on  July 17
th

 (top-left) by having the lowest average flux of  

0.42 mmol m
-2

 d
-1

. CH4 diel fluxes varied between 0.17 and 1.5  mmol m
-2

 d
-1

 .The results of 

two-tailed t-test didn’t show any significant difference between the daytime and night time 

samplings (p 2-tailed = 0,178 with α = 0.05). In order to investigate whether if three have 
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been any significant difference in methane fluxes between each sampling hours, one way T-

test were conducted. The significant differences found are brought up in Table 3. 

Table 3.The result of one-tailed T-test showing significant differences (α=0.05) between 

methane fluxes of mixed sampling during the sampling session.  

 

Sampling Session 

 

Significant difference seen between 

 

p-value 

July 17
th

  6:00 and 18:00 

6:00 and 14:00 

0.03 

0.02 

July 30
th

  

 

22:00 and 2:00 

14:00 and 2:00 

18:00 and 2:00 

0.03 

0.005 

0.01 

August 15
th

  6:00 and 2:00 0.03 

September 24
th

  None …… 

 

Figure 9 is the scatterplot drown to indicate whether if there was any linear correlation 

between methane fluxes and air and water temperature of the sampling time. The results 

showed there was no relation between these two factors. The Pearson’s correlation test for all 

also did not show any significant correlation between air and water temperature and methane 

fluxes.  
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Figure 9. Linear relationship between methane fluxes of four sessions of mixed sampling 

(n=4) and air temperature (top) and water temperature (bottom).temperature is in °C and 

methane fluxes are in mmol m
-2

 d
-1

. The fluxes and temperature rates are in diel averages. 

4.1.2 Methane fluxes of E.fluviatile sampling 

Figure 10 represents the temporal fluxes of methane of E.fluviatile strands in error bars.  Each 

bar represents the average flux of spots A, B and C. Similar to mixed sampling, the error bars 

represent the average fluxes of three spots. The negative fluxes are omitted for analytical 

tests. The first sampling session of E.fluviatile was performed on July 30
th

 (top-left) which 

July17th 

July 30th 

Sep 24th 

Aug 15th 

July30th 

July17th 

Aug15th 

Sep24th 
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had the highest average of 2.3 mmol m
-2

 d
-1 among the two sampling sessions. The following 

sessions were August15
th

 ( top-right) and September 24
th

 (bottom-left) which had lower 

averages  (0.59 mmol m
-2

 d
-1

 and 0.27 mmol m
-2

 d
-1

, respectively).The highest E.fluviatile 

sampling  flux was seen on July 30
th

 at 10and was about 4.2 mmol m
-2

 d
-1

 . 

 

                                                                                                                                                                    
According to T-test results, there were no significant difference between the rates of daytime 

sampling and night time sampling fluxes (p 2-tailed = 0, 47 with α = 0.05). CH4 flexes of 

E.fluviatile sampling likewise mixed samplings showed no significant diel peak. CH4 fluxes 

on 15
th

 August showed slight steady increase (from 0.2 to 0.9 mmol m
-2

 d
-1

) and no steady 

increase and decrease were seen in other two sampling sessions. In order to investigate 

whether if three have been any significant difference in methane fluxes between each 

sampling hours, one way T-test were conducted. The significant differences found are brought 

up in Table 4. 

 

 

 

 

Figure 10. Diel methane fluxes of 

E.fluviatile strands in mmol m
-2

 d
-1

(Y 

axis) corresponding to the time of 

day(X axis).Samplings on July 30
th

 

(.top-left), August 15
th 

(top-right) and 

September24
th

 (bottom-left) 
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Table 4.The result of one-tailed T-test showing significant differences (α=0.05) in methane 

fluxes of E.fluviatile sampling during the sampling session. 

 

 

Sampling Session 
 

Significant difference seen between 

 

P-value 

 

July 30
th 

 

  

 

14:00 and 6:00 

 

 

 

0.02  

 

 

 

August15th  

 

 

6:00 and 2:00 

 

0.03  

 

 

 

September 24th 

 

22:00 and 2:00 

 

14:00 and 2:00 

 

6:00 and 2:00 

 

0.05  

 

0.01 

 

0.05  

 

The scatter plot in Figure 11 was drown to see if there were any (general) correlation between 

the air and water temperature and CH4 emission from all flux dataset. There was no linear 

relation between air temperature and E.fluviatile mediated fluxes. The Pearson’s correlation 

test for this purpose also was conducted which showed no significant correlation between 

average air and water temperature of the sampling sets and the methane fluxes. With a closer 

look in each session, a strong positive correlation between air temperature and methane fluxes 

was seen on July 30
th

 (Pearson’s correlation coefficient= 0.828, p=0.000). Other sessions had 

weak negative correlations between air temperature and E.fluviatile mediated methane fluxes 

on August 15
th

 and September 24
th

.Results for these two sessions was respectively: Pearson’s 

correlation coefficient -0,661, p=0,000 and -0,671, P=0,000). 
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Figure 11. linear relationship between methane release of E.fluviatile samplings and air 

temperature where temperature is in C (X axis) and methane fluxes are in mmol m
-2

 d
-1

(Y 

axis). N=3. 

