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Sammanfattning 

 

Växter (makrofyter) i sjöar och våtmarker släpper ut växthusgaser (GHG), fram för allt metan 

(CH4), koldioxid (CO2) och dikväveoxid (N2O). De senaste studierna har betonat de potentiella 

riskerna med underskattning av växtförmedlade GHGs från markbundna system så som sjöar, 

vattendrag och andra sötvattensamlingar. Denna studie syftar till att skilja de möjliga källorna och 

sänkorna för atmosfäriskt kol och kväve i sötvattensmiljöer genom att undersöka den rumsliga 

variationen av växthusgasflöden i vanliga bestånd av våtmarksmakrofyter. Under sommaren 2012 

utfördes fältprovtagningar i sydvästra Sverige där dygnmätningar togs med hjälp av 

kammarmetoden. Två makrofytbestånd studerades, en med varierande artsammansättning och den 

andra bestående av sjöfräken (Equisetum fluviatile). Rumsliga variationer bekräftades på olika 

nivåer, såväl mellan som inom bestånden. Det artspecifika beståndet släppte ut mera CH4 jämfört 

med beståndet med varierande artsammansättning, från 0,17 till 8,99 mmol m-2 h-1, i jämförelse med 

0,63 – 1,95 mmol m-2 h-1. Variation inom det artspecifika beståndet bekräftades genom variabelt 

flöde av CH4 per strå av E. fluviatile. Inga signifikanta skillnader observerades gällande CO2 och 

N2O annat än svag korrelation i dygnsmönster, d.v.s. dagsupptag och respiration/utsläpp av båda 

gaserna. 

 

Nyckelord: växtförmedlade, växthusgasflöden, metan, koldioxid, dikväveoxid, Equisetum fluviatile, 

våtmark, sjö 
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Abstract 

 

Plants (macrophytes) growing in lake and wetland sediments are known mediators of greenhouse 

gases (GHG), specifically methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O).  Current 

studies have emphasized the potential risk of underestimation regarding emissions of plant-

mediated GHGs from terrestrial systems including lakes, streams and other freshwater bodies. In 

order to differentiate the possible sources and sinks of atmospheric carbon and nitrogen in aquatic 

environments, this study aims to investigate the spatial variability of GHG fluxes in stands of 

common wetland macrophytes. Field samplings were carried out in the summer of 2012 where 24-

hour diel measurements were conducted with the static chamber method in a boreal lake in south 

western Sweden. Two macrophyte communities were studied; one mixed-species stand and one 

species-specific stand of water horsetail (Equisetum fluviatile). Spatial variability was confirmed at 

several stages, both between and within stands. The species-specific stand emitted more CH4 than 

the mixed stand, from 0.17 to 8.99 mmol m-2 h-1, compared to 0.63 – 1.95 mmol m-2 h-1 maximum 

measured. Within stand variability was confirmed as variable CH4 flux per strand of E. fluviatile 

was established. No significant differences were observed regarding CO2 and N2O, other than weak 

correlation in diel patterns, e.g. daytime uptake and night time respiration/emission for both gases. 

 

Keywords: plant-mediated, GHG flux, methane, carbon dioxide, nitrous oxide, Equisetum fluviatile, 

wetland, lake 
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1 Introduction 
 

Global warming is a major research subject addressing the proposed ongoing changes in the Earth's 

climate (Forster et al., 2007). The Intergovernmental Panel on Climate Change, IPCC, has 

developed guidelines for policymakers in an effort to raise awareness regarding the risks with 

global warming in the Synthesis Report based on the Fourth Assessment Report, AR4 (IPCC, 

2007a). According to the Synthesis Report, the principal contributors to global warming are 

anthropogenically induced and natural emissions of methane (CH4), carbon dioxide (CO2), nitrous 

oxide (N2O) and halocarbons, often referred to as greenhouse gases (GHGs). In order to quantify 

the budget of atmospheric GHGs it is necessary to identify the sources and sinks to achieve better 

comprehension of the drivers in global warming. Several anthropogenic sources have been 

identified alongside natural sources, but many unknown sources remain to be identified and 

quantified, especially the natural ones. 

 

Terrestrial systems such as forests act as sinks for atmospheric carbon which have been confirmed 

in several studies (Luyssaert et al., 2008; Pan et al., 2011), but these have not accounted for inland 

waters (lakes, reservoirs, streams and rivers) which are a very common part of a forested landscape. 

Instead, these aquatic systems represent potential sources of emissions of GHGs such as CH4, CO2 

and N2O and are yet to be well integrated in global GHG budgets (Bastviken et al., 2011).  

 

Inland waters, such as lakes and wetlands, display intricate GHG exchanges on land-water and 

water-atmosphere levels where many factors influence emissions, and plants are important for 

several related processes. Emergent macrophytes (plants) growing in lake sediments are a common 

element in freshwater systems. Large quantities of CH4 formed in the sediments can enter the roots 

of the plants and be transported through the plants into the atmosphere. Wetlands, peatlands and 

bogs with thick littoral zones of emergent plants contribute significantly to GHG release as shown 

in recent studies (Bergström et al., 2007; Lai, 2009). The current knowledge about plant mediated 

methane flux is low despite the potentially large significance it possesses. Even though it is 

established that the emissions are large, there are but few studies researching this subject 

systematically. In one of these studies Bäckstrand et al (2010) showed that species from the 

Eriophorum family emitted CH4 and turned a CO2-uptaking sub-arctic mire into a source for CO2 

equivalents.  

 

These types of spatial and species specific measurements have proven to be valuable in identifying 

the unknown sources of GHG emissions. The diversity between and within ecosystems can change 

merely by the introduction or absence of one species or substrate, a change that can be caused by 

higher or lower global temperatures. As climate change continues we may stand before many more 

unknown sources of GHGs because of higher temperatures altering ecosystem processes.   

 

In order to provide a useful tool to quantify GHG balances in wetland landscapes, the knowledge 

gap in spatial and species-specific variability research needs to be filled. Currently it is difficult to 

make large, upscaled plant-mediated flux estimations in aquatic ecosystems. 
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2 Aim, research questions and delimitation 
 

The aim of this study is to investigate plant mediated emissions of CH4, CO2 and N2O in a boreal 

lake in relation to spatial factors such as plant biomass and species composition. This study also 

aims to find better means of measuring GHG fluxes using the static flux chamber method for 

macrophytes. The research questions are as follows: 

 

 Are there any significant emissions of emergent plant mediated GHGs and if so, in what 

quantities? 

 Are there any specific factors influencing emissions in relation to spatial variability, 

including variables such as plant biomass and species composition? 

 What are critical factors to consider in the methodology and how can flux chamber 

measurements be improved? 