  

Three 

Three 
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4.2 CO2 fluxes  

4.2.1 CO2 flux patterns of Mixed sampling 

The charts in Figure 12 represent the diel and monthly CO2 fluxes (average fluxes of spots A, 

B and C) of mixed sampling throughout four sampling sessions. In contrast to CH4, the 

negative fluxes of CO2 during the night period were illogical due to CO2 uptake via 

photosynthesis mechanism and were not omitted from the graphs. Since the first sampling 

session was only conducted in day time, we did not observe any positive fluxes. 

 

Figure 12. Diel CO2 fluxes of mixed macrophyte populations in mmol m
-2

 d
-1

(Y axis) 

corresponding to the time of the day(X axis).N=3 in each bar. 

The negative daytime fluxes of CO2 were ranged from the lowest -12. 97 mmol m
-2

d
-1

 on July 

30
th to the highest -1,54 mmol m

-2
d

-1
 on September 24

th
 .An important reading from the graph 

was that majority of negative fluxes  break to positive  between the sampling hours of 14 and 

18 .The only sampling date which did not obey this trend was sampling on July 17
th

  when the 

fluxes remained negative  until 18.The positive fluxes from night time sampling sets were all 

appeared from 6:00 pm in the evening except only one positive flux were noticed at 6:00 am 

on September 24
th

 . These fluxes were ranged from 2.18 mmol m
-2

d
-1

 on September 24
th

 to 

19.56 mmol m
-2

d
-1 

on august 15
th

. Generally, positive fluxes had steady increase and were 

more common during darker hours. 

In order to examine the hypothesis if there was a significant difference in CO2 ecosystem 

exchange between different sessions of mixed sampling one-way ANOVA test was 

conducted. The first sampling session on July17th was omitted in in this test and only diel 
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samplings with both negative and positive CO2 fluxes were included.  Between three mixed 

sampling sessions reveled no significant difference between the variables (P value =0.8 and α 

=0.05). However, the sampling on September 24th had the lowest variance among other two 

samplings. 

Figure 13 shows the net carbon dioxide exchange between the chamber ambient and surface 

of the water. The results are shown in two graphs of diel and diurnal net CO2 exchange .The 

graph on the left involves all 6 fluxes of each sampling session and on the right only the daily 

samples were involved. All diel results were positive and among them August15th had the 

highest net CO2 emission of 4.2 mmol m
-2

 d
-1

. The diurnal analysis shows positive rates on 

September 24th but other three results were negative with the lowest rate of -8.2 mmol m
-2

 d
-1

 

on July 17th. 

 

Figure13. Net ‘diel’ (left) and net ‘diurnal’ (right) CO2 exchange in P chamber 

corresponding to each sampling session(X axis).Fluxes are in mmol CO2 m
-2

d
-1

 

Another analysis was performed in order to find out whether if there were any relations 

between the carbon dioxide and diel weather conditions. I categorized the diel weather dataset 

to four different types of sunny, semi cloudy, rainy and night and companied those weather 

condition types to average CO2 fluxes as demonstrated which are demonstrated in Figure 14. 

 

Figure 14. The correspondence of total average CO2 fluxes of mixed sampling to the weather 

conditions. X axis is showing the weather categories of sunny, semi cloudy, rainy and night 

and Y axis represents average CO2 fluxes (mmol m-2 d-1). 

N=5 N=8 N=4 N=6 
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Carbon dioxide exchange in mixed sampling sessions also showed weak positive correlations 

with diurnal air and water temperature increments. According to the correlation drown n 

figure 15, there were no linear relation between the daily flux variables and air and water 

temperature. The Pearson correlation test did not resulted to significant relation between these 

factors and carbon dioxide release in our study. There was no correlation between the net diel 

carbon dioxide exchange and average air and water temperature. 

 

Figure 15. correlation between average CO2 fluxes of mixed sampling in mmol m
-2

d
-1

 and air 

temperature (left) and water temperature in ºC (right). 