 

The study is geographically limited to the area of Skogaryd and lake Följesjön in particular and the 

field samplings were conducted from mid-July to the end of September in 2012. 

 

3 Background 
 

3.1 Global warming and the Greenhouse effect 

 
The atmosphere lets the majority of the solar radiation through but absorbs more of the long-wave 

radiation. The absorption in turn delays the energy transport out from the Earth into the atmosphere 

and thus increases the temperature in the atmosphere and on Earth. This is the "greenhouse effect" 

(Marshak, 2008).  In the dawn of the industrialized age, ca 250 years ago, a chain of events lead to a 

steady increase in global temperature. In the wake of industrialization large quantities of CH4, CO2, 

N2O and other gases were released into the atmosphere which in turn caused even more long-wave 

radiation to be absorbed and contained within the atmosphere (IPCC, 2007b). 

 

Global warming continued as it entered the modern age with no decrease in GHG emissions. 

According to the IPCC (2007b), continuing global warming may result in detrimental 

environmental effects. Raised temperature in the oceans can cause polar ice caps to melt affecting 

their corresponding ecosystems. Increased amounts of CO2 in the oceans may acidify the seawater 

affecting corals and causing reef death which in turn release cascade effects throughout the 

ecosystem affecting higher organisms in the food chain. Changes in weather systems as well as a 

raise in sea level may cause negative effects on many land living organisms (IPCC, 2007b). This is 

where scientific research plays a major role in identifying and understanding the drivers behind 

global warming and provide recommendations for policymakers.  
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3.2 Anthropogenic vs natural emissions: Why there is a need to identify and 
quantify GHGs 

 

It is evident that the last 250 years of increased emissions of GHG are caused by man (IPCC, 

2007a). Although many of the man-made sources of GHG emissions have been mapped there are 

many unknown sources and sinks yet to be discovered, especially the natural ones. In order to 

achieve greater understanding to battle the issues with global warming it is necessary to try to 

quantify the total budget of GHGs. There is a need to investigate the natural sources in order to 

gauge the feedback mechanics from climate change, to understand how natural emissions change as 

the climate changes. An example, research has shown that ecosystems such as forests act as carbon 

sinks, but a large unknown atmospheric sink remains to be identified (Luyssaert et al., 2008; Pan et 

al., 2011). Although forests are carbon sinks key factors of GHG exchanges on a landscape scale 

have not been included in the aforementioned studies. Aquatic systems such as lakes, rivers, 

streams, wetlands, peatlands and bogs are very common elements in boreal forests and contribute 

significantly to emissions of GHGs, both CH4 and CO2 (Raymond et al. 2013; Bastviken et al., 

2011; Lai, 2009). 

 

To understand how ecosystems such as wetlands work, it is helpful to measure what substances 

enter the ecosystem and what substances leave it. Net Ecosystem Exchange (NEE) measures the 

amount of carbon entering and leaving a system, often presented in amount per area unit per time 

unit, for example mmol m-2 h-1. Another related measurement method in ecosystem exchange is 

GPP, Gross Primary Productivity, which is the amount of carbon needed to create biomass in an 

ecosystem (Chapin III et al., 2002).  

 

3.3 Simplified basics on carbon and nitrogen cycling in inland waters 
 

The following sections cover the general cycling of carbon and nitrogen in lakes and freshwater 

wetlands. 

 

3.3.1 Carbon cycling 
 

Carbon (C) is the base constituent of almost all biological organisms. Molecules (chains of atoms) 

containing the atom C can be differentiated into two groups, inorganic carbon and organic carbon. 

These are interchangeable through transformation, i.e. inorganic carbon can be transformed into 

organic carbon via photosynthesis and the other way around by cellular respiration and decaying 

biological matter. The key difference between inorganic and organic carbon is that the latter is 

always coupled with at least one hydrogen atom (H) whereas molecules of inorganic carbon never 

contain H. 

 

In inland waters such as lakes and wetlands inorganic and organic C is usually in a dissolved form 

and is referred to as dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC). The life 

forms within freshwater systems contain various amounts of C where macrophytes such as 

emergent wetland plants take up a large quantity of it during the growth season but the largest pool 

of C is found in lake and wetland sediments. C can enter freshwater systems via different pathways 

such as diffusion of atmospheric CO2 into the water column or through streams and groundwater as 

DIC, DOC and larger particles of carbon based material called particulate organic carbon (POC). 

DOC and POC originate from decaying soil and plant material which also means that plants present 

in the lake sediment and in the littoral zone continuously contribute to formation of available C in 

the very lake and wetland sediment they grow in (Prairie & Cole, 2009). Through primary 

production C is consumed as the plants grow and is released during night time respiration (in 
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inorganic form) or as the plants' lifespan ends and starts to decay (in organic form). DIC and DOC 

present in the sediment and water column are also consumed and released by microbial activity as 

well as being consumed by fish and zooplankton. 

 

Microbial activity is the principal driver for CH4 production and demands certain factors in order to 

function. One key factor is the presence of organic substrates (OM) in an oxygen free (anoxic) 

environment, such as lake and wetland sediments. The production of CH4 is called methanogenesis 

and depending on substrate availability it can be divided into two major categories, one being 

acetotrophic methanogenesis and the other hydrogenotrophic methanogenesis. In acetotrophic 

methanogenesis available acetate (CH3COO) is decoupled into CH4 and CO2 whereas in 

hydrogenotrophic methanogenesis hydrogen in its natural form (H2) reacts with CO2 which results 

in the end products CH4 and H2O (Bastviken, 2009). 

 

The chemical reactions in methanogenesis rely on certain microbes decomposing OM in several 

steps. Bacteria ferment polysaccharides found in carbohydrates into simpler building blocks called 

monomers. The monomers in turn are fermented into fatty acids and alcohol and through cross 

feeding hydrogen and/or acetate becomes available as a residual product for the terminal step of 

methanogenesis to take place (Conrad, 1999). The microbes in this terminal step belong to the 

kingdom Euryarchaeota in the domain Archaea and as such should not be confused with Bacteria 

(Cavicchioli, 2011). A key limiting factor for the formation of CH4 is the availability of elements 

such as nitrate (NO3
-), manganese (IV) (Mn4+), iron (III) (Fe3+) and sulphate (SO4

2-) as these 

elements act as alternative electron acceptors favoured by other types of OM reducing bacteria and 

thus outcompetes methanogens (Bastviken, 2009). 

 

As CH4 is released in the lower anoxic sediments and enters the upper oxygenated sediments it is 

oxidized into CO2 by aerobic bacteria. This means that a large proportion of the formed CH4 is 

never released into the atmosphere however there are ways for CH4 to avoid oxidation. One way is 

through ebullition, meaning that CH4 escapes oxidation in form of bubbles moving fast through the 

upper sediment and water column into the atmosphere. Another way is through diffusive flux where 

CH4 slowly moves through the water column. A portion of the diffused CH4 is oxidized in the water 

column depending on the saturation level of CH4 in the water, where water supersatured with CH4 

lets CH4 escape oxidation, and mechanical effects such as turbulence pushing CH4 through the 

water and into the atmosphere. An additional way of emission is through storage flux where CH4 

stored in the anoxic sediments are diffused into the water column. However, if the water is anoxic 

CH4 will avoid oxidation and cause even larger, hot-spot type of CH4 emissions as the methane rich 

water reaches the atmosphere through lake turnover periods. The final and for this study most 

relevant release of CH4 to the atmosphere is through rooted plants in lake and wetland sediments 

which will be explained further below. 
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3.3.2 Nitrogen cycling 
 

Nitrogen (N) is the most common element in the Earth's atmosphere and a vital building block in all 

life forms as it is a major component in DNA and proteins. Input to oceans, inland waters, soil and 

sediment from atmospheric N (N2) by nitrogen fixation, and anthropogenic sources are often taken 

up by organisms forming organic nitrogen. Organic nitrogen degrades to ammonia which is subject 

to nitrification and subsequently denitrification which transform N into various nitrogen compounds 

(Simon et al., 2010). This is done by microbes, through processes similar to the formation of CH4 

by the help of archaea, as explained below. 

 

Nitrification is the process where ammonia (NH3), formed by nitrogen-fixing bacteria and other 

decomposing bacteria and fungi, is oxidized into nitrite (NO2
-) by ammonia-oxidizing bacteria 

(AOB) and ammonia-oxidizing archaea (AOA) (Treusch et al., 2005). Such bacteria and archaea are 

also responsible for transforming NO2
- into nitrate (NO3

-) which is the primary form used by plants 

as nutrient. 

 
Denitrification reduces oxidized forms of nitrogen into N2 in the final step with the help of 

denitrifying bacteria under anoxic conditions, such as lake sediment. This means that the bacteria 

reduce NO3
- to NO2

- . The NO2
- is then reduced to nitric oxide (NO) which in the next step is 

reduced to N2O and finally to N2 (Senbayram et al., 2012). In this case, the compound of interest, 

N2O is the product of incomplete denitrification (Öquist et al., 2004). The three latter can be emitted 

to the atmosphere although NO is rapidly oxidized to nitrogen dioxide (NO2) (Zbieranowski & 

Aherne, 2013). Another recent discovery regarding nitrogen cycling is the dissimilatory nitrate 

reduction to ammonium (DNRA), a process where direct reduction from nitrate to ammonium takes 

place. This means that N is conserved within the ecosystem and is readily available, contributing to 

eutrophication in lakes and wetlands, or leads to increasing emissions of N2O (Burgin et al. 2014; 

Giblin et al. 2013; Rütting et al. 2011). 

 

The varying forms of N occur in a dissolved state in aquatic environments, just like explained 

earlier in the carbon cycling section. Ammonium (NH4
+), NO3

- and NO2
- are dissolved inorganic 

nitrogens (DIN). Dissolved organic nitrogen (DON) comprises of proteins, amino acids and various 

other N from OM. Lastly there is particulate organic nitrogen (PON) which, like the name implies, 

is made up of larger particles of organic N (Seitzinger & Kroeze, 1998). 
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3.3.3 CH4 and N2O emission through emergent plants rooted in freshwater 
sediment 

 

Vascular plants transport nutrients, water and gas through roots, rhizomes, stems and leaves. Plants 

rooted in lake and wetland sediments need to provide oxygen to the roots and rhizomes in order to 

survive and this is done by pumping oxygen from the atmosphere through leaves and stems into the 

submerged roots and rhizomes (see Figure 1). It is through these roots and rhizomes that CH4 can 

escape oxidation and be released to the atmosphere via the plants stems and leaves above the water 

surface (Epp & Chanton, 1993). The stems, roots and rhizomes of emergent wetland plants differ 

anatomically from plants growing in soil. Wetland plants have air filled spaces or pockets, so called 

aerenchyma, inside allowing gas transport to and from the roots and rhizomes through stomatal 

tissue (Allen, 1997; Grosse et al., 1996). See appendix for plant morphology. 

 

 

 

Figure 1. Schematic of gas transport in an emergent wetland plant in lake sediment. Oxygen (O2) 

enters the emergent leaf area and is pumped down through the aerenchyma to the roots and 

rhizomes in the sediment (a). Methane (CH4) escapes oxidation in oxic sediments by entering air 

pockets in the roots and rhizomes. CH4 is then pumped up through the aerenchyma to the leaf area 

above the water surface and is released to the atmosphere (b). Modified from Sa'at (2006). 

 

 

An exception regarding internal gas transport applies to several Horsetail varieties (Equisetum), one 

of the species included in this study (Equisetum fluviatile). Recent studies have shown that the 

convective flow, which allows active gas transport, is extremely low in E. fluviatile. Armstrong & 

Armstrong (2011) found no evidence of gaseous through-flow into the rhizomes. Although there is 

potential for humidity induced convection (HIC), this simply does not take place in E. fluviatile. 

Another interesting aspect E. fluviatile possesses is the general lack of aerenchyma in the branches, 

these are mainly present in the lower unbranched part. 

 

Environmental factors such as water table depth, type of sediment, available OM and temperature 
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affect the amount of CH4 emitted through plants, for example raising temperatures also increase 

CH4 flux (Kankaala & Bergström, 2004). 

 

Similar mechanics of emission can be applied to N2O as well where it finds its way to the roots and 

rhizomes via lake sediment and is transported via aerenchymal tissue above the water table and 

released to the atmosphere (Yang et al., 2012). 

 

In order to estimate wetland plant mediated GHG emissions it is valuable to differentiate the 

sources and sinks of emissions in regard to spatial factors such as biomass and species composition. 

There are not many studies covering these aspects in plant flux research which is why this study 

aims to try to differentiate factors influencing plant fluxes. The species of interest for this study are 

Water Horsetail (Equisetum fluviatile) in particular but also a mixed population of sedges (Carex), 

Bog bean (Menyanthes trifoliata), Bog Myrtle or Sweet Gale (Myrica gale) among several more 

often found in boreal lakes and wetlands. The reason for special interest in E. fluviatile is that it is a 

known emitter of CH4 (Hyvönen et al., 1998).  

 

When estimating NEE and GPP in a landscape upscaling is made in order to count for a certain 

species total budget of GHGs to the atmosphere. This has been done on species commonly found in 

lakes and wetlands such as T. latifolia and P. australis where stands of these plants often occur as a 

mono culture and therefore are easier to measure and estimate NEE and GPP in regards of GHG 

emissions (Käki et al., 2001). Upscaling has also been done on E. fluviatile, but no account to 

amount of individual plants and density was given in relation to flux (Bergström et al., 2007). 