Mixed CO2/ Water Temperature- Four sessions 
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4.2 CO2 flux patterns of E.fluviatile sampling 

CO2 fluxes of C chamber (E.fluviatile samplings) are shown by three error bar charts in Figure 

16. Each bar represents the average flux of spots A, B and C. As mentioned before I started 

E.fluviatile samplings using C chamber from 30
th

 July and continued in sessions August 15
th

 

and September 24
th

 along with mixed samplings.  

 

 

From the Figure 16 it is clear that CO2 fluxes did not show the same clear diel trend in terms 

of out-gassing and in-fluxing that we saw in mixed sampling fluxes. Further, not all sessions 

show clear breaking point in positive and negative fluxes between day and night periods. The 

one-way ANOVA test between different sessions of E. fluviatile sampling results also did not 

reveal any significant result (P-value=0,3 and α=0,5).  

Figure 17 shows the net diel and net diurnal CO2 exchange in E.fluviatile sampling. The total 

average fluxes for each three sessions are represented below. Similar to mixed samplings, 

E.fluviatile spots had positive net CO2 ecosystem exchange on September24
th

 which means 

there was more release. However, diel CO2 net CO2 exchange did not show negative averages 

as we expected and as we saw in mixed sampling. 

Figure 16. Diel CO2 fluxes of 

E.fluviatile strands in mmol m
-2

 d
-

1
(Yaxis) corresponding to the time of 

day(X axis).The Samplings were 

conducted from 6:00am till 2:00 in 

the next day.  
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Figure 17. Net ‘diel’ (left) and net ‘diurnal’ (right) CO2 exchange in P chamber 

corresponding to each sampling session(X axis).Fluxes were in mmol CO2 m
-2

d
-1

 

Same weather/flux analysis for E.fluviatile results was performed in order to find out whether 

if there were any relations between the carbon dioxide and diel weather conditions which is 

brought up in Figure 18. According to this graph, unlikely to the mixed results the average 

fluxes of night time samplings and the samplings under the rain was not positive. 

 

Figure 18..The correspondence of total average CO2 fluxes of mixed sampling to the weather 

conditions. X axis is showing the weather categories of sunny, semi cloudy, rainy and night 

and Y axis represents average CO2 fluxes (mmol m
-2

 d
-1

). 

 

The liner correlation was seen between the average air temperature and average diel fluxes ( 

R
2
 = 0,883). This correlation reveals there were higher flux rates at the colder hours especially 

at nights when the respiration mechanism is turned on by the macrophytes (Figure 19). 

N=1 N=8 N=4 N=5 
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Figure 19. Linear relationship between net CO2 exchange of E.fluviatile samplings and air 

and water temperature where temperature is in ºC (X axis) and CO2 fluxes are in mmol m
-2

 d
-

1
(Y axis) 
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4.3 N2O Fluxes 

4.3.1 N2O flux patterns of mixed sampling 

The analysis for N2O was performed only in two sampling sessions in August and September 

which are represented by error bars if figure 20. Each bar represents the average flux of spots 

A, B and C. Fluxes of N2O did not show any clear diel and temporal pattern in both mixed 

and E.fluviatile samplings Figure19 and Figure 20. The mixed fluxes ranged between-0.9 

µmol m
-2

 d
-1

 and 0.6 µmol m
-2

 d
-1

 on August 15
th

 and between -0.6 µmol m
-2

 d
-1

 and 2 µmol 

m
-2

 d
-1

 on September 24
th

.   

 

Figure 20. The temporal N2O flux patterns of two mixed samplings on August 15
th 

and 

September 24
th

. The X axis is diel time log and Y axis are fluxes in mmol m
-2

d
-1

. 

4.3.2 N2O flux patterns of E.fluviatile sampling 

Same analysis was performed for E.fluviatile sampling. E.fluviatile mediated fluxes ranged 

between -0.6 µmol m
-2

 d
-1

 to 0.1µmol m
-2

 d
-1

 on August15
th

 and between -0.3 µmol m
-2

 d
-1

 to 

0.6 µmol m
-2

 d
-1

 on September 24
th

. 

 

Figure 21. Temporal N2O Flux patterns of E.fluviatile sampling on August 15
th

 (left) and 

September 24
th

 (right)where the X axis is diel time log and Y axis are fluxes in mmol m
-2

d
-1

. 

Results from both mixed and E.fluviatile samplings show the higher flux averages on 

September 24
th

.Moreover, both sessions showed negative and positive rates of nitrous oxide 

in with varying diel trends. 
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4.4 CH4, CO2 and N2O Correlations  

The hypothesis that there were any correlation between the fluxes rates of   methane, carbon 

dioxide and nitrous oxide in our sampling is been tested by Pearson correlation test. This test 

did not yield to any significant correlation between the variables. The graphs in Figure 1 in 

the appendix 2 represent of the correlation status of theses gas fluxes. 