 

3.4 The static chamber method and other means of sampling and measuring 
GHGs 

 

This study employs the chamber method where a clear chamber of suitable size is mounted over the 

macrophytes of interest, as done in other similar studies (Hyvönen et al., 1998; Käki et al., 2001; 

Kankaala et al., 2003). The chamber method is usually modified to suit the study, in some cases 

chambers are mounted on static metallic frames surrounding the sampling plants or as in this study, 

the usage of free floating chambers. 

 

Other means of sampling is through micrometeorological measurements via eddy covariance (EC) 

technique. This is also an in situ method which continuously samples turbulent air movements by 

the means of a sonic anemometer and gas analyser mounted on a frame of some sort, such as a 

metallic pole (Lai, 2009). EC technique can cover a substantial area with a single station. 

 

A third way of sampling is the cultivation of macrophytes in a controlled environment in 

greenhouse types of laboratories. These mesocosms are sealed from the natural environment 

(Kankaala et al., 2003). The final way of sampling is to extract the macrophyte of interest with its 

root system intact in the sediment, a so called monolith and cultivate it in a controlled laboratory 

environment (Ström et al., 2005). 

 

All these methods have their pros and cons. Regarding the chamber method, a closed environment 

may disturb the plants and other microbial actions through raised temperatures and saturation of 

elements as they accumulate inside and cannot escape to the atmosphere. The drawback with EC 

technique is that it is expensive and reliant on constant source of electricity. Another drawback is 

that data from smaller plant communities is not reliable because it cannot pinpoint spatial variation 

in flux. Finally, the lack of turbulence during night time and sloped terrain often result in inaccurate 

fluxes (Lai, 2009). Regarding mesocosms and monoliths, the greatest disadvantage is that the 

studied plants are kept in a controlled environment for a longer time period, meaning the plants are 
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shielded from natural environmental effects such as variation in solar radiation, temperature, wind 

speed, precipitation etc. The purpose of studying macrophytes growing naturally in the environment 

is to get as accurate results as possible. Closed environments cannot achieve what nature provides. 

 

Weighing the pros and cons we concluded that the chamber method was the best of the available 

methods. We took action to minimise disturbances as much as possible such as using floating 

chambers to reduce the risk of disturbing the sediment. We kept the chambers mounted over the 

plants the shortest time possible before the plants got affected by the closed environment to get a 

reliable flux measurement to minimize the chamber effect on the plants. 
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4 Materials and methods 
 

4.1 Study site 
 
The samplings were conducted in the lake Följesjön in Skogaryd in the district of Vänersborg, 

County of Västra Götaland in South Western Sweden. This small boreal lake with an area of 0.04 

km2 is surrounded by mixed forest and wedged between elevated hill sides. The landscape is 

comprised of agricultural land and forests managed through forestry. The lake has its inlet in the 

north east and the outlet in the South West where it is dammed with a drop of ca 1 m. Vegetation 

covers more than 50% of the lake surface in the northern part where the water depth is >1 m. The 

Southern part consists of semi-open water surface with a depth of <1 m.  

 

Figure 2. Map over Följesjön and surroundings. © Lantmäteriet. 

 

The surface emergent vegetation composition is made of typical boreal wetland plants such as 

colony forming Carex sp, Phragmites australis and Typha latifolia. Other important species in the 

lake is Menyanthes trifoliata, Myrica gale and Equisetum fluviatile. Eriophorum and Ericaceae 

species cover a large area of the littoral zone where also occurrence of Vaccinium cyanococcus, 

Rubus chamaemorus and Rhododendron tomentosum among many other species can be observed. 

Peat and moss cover the majority of the lake and littoral sediment, consisting mainly of species 

from the Sphagnum genus. 

 

 

 

Följesjön is equipped with several boardwalks and platforms, one intersecting the middle of the lake 

where preparations for flux measurements via eddy covariance towers are set. This allowed safe 

sampling and minimal disturbance in the sediment and water. Chambers were put alongside the 

boardwalk and around the platform in the middle of the lake. The water depth around the boardwalk 

and platform varied between 0 to 20 cm, in some places the Sphagnum moss emerged up to 20 cm 
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above the surface, much like a hummock, suggesting an elevated and maybe solid foundation at 

these particular sites. 

 

Figure 3. Photographs of the boardwalk and surroundings at lake Följesjön (Marliden, 2012). 

 

The species of interest for this study were easy to find and identify around the boardwalk and 

platform where plants could be examined within less than an arm’s length. The samplings were 

carried out from mid-July to the end of September 2012, four samplings in total conducted every 

fourteenth day with an exception regarding the last sampling which took place four weeks after the 

prior sampling. The sampling dates were July 17th, July 31st, August 15th and September 24th. The 

reason behind the extended gap was due to compulsory courses at the university leaving no space 

for samplings at that time. 
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4.2 Materials 
 

In order to catch the greenhouse gases CH4, CO2 and N2O two chambers of different sizes were 

constructed, one larger and one smaller. The larger chamber is 89 cm high, a pyramid with a 

quadratic base, leaving a base area of 0.3 m2. The volume of the chamber is 0.14 m3. The chamber's 

body was built with conventional plastic water pipes used in plumbing and covered with a clear and 

gas tight plastic sheet. This plastic sheet was measured, cut and fitted on the body and the seams 

taped with duct tape. In order to make the chamber float four pieces of styrofoam floating rods were 

attached to the base. Finally the chamber was equipped with two computer fans powered by one 9V 

battery each for air circulation and a gas tight plastic tube with a diameter of 5 mm (3 mm inner 

diameter), 105 cm long and fitted with a 3-way valve at the end (see Figure 4). This chamber was 

aimed to cover an area with a mix of several plant species. 

 

Figure 4. Photographs of the Mixed chamber taken in June 2012. Photograph to the left depicts 

fitting of the gas tight plastic sheet on the body and the photograph to the right is a close-up of the 

circulation fan and battery attached to the body (Marliden, 2012). 

 

The smaller chamber (see Figure 5) consisted of an acrylic pipe made for sampling sediment, i.e. a 

sediment pipe. The length of the sediment pipe is 74 cm and the inner diameter is 7 cm and has a 

total volume of 0.00285 m3. One end was sealed with the same clear plastic sheet used in the 

construction of the Mixed chamber by using thin strips of duct tape in order to make the pipe air 

tight. Later the chamber was fitted with an infrared carbon dioxide sensor (CO2-sensor). A small 

frame of styrofoam floating rods were fitted to the open base of the pipe. This chamber was too 

narrow to be equipped with computer fans so to solve the issue with air circulation two gas tight 

tubes were attached to the inside of the chamber. By attaching one 60 ml plastic syringe fitted with 

a 3-way valve to each tube's 3-way valve air circulation would be achieved by manual pumping 

with the pistons of the two syringes. This also means that the air inside the chamber was diluted 

with 60 ml air in order to keep pressure equilibrium. The reason for choosing this long and narrow 

pipe to catch GHGs was that it would fit and isolate smaller stands of E. fluviatile without the 

interference from other species. To stabilize the chamber during sampling copper wires were 

attached to the chamber and anchored to the boardwalk. 
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Figure 5. Photograph of the Equisetum chamber in September 24th 2012. The photograph to the 

left shows the chamber lying on an aluminium box containing the stationary GHG-analyser. The 

blue plastic bag next to the box contains 60-ml syringes filled with sample gas. The photograph to 

the right zooms in the CO2-sensor inside the chamber (Marliden, 2012). 

 

The Mixed and Equisetum chambers are made to cover emergent wetland plants on the water 

surface which means that reference samples from chambers without plants are needed to account for 

water-atmosphere flux. The methods for sampling and analysis changed throughout the sampling 

period where 1 to 3 reference chambers were used. These chambers consisted of regular 6.5 litre 

plastic wash-up sinks covered with aluminium tape to reflect sunlight and prevent high 

temperatures. The chambers were fitted with styrofoam floating rods and gas tight tubes with 3-way 

valves for easy sampling. 

 

In the first two samplings (samplings July 17th and 31st) only CH4 and CO2 were caught, stored in 

60 ml syringes and analysed immediately after a sampling session. The following last samplings 

also included N2O and this due to a different analytical method with transferring samples from the 

syringes with needles and storing the gas samples in 20 ml Headspace vials equipped with rubber 

septas, with and without supersaturated NaCl-solution (salt water). This will be explained further in 

the following sections. 
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4.3 Sampling methods 
 

Locations for the chambers were chosen and marked by observing the vegetation surrounding the 

boardwalk and platform. Three sites per chamber type were chosen (A, B and C for both chambers), 

all with different characteristics in plant species composition, density and amount. These sites were 

kept permanently except for the last sampling where the platform had been altered to fit a box with 

a GHG measuring instrument where site B for the Mixed chamber was located. A new site for this 

chamber was chosen to compensate for the loss of the original site. The reference chambers were 

deployed on sites alongside the boardwalk where the least amount of plants could be found to 

minimise interference. The few interfering plants at the reference chamber locations were cut 10-20 

centimetres below the water surface to ensure that only fluxes from the water surface was measured 

by the reference chambers. 

 

The number of plants was relatively constant throughout the four samplings and photographs were 

taken of each chamber location one day before the samplings started. The photographs below depict 

the location C for the Mixed chamber (see Figure 6). 

 

 

Figure 6. Example showing photographs of site/station C plants for the Mixed chamber during 

summer/autumn of 2012. The top left photograph was taken July 31st, the top right one was taken 

August 15th and the bottom photograph was taken September 24th (Marliden, 2012). 
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The chamber locations were marked with cable ties and were left there throughout the four 

samplings and removed after the last sampling in September 24th. This enabled easy identification 

of our chosen chamber locations when we returned (see Figure 7). 

 

Figure 7. Photograph of Equisetum fluviatile marked with cable ties at site C for the Equisetum 

chamber (Marliden, 2012). 

 

The plants were identified, counted and measured one day before sampling for each chamber site, 

e.g. the three sites for the Mixed chamber and the three sites for the Equisetum chamber (see Tables 

1 and 2). 

 

Table 1. Plant taxa and the amount of aboveground entities (or relative coverage for Sphagnum) at 

each chamber location July 31st 2012. Some taxa are only named by genus when determination of 

species was not made (see appendix for complete list of plants for all sampling dates). 

 

 

 

 

Species A B C

E. fluviatile 45 60 20

Sphagnum spp 80,00% 50,00% 95,00%

M. trifoliata 30 30 30

P. australis 1 3 2

M. gale 9 0 5

Carex spp 200 200 200

L. thyrsiflora 1 0 3

U. intermedia Submerged Submerged Submerged

Total 286 293 260
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Table 2. Table showing number of above ground plant entities of Equisetum fluviatile at each 

chamber location July 31st 2012. 

 

 

 

 

 

 

Each sampling (Samplings July 17th, July 31st, August 15th and September 24th) consisted of 6 

sampling sessions. The sampling sessions were conducted throughout the day and night every 4 

hours starting 06:00 and ending at 02:00 the following day to account for dial aspects. One 

sampling session lasted approximately one hour. The first session at 06:00 differed from the 

following sessions with the placing of the control chambers at their locations before the work with 

the plant chambers started. These control chambers were left stationary throughout the day and 

night and were sampled after 12 and 20 hours. 

 

The plant sampling session started with deploying the Mixed and Equisetum chambers on their 

respective location (A) for 15 minutes. From each chamber five consecutive samples were taken 

during set time intervals of 3 minutes, with the first sample taken 3 minutes after the chamber was 

deployed, the second at 6 minutes, the third at 9 minutes, the fourth at 12 minutes and the last at 15 

minutes after deployment. After the fifth sample the chambers were ventilated and relocated the  

location (B) for another 15 minutes of sample withdrawal. This procedure was repeated for sites C 

also. The 15 minute time limit was set to give minimal impact on the plants (Hyvönen et al., 1998). 

One sampling session resulted in 15 samples per chamber leaving a total of 30 samples plus one air 

sample. Before withdrawing the samples the pistons of the syringes were pumped multiple times to 

make sure that the gas in the chamber, tube and syringe were mixed. 

 

Samples from samplings July 17th and July 30th were stored in the 60 ml syringes they were taken 

with. The syringes with samples were put in a plastic bag and were kept shaded to avoid heating. 

After a completed sampling session the samples were transported to the field station where the 

samples were analysed immediately, thereafter reused for the following sampling sessions.  

 

Samples from samplings August 15th and September 24th were transferred from the 60 ml syringes 

to 20 ml Headspace vials and were transported to Linköping University for analysis. During 

sampling August 15th new strategies were applied where the Headspace vials with rubber septas 

where flushed with 30-36 ml of sample and the rest of the sample in the syringe was transferred into 

the vial to create over pressure. This sampling also incorporated the test of a circulation pump in 

order to alleviate manual labour with pumping and sample transferring with the Equisetum chamber 

with the pump connected to the chamber and the vial, i.e. no syringes were needed. Unfortunately 

this method did not work out well due to efficacy limited to electric power from batteries. Not even 

with more powerful batteries did it function properly since it created a severe under-pressure in the 

chamber resulting in a water pillar rising within the chamber. Another problem arose with the vials 

leaking due to the poor quality of the septas and the use of too thick needles for sample transfer into 

the vials. 