5. Discussion  

5.1 Methane fluxes 

5.1.1 CH4 Fluxes of mixed sampling 

Both mixed and E.fluviatile sampling results showed higher methane emissions on July30
th

 

among all sessions (Figure 8). This temporal result corresponds to the studies of Käki et al 

(2001), Hyvönen (1998) and Liikanen et al. (2006) where they witnessed similar seasonal 

results. CH4 fluxes showed weak diel patterns but there were some significant differences 

between the rates of daily methane fluxes and night fluxes. Higher fluxes were seen in most 

secession at the darker hours especially samplings at 2:00. The study of Whiting and Chanton 

(1995) indicated that there was a significant methane peak at 10:00 from Phragmites australis 

dominated spots which were associated with rising light levels. Same study added, this result 

contrasted with the emission pattern from Peltandra virgina having higher release in the mid 

afternoon and less in mid-morning which was also corresponded with elevated average air and 

sediment temperature. 

Whiting and Chanton (1995) and Chanton (2005) concluded sun’s irradiance changes play 

important role in diel variation of methane fluxes in macrophytes with convective flow-

through as their (primary) gas transport mechanism such as Typha latifolia and Phragmites 

australis. They found methane emission from these species is directly influenced by elevated 

plant’s internal temperature rises which could be gained by diel sun’s radiation. Light 

absorption by macrophyte leafs and stems increase the pressurizing of gas flow which in their 

study happened in the afternoon. They also added the humidity a gradient between leaf and air 

also helped the pressurization of the plant’s lacunal gas concentrations. On the other hand, 

Peltandra virgina utilizing other gas transport system of molecular diffusion responded to the 

sediment temperature changes instead of air temperature rises. The reason for this was 

hypothesized by Whiting and Chanton (1995) to be accounted for relation between soils or 

sediment temperature rises. Same authors and several other researches also mentioned the 

elevated sediment temperature promote the methanogenesis. So, the methane mediated fluxes 

of the macrophytes which utilize molecular diffusion as their gas transport mechanism is 

believed to depend on methane production in the sediment zone (Whiting and Chanton 1996 

and Chanton 2005). 

The different species with different gas transport mechanisms could respond differently to the 

environmental drivers such as diel sun’s radiation changes. As mentioned in Hyvönen (1998), 

the average air temperature rises could also be the outcome of elevated average of sun light 

which could directly or indirectly alters the two plant gas transport mechanisms mentioned 
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above. Chanton (2005) concluded, generally during the daylight convective through-flow and 

at night’s diffusive or passive gas transportation respectively are the primary ways of plant 

mediated fluxes. 

I included several species compositions within each mixed sampling site (Tables 1 and 2), 

please refer to appendix of this thesis for other session’s plant composition notes). It seemed 

the macrophyte communities in the C chamber had different gas transport systems with 

different responses to the environmental factors such as sun’s radiation and sediment 

temperature. According to the results of the mixed samplings, I saw higher fluxes in the 

evenings and nights when the air temperature is relevantly lower and convective through-flow 

mechanism is therefore slower. Further, according to the notes taken from the spots; there 

were high densities of passive (diffusive) methane transporters such as Carex spp, Sphagnum 

spp and U. intermedia within each spot under the chamber. Thus, it is possible that there were 

more diffusive methane emissions from our sampling spots. More data regarding the diel and 

temporal sediment temperature and plant biomass identification are needed to be more precise 

about this hypothesis. 

5.1.2 CH4 Fluxes of E.fluviatile sampling 

CH4 fluxes of E.fluviatile strands from our study similar to Hyvönen (1998), showed highest 

fluxes of CH4 in July (Figure 10). However, the flux rates in Hyvönen study were announced 

the highest 813 mg m
-2

 d
-1

 in July and the lowest 6.5 mg m
-2

 d
-1

 in November which was 

slightly higher than our results. A similar result in our and the Hyvönen study was that no diel 

CH4 variation were seen. Same research added that methane release were correlated with diel 

mean temperature changes and average daily solar radiation. Numbers of E.fluviatile shoots or 

species specific biomass was reported as not to be highly influential factor in plant mediated 

methane fluxes. My samplings, comparing to Hyvönen study included much fewer strands of 

E.fluviatile shoots under the C chamber in each sampling sets .Thus, the data of our study was 

conducted from small E.fluviatile populations which could explain the relatively lesser 

methane flux rates. 

Similar to Whiting and Chanton (1995) and Chanton (2005), daily temperature elevation is 

noticed to be important in E.fluviatile diel methane release in the Hyvönen (1998) study. They 

also mentioned quick or instantaneous changes in sun’s radiation didn’t have any significant 

correlation with CH4 emissions. The results of this study showed occasional slightly elevated 

fluxes during the warmer sampling hours. So, the diurnal high fluxes seemed to be stimulated 

by pressurized convective through-flow in the stems of E.fluviatile via intense sunlight under 

the C chamber. The issue of inner-chamber temperature might slightly projected by the 

incubated via the incubation during the 15 minutes of sampling period. The impact of this 

issue might be more influential in C chamber than in P chamber. The small radiance of 

cylinder-shaped C chamber without a fan provided a tight space for E.fluviatile strands 

without air circulation could have risen the temperature of inner-ambient of chamber. The 

higher inner temperature might rose the stems of the E.fluviatile strands and risen up the 

convective through flow of methane fluxes. However, this conclusion might be not correct 

because the most powerful driver of methane flux is the methanogenesis rates in the sediment 

zone which would not be altered by the chambers inner-temperature at all. 
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Two similarities were seen between sampling cases of mixed and E.fluviatile in terms of 

temporal methane flux patterns. First, we didn’t observe any linear correlation between the 

diel air temperature and fluxes rate which leads to this notion that the 24 hour air temperature 

fluctuation did not altered the methane flux rates significantly and the methane fluxes where 

more dependent on the  methanogenesis within the sediment zone. Another similar result was 

that both samplings had the highest fluxes in July 30
th

. As mentioned in the background the 

growing stage of the aquatic plants is also an affecting matter on temporal gas flux rates (käki 

et al. 2001). Having relevantly higher fluxes of methane on late July in our both mixed and 

species–specific (E.fluviatile) samplings neatly corresponds with the fast growth rates of 

macrophytes. 

5.2 CO2 Fluxes 

5.2.1 CO2 Fluxes of mixed sampling 

Sun’s radiation is a crucial factor in leaves Stomata opening and closure mechanisms; 

therefore it plays the major role in carbon dioxide intake and release respectively during the 

bright and dark hours. Carbon dioxide fluxes of the mixed samplings were all negative during 

the day time hours. The lowest rates of emissions were seen at 10:00 when the weather was 

sunny in almost all sessions (Figure 12).  The other diel Fluxes were slightly higher but still 

negative fluxes at 14:00 with full sun in most of the sessions. The negative fluxes of the 

mixed samplings changed to positive at 18:00; however, we still had sun in many cases .The 

only negative flux in hour 18 was seen in July 30th which apparently caused via the intense 

sun’s radiance in that period of year leading to macrophytes sustained in photosynthesis 

mode. Further, we also witnessed positive average flux on September 24
th

 at 6:00 when it was 

dark. The prolonged dark hours might have sustained the respiration period of the 

macrophytes and all respiratory organisms in our sampling targets. Unfortunately I couldn’t 

measure the daily sun’s radiation intensity at the time which could be helpful for enriching 

our data set and analysis.  

My analysis showed weather conditions inflicted the net carbon dioxide release and uptake in 

the daytime period. The negative daytime CO2 fluxes gradually increased by having more 

cloud in the sky and eventually we witnessed a mean positive flux during the rainy hours of 

daytime samplings when the flux rates should have been negative according to the uptakes of 

the CO2 by the plants and algae activity (Please refer to figures 13 and 14). According to R. 

Zue et al. (2010) the water depth the water table increase could have the negative correlation 

with CO2 emission. Another complementary reason of having less carbon dioxide uptake 

during the daytime rain could be explained by less photosynthesis activity by plants and algal 

population due to less sunlight. 

The results of this experiment showed the highest daily CO2 intake in the P chamber was on 

July 30
th

  session which explains there were more utilizing of carbon dioxide via natural 

processes during the daytime period on that date. According to R. Zue et al.(2010), different 

processes are involved in the net exchange of carbon dioxide from the open surface of the 

water within the fresh water lakes and wetlands. For instance in the same study there were a 

negative correlation between net CO2 exchange and daily total radiation (DTR) , mean air 
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temperature and mean water temperature. The same author mentions the elevated rates of 

those factors could accelerate the photosynthesis of algal population in certain periods during 

the summer time and risen the CO2 uptake which lead to a negative peak in CO2. Occasional 

weak relations were found between average water and air temperature and  the diurnal 

samplings  but there were no significant linear correlation between diel fluxes (both day and 

night samples all together) and air and water temperatures. 

Besides the factors of temperature, DTR and water depth, fluxes from wetlands and fresh 

water lakes are highly dependent on the concentrations of autochthonous and allochthonous 

carbon which are consequence of the abundance of plants in the catchment (Liikanen et al. 