 

The last sampling in September 24 incorporated better methods to alleviate leakage where the 

Headspace vials were filled with supersaturated salt water solution (NaCl + H2O). The vials for the 

Mixed chamber were prepared prior to sampling with 2 ml NaCl-solution to act as a second barrier 

against leakage when stored upside down, whereas the vials for the Equisetum chamber were 

completely filled with NaCl-solution.  

 

Species A B C 

E. fluviatile 24 10 2 
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The reason for the different NaCl-solution amount for the Equisetum chamber is because of this 

chamber's small volume making it difficult to take more than 60 ml gas sample per time interval. By 

filling the vial completely with NaCl-solution there is no need to flush the vial several times with 

sample gas prior to withdrawing the sample. The NaCl-solution fills the vial completely meaning 

there is no space available for gas to exist and thus no flushing is needed to get rid of it. When 

transferring sample gas from the syringe to this vial the sample gas replaces the NaCl-solution. The 

sample gas is injected with pressure into the vial while the NaCl-solution is pushed out from the 

vial through an outlet. The only drawback of this method is that only CH4 could be analysed since 

CO2 dissolves into the water phase and does not present actual amounts of the gas during analysis 

(Bastviken et al., 2010). Here another workaround was applied by the use of an infrared CO2 sensor 

in the chamber which measures and logs emissions of CO2, manufactured by SenseAir.  

 

The Mixed chamber was not fitted with a CO2 sensor due to its large volume where withdrawing 3 

x 60 ml samples per time interval did not pose a problem at all. As explained earlier, CO2 dissolves 

into water and this prompted a different method of transferring the sample gas into the partially 

NaCl-solution filled Headspace vial. In order to avoid CO2 to mix with the solution great care was 

taken to make sure that the needle end was above the water surface within the vial so that the gas 

sample did not bubble through the water. 

 

4.4 Analytical method 
 

Samples from July 17th and July 31st were analysed on an Off-Axis Cavity Output Spectrometer 

(OA-ICOS technology) manufactured by Los Gatos Research Inc., model DLT 100 (see Figure 8). 

The 60 ml syringes with gas samples were analysed no more than 1 hour after sampling and the 

resulting concentrations were given in ppm. 

 

Samples from August 15th and September 24th were transported to Linköping University and 

analysed in a gas chromatograph (GC), by the manufacturer Agilent Technologies model 7890 

equipped with an auto sampler (see figure 8). This GC is fitted with FID, ECD and TCD detectors 

and uses a packed column. Internal standards were set up by the means of a single-point calibration 

with gas samples with known concentrations of 10 ppm CH4, 2000 ppm CO2 and 2 ppm N2O 

resulting in chromatograms displaying results as area units. The response is linear up to %-level for 

all gases according to earlier tests with several concentrations which is why a single-point 

calibration by a zero intercept regression with the standard concentrations was enough to make sure 

the instrument response was correct. 

 

Vials with too much supersaturated salt water solution in them could not be analysed in the GC with 

the auto sampler. These were analysed on a GC by the manufacturer Agilent Technologies, model 

number 7890 with manual injection. The sample gas was withdrawn from the vials by the means of 

a syringe equipped with a 0.5 mm needle on a 3-way valve and injected via a sample loop into the 

GC. This GC is equipped with FID and TCD detectors and a packed column. The same single-point 

calibration was used in the manual GC as in the GC with auto sampler.  
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Figure 8. Photographs of the analytical instruments. The photograph to the left depicts the OA-

ICOS GHG analyser and the photograph to the right shows the Headspace vials mounted on the 

auto sampler of the gas chromatograph (Marliden, 2012). 

 

 

4.5 Other measurements 
 

During all field samplings weather conditions such as precipitation, temperature, pressure and wind 

speed were measured via a hand held device from the manufacturer Silva. Also water temperature 

and depth were measured. 
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4.6 Calculation of fluxes 
 

The concentrations of sample gases were converted to partial pressure (Pgas) with the unit Pascal 

(Pa) by using the ambient pressure during field sampling, 

 

Pgas = (ppm/106) · Ptot          (1) 

 
 

where ppm is the sample gas mixing ratio and Ptot is the ambient pressure. The Pgas is then 

converted to amount of substance (n) in moles, by using the Ideal Gas Law,  

 

n  = (R·T) / ( P·V),                     (2) 

 

where R depicts the universal gas constant (8.314 Pa m3 K-1 mol-1), T is the ambient temperature in 

the plant chamber in Kelvin and V is the volume of the plant chamber in m3. The flux was then 

calculated to render first the flux of gas per mole per day (f) by the use of a linear regression, 

 

f = i + n·t           (3) 

 

derived from the consecutive sample concentrations versus the corresponding time when the sample 

was drawn. i is the intercept in mol, n is the amount of gas in mol and t is the time the sample was 

drawn. Finally we introduced A as the chamber base area and divided by 24 and multiplied with 

1000 to get the flux in mmol per m2 per hour: 

 

Flux = (f · 1000) / (A·24)         (4) 

 

 

The flux calculations were performed according to Bastviken et al (2010) for all gases, CH4 , CO2 

and N2O.
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5 Results 
 

5.1 Emissions of CH4,CO2 and N2O during chamber sampling 
 

The emissions of the gases varied depending on several factors during the chamber samplings, one 

being the emissions patterns inherent to each gas as shown in the following panel of graphs.   

 
Figure 9. Examples of graphs showing the changes in mixing ratio (ppm)of CH4, CO2 and N2O in 

the chambers during sampling. The graphs to the left show concentrations during day time and the 

graphs to the right show concentrations during night time. The x-axis represents the time of day and 

interval between the data points in hh:mm and the y-axis shows the concentration in ppm of the 

respective gases. In these examples there were no clear flux regarding N2O. 
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Concentrations of the three gases differed where CH4 spanned between 6 and 12 ppm, CO2 350 and 

292 ppm, and lastly N2O between 0.334 and 0.338 ppm during day time measurements (Figure 9). 

The change in trends and concentrations during night time varied and CO2 stood out as the most 

varying of the three gases in comparison to day time measurements. For CO2 the day time trend was 

negative while the concentrations during the darker hours showed a positive trend. CH4 showed a 

quite steady positive trend while N2O varied between negative and positive trends during the 15 

minute sampling period. The differences in concentration regarding N2O were very small, within 

the error margin, why a clear flux could not be detected with this methodology.  
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5.2 Diel emissions of CH4, CO2 and N2O 
 

Diel samplings were conducted on all dates except for July 17th, where sampling was only done 

during daytime. The Mixed chamber was used during all four samplings while the Equisetum 

chamber was used in the three last samplings, July 31st, August 15th and September 24th. 