2006 and Huttunen et al. 2003). The different concentrations of these substances would alter 

the carbon dioxide dynamics in the freshwater ecosystems. The fueling of fresh water lakes by 

the incoming allochthonous carbon would increase the DIC concentrations and promote the 

CO2 super saturation (Cole et al. 2000). Therefore, the net CO2 exchange rates within the 

chambers might have been altered by a complex web of factors. 

R. Zue et al (2010), in their study on littoral zones of two lakes in Antarctica calculated the 

mean flux of -70.8 mg CO2 m
-2

 d
-1

. So, they concluded that lakes were the strong carbon 

dioxide absorbers during the summer time. Results of my study on the contrary, showed 

positive average flux of 2.8 mmol m
-2

d
-1

 which indicates that this lake had more release than 

absorb in total. First sampling on July 17
th

 was omitted from this average because the 

sampling was only conducted diurnally (only daytime samplings were conducted). Our 

conclusions resemble with study of Huttunen et al. (2003) on pelagic and littoral regions of 

seven boreal lakes in Finland. This study also found overall positive fluxes of CO2 during the 

growing season. On the contrary to the mentioned study in Antarctica studied lakes in 

Huttunen et al were net sources of CO2 to the atmosphere. 

5.2.2 CO2 Fluxes of E.fluviatile sampling 

CO2 flux patterns did not show stable diel and monthly trends so we could not see any 

meaningful influence of sunlight in E.fluviatile samplings (please refer to graphs16, 17 and 

18). Therefore, the temporal and weather analysis of CO2 which were conducted for mixed 

fluxes did not yield to meaningful results as seen for mixed samplings. The noticeable 

founding was a liner correlation between the average air temperature and average diel fluxes 

(R
2
 = 0,883) (Figure 19).   

5.3 N2O Fluxes 

Generally, N2O emissions from littoral zones of natural wetlands and lakes are not 

comparable with water purifying constructed wetlands which usually have heavy loads of N 

inputs from wastewater or fertilizers (Mengis et al (1997). However, the Study conducted by 

Huttunen et al (2003) indicated that littoral zones of some finish wetlands in summer showed 

the emission rates between 12-23µmol m
-2 

d
-1

 which corresponded to the emission rates seen 

in the study by Freeman et al (1997) on waste water purifying constructed wetland. Nitrous 

dioxide fluxes in our study ranged between positive and negative numbers and did not exceed 

2 µmol m
-2

 d
-1 

with the total flux average of 0.8 µmol m
-2

 d
-1

( Figures 20 and 21). Results 

from both mixed and E.fluviatile samplings show relevantly higher flux averages on 
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September 24
th

.The announced flux rates in Huttunen et al (2003) although was 5-10 fold 

higher than our average. N2O fluxes of both samplings of E.fluviatile and mixed did not show 

any significant flux peak or clear diel and monthly patterns. Moreover, we couldn’t find any 

similar conclusive flux patterns of nitrous oxide between mentioned samplings.  

According to Huttunen et al 2003, the nitrous oxide fluxes seen from pelagic regions of 

various shallow boreal lakes and reservoirs in Finland was negligible to be accounted for 

atmospheric N2O budget. The low rates of N2O from fresh water lakes were also mentioned in 

study of Mengis et al (1997). However, According to Wang et al (2006), the pelagic emission 

rate from a eutrophic subtropical lake in China was higher than expected. In that study the 

vegetated littoral zone emissions varied between 429.5µg N2O m
-2

 h
-1

 to 98.2 µg N2O m
-2

 h
-1

 

and pelagic zones had an average of 15.7µg N2O m
-2

 h
-1

.  Moreover, significant results in N2O 

fluxes were obeyed a seasonal trend. This high emission rates should be taken for account that 

the lake sampled in this study was a hyper-eutrophic lake which had had the apporx.39100t N 

mean annul input. Another study in totally different geographical zone of Antarctica 

performed  by Liu et al( 2011) also witnessed large temporal  and spatial pattern of nitrous 

oxide form vegetated costal zones. However, their N2O emission rates were lower than 

Wang’s study and were between – 0.8 µg N2O m
-2

 h
-1

 to 7.2 µg N2O m
-2

 h
-1

 within the three 

lakes. 

The nitrous oxide production rates in the fresh water lakes and wetlands is highly influenced 

by sequestered aerobic and anaerobic  layers in the rhizosphere phase of the macrophyte roots  

provided with steep oxygen gradients to perform consecutive steps of nitrification and 

denitrification (Huttunen et al ,2003). Since nitrous oxide is the one of the intermediate 

products of the denitrification and also a by- product in the nitrification process, any factor 

that change these processes could consecutively alter N2O emissions.  

Wang et al (2006) mentioned that N2O emissions were highly dependent on the zonal 

characteristics and vegetated area demonstrated higher emission rates than non-vegetated 

ones. This emission rates is even more noticeable by knowing that the littoral zone of that 

Chinese lake was less than 5.4% of the area of the whole bay. Further, Both Current studies of 

Wang et al (2006) , liu et al( 2011) were clearly mentioned the diel and temporal changes of 

environmental factors such as sun’s irradiance ,air temperature and water depth altered the 

emissions significantly in most cases. On contrast with sun’s radiation and air temperature, 

higher water depth decreased the rates of emissions in both studies. Algae blooming peak 

period coincide with the highest emission rates seen in both two studies. The last but not the 

least important factor mentioned by the same author was the sediment concentrations of NO3-

N which also corresponded positively to the temporal emission rises. 

As mentioned by several authors such as Huttunen et al (2003), Mengis et al (1997) and Yang 

et al (2012) the variation of nitrous oxide flux rates among studies of different geographical 

and climatic patterns raises the need for more investigations in terms of diel, temporal and 

spatial data on this topic. Therefore, the effort to gain systematic data about N2O emissions 

from more boreal lakes and wetlands is an important agenda. 
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5.4 Regarding sampling  

According to similar studies used as references in this thesis, there are several environmental 

subjects which are to be investigated in GHG samplings from lakes. It is clear that the 

sampling objectives of DTR and precipitation rates and permanent water depth measurements 

should have been involved in our study to have more comprehensive diel and temporal 

dataset. Moreover, this study cover only 3- 4 months (from July to late September) of the 

whole boreal lake’s growing season period. In order to fully track the temporal GHG 

emissions we need more data from mid-May when the macrophytes start to grow until late 

October even early November. 

 The chamber method is reliable, cost effective and practical method to be used but of course 

involves labor and malfunctions as well.  I tried to make the chambers as robust and practical 

as possible and tried to make some modifications in the sampling protocol by each session to 

optimize the sampling procedure. The list of important problems and pitfalls included in our 

sampling and suggestions for future samplings is brought as bullet points below: 

 The chambers with sharp cylinder shape like C chamber, most likely have the 

stability problem on the surface of the water. This problem could be solved by 

attaching anchors or stabilizing it with strappings or aluminum frames at the base of 

the chamber.  

 Careless chamber movements or adjustment on plants occasionally broke or smashed 

some parts of the macrophytes population or caused sediment perturbation which 

might have induce high methane emissions in some samplings. It might be more 

critical for delicate and fragile species such E.fluviatile. 

  It is important to provide cylinder shaped chambers with fan in order to make air 

circulation inside the chamber. 

 Having the chambers on the plants would certainly influence the species natural 

activities; therefore, designing the sampling procedure as quickest as possible could 

help to diminish the plant alterations. 

 Some of our sample containing vials (in sampling three and four) had the leakage 

problem by using not proper rubber stoppers or injecting samples with thick needles. 

These types of issues should be tested in advance to the sampling session.  

 We only tried to measure the inside temperature of the chamber once using a sensor 

.It is needed to log the temperature of the inside chamber ambient especially if 

sampling period is more than 15 minutes. 

 Using electronic pump for taking the gas samples sounds easier than manual 

sampling, but as mentioned in the methods section this method was unsuccessful in 

our sampling due to its malfunctions and being hard to operate under the rain. Manual 

sampling with syringes and injecting them manually into the vials was more flexible 

and reliable method for us. 
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6. Conclusion 
According to the results of this four session sampling, I witnessed occasional diel patterns of 

methane especially at nights when the fluxes when mostly higher. Monthly observations 

showed July had the highest emission rates of methane in both mixed and E.fluviatile spots. 

There were no general correlations between air and water temperature and methane fluxes. 

Similar to other studies on boreal lake littoral zones, macrophyte growth stage in the growing 

season is seen to play an important role in methane fluxes of Följesjön Lake. Carbon dioxide 

fluxes in mixed spots showed clear diel trend with a negative- positive breaking pint between 

hours of 14:00-18:00. The highest net CO2 exchange seen in August and lowest was seen in 

July. The factors such as rainfall, sun’s radiation and were seen to be influential in carbon 

dioxide emissions. The total average flux gained in our sampling was positive which means 

littoral zone of Följesjön Lake contributes more emission to the atmosphere and less carbon 

dioxide intake. Nitrous oxide fluxes did not show any significant pattern and likewise other 

studies we witnessed both negative and positive emissions. The known driving forces of 

nitrous dioxide emissions from lakes are diel and temporal sun’s irradiance which simulate 

macrophyte and alga respiration, air temperature and water depth. These factors could affect 

both CO2 and N2O emissions. Finally I emphasize, although there are more efforts in 

investigating GHGs from wetland and lakes recently, yet there are demands for future 

systematic and comparative GHG measurements and analysis on boreal lake ecosystems. 
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Appendix 