 

5.2.1 Diel emissions of CH4 in the Mixed chamber 
 

The calculated fluxes of CH4 in the Mixed chamber varied between sampling dates and sampling 

locations. Furthermore, variations in fluxes and concentration between the different chamber 

locations was observed as seen in the panel of graphs below. 

 

Figure 10. Panel showing diel fluxes of CH4 in the Mixed chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of CH4 in mmol m-2 h-1. 1) Sampling July 17th. 2) Sampling July 31st. 3) Sampling August 

15th. 4) Sampling September 24th. 

 

Sampling July 17th was conducted between hours 6:00 and 19:00 and thus did not cover diel fluxes.  

This sampling showed fluxes between 0.52 to 0.69 mmol CH4  per m-2 h-1 as seen in Figure 10. The 

following three samplings were all conducted to cover diel aspects, where Sampling July 31st 

showed fluxes that varied between 0.6 to 2.0 mmol m-2 h-1. Sampling August 15th showed values 

from 0.04 to 1.36 mmol m-2 h-1 and lastly Sampling September 24th resulted in fluxes varying 

between 0.06 to 1.15 mmol m-2 h-1. Considering the trends in fluxes for all samplings except for 
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Sampling July 17th, there was a tendency towards higher emissions of CH4 during the darker hours 

in comparison with daytime emissions. 

 

To test the spatial variability between the chamber locations for each sampling a non-parametric test 

(Kruskal-Wallis) was conducted due to the data not showing standard distribution. This test 

compares the mean diel values between the locations to see if one or several locations differ from 

each other. For Samplings July 17th (Figure 10, graph 1) and August 15th (Figure 10, graph 3) no 

significant differences between the chamber locations were observed. As for Samplings July 31st 

(Figure 10, graph 2) and September 24th (Figure 10, graph 4), significant differences were observed 

(p = 0.07 for Sampling July 31st and p = 0.032 for Sampling September 24th). For Sampling July 

31st, location B is of interest as it was ranked 1 (see Figure 11). 

 

 

Figure 11. Boxplot of Sampling July 31st. The Kruskal-Wallis test indicated significant differences 

and ranked the locations B > A > C. 

 

Sampling September 24th ranked location C first as it differed the most between the locations 

according to the Kruskal-Wallis test (see Figure 12). 

Figure 12. Boxplot of Sampling September 24th. The Kruskal-Wallis test indicated significant 

differences and ranked the locations C > B > A.  
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5.2.2 Diel emissions of CH4 in the Equisetum chamber 
 

The species-specific chamber for Equisetum fluviatile was used for sampling during three sampling 

events, July 31st, August 15th and September 24th. The CH4 fluxes varied between the sampling 

events as shown in the panel of graphs below (see Figure 13). 

 

 

Figure 13. Panel showing diel fluxes of CH4 in the Equisetum chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of CH4 in mmol m-2 h-1. 1) Sampling July 31st. 2) Sampling August 15th. 3) Sampling 

September 24th. 

 

The data from sampling E. fluviatile displayed conflicting values which will be explained in the 

discussion part. For Sampling July 31st the fluxes of CH4 ranged between -0.43 to 8.99 mmol m-2 h-

1. For Sampling August 15th values between 0.28 and 1.27 mmol m-2 h-1 were observed and finally 

Sampling September 24th displayed results between 0.08 and 0.86 mmol m-2 h-1. The Sampling 

event that stood out the most regarding amounts of CH4 emitted was the first Sampling in July 31st, 

where the fluxes were significantly higher than the following two sampling events (see Figure 13, 

graph 1). 

 

Following the same procedure as with the Mixed chamber data, a non-parametric test was 

conducted to investigate possible differences between the chamber locations. The Kruskal-Wallis 

test did not reveal any significant differences for any of the sampling events, however, for Sampling 

July 31st, another method of determining species-specific CH4 flux was applied. As seen in the 
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graph (figure 13, graph 1), the initial flux at 6:00 corresponded to the amount of E. fluviatile strands 

for each chamber location (see Table 3). By dividing the CH4 flux for each location with the amount 

of E. fluviatile strands at their respective locations instead of the area in m2, a flux per E. fluviatile 

strand was accomplished.  

 

Table 3. Table of CH4 flux per E. fluviatile strand in the Equisetum chamber at 06:00 hrs. 

 

 

The CH4 fluxes per E. fluviatile strand were similar in amounts for the three chamber locations, 

ranging from 0.00144 to 0.00155 mmol per strand per hour with a mean value of 0.00149 ± 

0,00005. This allowed the possibility to estimate the E. fluviatile share of CH4 flux from the Mixed 

chamber.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location Flux in mol Strands Flux/strand

A 0.000829 24 0.00144

B 0.000358 10 0.00149

C 0.000074 2 0.0015
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5.2.3 Diel emissions of CO2 in the Mixed chamber 
 

Emission patterns of CO2 differed from CH4 emissions due to mentioned inherent functions in the 

interaction between CO2 and plants as illustrated in the following panel (see Figure 14). 

 

Figure 14. Panel showing diel fluxes of CO2 in the Mixed chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of CO2 in mmol m-2 h-1. 1) Sampling July 17th. 2) Sampling July 31st. 3) Sampling August 

15th. 4) Sampling September 24th. 

 

All of the samplings showed negative fluxes of CO2 during daytime with one exception, namely 

Sampling September 24th where the majority of the fluxes were emissions instead of uptake from 

photosynthetic activity in the plants. As seen in the panel of graphs above, Sampling July 17th 

showed overall negative fluxes as it was conducted during daytime only with values ranging from -

3.34 to -13.4 mmol m-2 h-1. Sampling July 31st showed symmetrical fluxes that varied between -

17.45 and 17.67 mmol m-2 h-1 and Sampling August 15th had fluxes ranging from -8.65 to12.55 

mmol m-2 h-1, with an extreme value of 35.17 mmol m-2 h-1. Finally, Sampling September 24th 

showed fluxes ranging between -0.66 and 9.63 mmol m-2 h-1. 

 

The concentration of CO2 fluxes varied only between sampling dates. A Kruskal-Wallis test did not 

reveal any significant differences between the chamber locations. 
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5.2.4 Diel emissions of CO2 in the Equisetum chamber 
 

Emissions of CO2 in the Equisetum chamber varied substantially between samplings in comparison 

with the CO2 emissions in the Mixed chamber (see Figure 15). 

 

Figure 15. Panel showing diel fluxes of CO2 in the Equisetum chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of CO2 in mmol m-2 h-1. 1) Sampling July 31st. 2) Sampling August 15th. 3) Sampling 

September 24th. 