Appendix (1) 

The plant compositions of each sampling sessions  

Table(1 and 2) Macrophyte composition of mixed sampling  and E.fluviatile spots in the 

sampling session three on 15
th

 August 2012. The amount for height noted in the table is the 

average height from whole each species population in the sampling spot. (Mix= Mixed 

macrophyte community and Eq= E.fluviatile) 

 

 

 

 

 

Species Mix- Spot A Mix- Spot  B Mix- Spot  C 

P. australis 2 stem, old leaves, height 

:80 cm  

3 stems, almost 

withered withered), 

height:85cm 

 one – 90 cm healthy 

Carex spp 20 clusters, 60% 

healthy,height:45cm 

50 clusters, semi 

withered ,height:35cm 

More than 20 clusters, 

mostly weathered 

E. fluviatile 20, old ( many broken), 

average height :30cm 

20 strands, withered 

,height:40 cm 

22 mostly weathered 

and broken 

L. thyrsiflora  One -20 leafs- 30 cm 

height 

20 individuals, mostly 

withered, height:35cm 

3 individuals, height:35 

cm  

U. intermedia More,than20 individuals, 

Sub surfaced 

 Fully covered -Sub 

surfaced 

none 

M. trifoliata 4 healthy, 3 almost 

withered height: 30 

30 individuals ,70% 

withered ,height 30 

3 individuals- 60 cm- 

half withered 

Sphagnum 

spp 

70 % covered. partially 

over the water surface 

Almost 50% - above 

the surface 

95 % coverd,15- 20cm 

height 

T.latifolia none Semi-withered, eight 

leaves, 60 cm height 

none 

 Overall 

density 

Medium High Low 

Species Eq- spot A Eq- Spot B Eq- Spot C 

E.fluviatile 3 stands ,1 broken, 

height:50cm 

1 brokrn,1 bent, 2 

healthy -50cm 

1 dead, four healthy, 

3 broken- 50cm 
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Table(3 and 4) Macrophyte composition of mixed sampling  and E.fluviatile spots in the 

sampling session three on 24
th

 September 2012. The amount for height noted in the table is 

the average height from whole each species population in the sampling spot. (Mix= Mixed 

macrophyte community and Eq= E.fluviatile). 

 

 

 

Note: The plant compositions of the first session on 17
th

 July 2012 were lost during the 

sampling session but the locations of the spots were almost the same with the second session 

on 30
th

 July 2012. 

 

Species Mix- Spot A Mix- Spot  B Mix- Spot  C 

P. australis 1 stem, old leaves, height 

:90 cm  

3 stems, withered, 

height:80cm 

 1  withered– 90 cm 

healthy 

Carex spp 20 clusters, 60% 

healthy,height:45cm 

8 clusters, semi 

withered ,height:35cm 

5 clusters, moderately 

healthy 

E. fluviatile 12, old ( many broken), 

average height :30cm 

2 strands, withered 

,height:40 cm 

22 mostly weathered 

and broken 

L. thyrsiflora  One -20 leafs- 30 cm 

height 

30 individuals, mostly 

withered, height:30cm 

4-5 individuals, 

moderately height:35 

cm  

U. intermedia More,than20 individuals, 

Sub surfaced 

 Fully covered -Sub 

surfaced 

none 

M. trifoliata 9 healthy, 4 for them 

almost withered, height: 

30cm 

30 individuals ,70% 

withered ,height 30 

3 individuals- 60 cm- 

half withered 

Sphagnum 

spp 

70 % covered. partially 

over the water surface 

Very few 95 % coverd,15- 20cm 

height 

T.latifolia none None 1 stem, withered -60 

cm 

Overall 

density 

Medium Low High 

Species Eq- spot A Eq- Spot B Eq- Spot C 

E.fluviatile 3 stands ,1 broken, 

height:50cm 

one healthy and three   

broken 

4  moderately 

withered 
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Appendix (2) 

6.4 CH4, CO2 and N2O Correlations 

 

 

Graph (16)  The scatter plots showing the  

flux rate relations between CH4  and CO2 

(top left), between  CH4  and N2O (top 

right) and between  CO2 and N2O (bottom-

left). Fluxes from all sessions were 

included in these graphs. Fluxes are in 

mmol m
-2

 d
-1

. 