 

The three sampling events showed large fluxes, both positive and negative. Sampling July 31st had 

fluxes varying between -51.06 and 35.8 mmol m-2 h-1, where both min and max values were noted 

at the same chamber location, namely A. For Sampling August 15th the fluxes ranged from -260.7 

to 87.6 mmol m-2 h-1, also this min-max value was observed at only one chamber location, C. The 

final sampling results in September 24th showed rather inconsistent variations where the fluxes 

initially followed a negative trend for all three chamber locations. At 14:00 they started to differ, 

only location B showed an all-out negative trend throughout the sampling sessions. 

 

To verify significant differences between the sampling locations a Kruskal-Wallis test was 

conducted for all three sampling events, neither of them revealed any differences. 
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5.2.5 Diel emissions of N2O in the Mixed chamber 
 

Fluxes for N2O were calculated from the last two samplings in August and September. The 

concentrations were overall low, with both positive, negative and zero fluxes (see Figure 16). 

 

Figure 16. Panel showing diel fluxes of N2O in the Mixed chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of N2O in mmol m-2 h-1. 1) Sampling August 15th. 2) Sampling September 24th. 

 

Most data points accumulated around 0 with a few extreme values for both sampling dates, where 

more extremes were found in the last sampling. The fluxes varied from -0.00301 to 0.00064 mmol 

m-2 h-1 for Sampling August 15th, except the data point at "A 5:00" (see Figure 16, graph 1), which 

was considered as an extreme value. Sampling September 24th rendered fluxes ranging between -

0.00405 and 0.00922 mmol m-2 h-1, somewhat higher in concentration compared to Sampling 

August 15th. Although no statistically significant spatial differences were found between the 

chamber locations, some of the locations showed an uptake of N2O during daytime. 
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5.2.6 Diel emissions of N2O in the Equisetum chamber 
 

Similar to the Mixed chamber, the Equisetum-specific fluxes were low, with both positive and 

negative curves (see Figure 17). 

 

Figure 17. Panel showing diel fluxes of N2O in the Equisetum chamber where the letters A, B and C 

depict the chamber locations. The x-axis represents the time of day in hh:mm and the y-axis shows 

the flux of N2O in mmol m-2 h-1. 1) Sampling August 15th. 2) Sampling September 24th. 

 

The fluxes varied from -0.0013 to 0.00047 mmol m-2 h-1 for Sampling August 15th whereas the 

fluxes from Sampling September 24th ranged from -0.0019 to 0.0036 mmol m-2 h-1. The last 

sampling showed higher concentrations of N2O compared to Sampling August 15th, similar to the 

flux pattern in the Mixed chamber for N2O fluxes. No statistically significant spatial differences 

were found between the chamber locations, however, during sampling August 24th two of  the 

chamber locations (A and B) showed an uptake of N2O during daytime between hours 9:00 and 

1:00. 

 

5.3 Non-plant mediated fluxes 
 

Samples from open water sources were gathered in order to compare plant mediated and non-plant 

mediated fluxes of CH4. Minimum and maximum fluxes for all chamber locations per chamber type 

was calculated (n = 3), illustrated in the following table (see Table 4). 

 

Table 4. Comparison of average CH4 flux from open water sources with the Mixed and Equisetum 

chambers, in mmol m-2 h-1. The chamber data displays min-max for all locations (A, B and C, n =3), 

open water flux values from unpublished data, courtesy of S. Natchimuthu. 

 

Date of sampling Average flux open water Mixed Equisetum 

July 17th 0.08 0.34 - 0.69 - 

July 31st 0.17 0.63 - 1.98 0.17 - 8.99 

August 15th 0.12 0.04 - 1.37 0.28 - 1.27 

September 24th 0.02 0.06 - 1.15 0.08 - 0.86 

 

Open water fluxes of CH4 were considerably lower than plant mediated fluxes. Comparing the 

fluxes from the Mixed chamber and Equisetum chamber we observed more emission of CH4 from 

the Equisetum chamber than from the Mixed chamber in the majority of the samplings. 
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6 Discussion 
 

In line with previous studies (e.g Hyvönen et al., 1998; Käki et al., 2001) macrophytes contribute 

significant amounts of GHGs to the atmosphere. When assessing GHG emission in lakes, streams 

and wetlands it is important to include plants in flux measurements in order to avoid 

underestimation of GHG emissions in these types of landscapes. Table 4 illustrates the differences 

between open water flux and plant included flux quite clearly. 

 

6.1 Mixed chamber fluxes of CH4 
 

The mixed species contribute significantly to CH4 emission from lakes, in line with previous 

research (Kankaala et al., 2003; Kankaala & Bergström, 2004). The results from this study 

correspond to the high efflux rates Kankaala et al (2003) observed from similar environments and 

species composition. Comparing the max flux rates for the species-specific plot in their study, 

dominated by Phragmites australis, with the mixed species plots in this study, yielded similar to 

slightly higher values in this study, whereas the E. fluviatile-specific spot in their study showed 

considerably lower values (see Table 5).  

 
Table 5. Comparisons mid-summer CH4 flux with previous studies, emissions are listed ranged-wise or in 

mean values and standard deviation when available. 
 

Species Sediment type Emission (mmol m-2 h-1) Reference 

E. fluviatile N.A 1.81 Hyvönen et al., 1998 

P. australis-Mix N.A 0.97 - 4.992 Käki et al., 2001 

P. australis N.A 1.16 ± 0.333 Kankaala et al., 2003 

E. fluviatile N.A 0.07  ± 0.013 Kankaala et al., 2003 

E. fluviatilea Organic 1.184 Kankaala & Bergström, 2004 

E. fluviatilea Sandy gyttja 0.065 Kankaala & Bergström, 2004 

S. lacustris N.A 0.08 - 0.14 Kankaala et al., 2005 
P. australis N.A 0.10 - 0.24 Kankaala et al., 2005 

E. fluviatileb N.A 0.26 - 0.62 Kankaala et al., 2005 

P. australisc N.A 0.02 - 0.28 Kankaala et al., 2005 

Mixed Peat 0.63 - 1.986 This study 

E.fluviatile Peat 0.17 - 8.996 This study 

 
1 Highest measured mean flux value from July 1995. 

2 Highest measured flux in July 1999. 

3 Values from sampling in July 2002. 

4 Highest measured flux in June 2000. 

5 Highest measured flux in July 2000. 

6  Min-max range flux in July 2012. 

a Mesocosm. 

b Spot with P. australis dominated by E. fluviatile. 

c Spot with E. fluviatile dominated by P. australis. 

 

 
The study conducted by Kankaala et al (2005) shows mean flux values including all four seasons 

(ice-free period) and thus display generally lower values. 
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Regarding spatial factors in this study, statistically significant differences in fluxes were observed in 

two of the four samplings, samplings July 31st and September 24th. The sampling July 31st showed 

that Location B differed from Locations A and C, where Location B showed the highest fluxes of 

CH4. Considering the number of plants and plant species at this location (see Table 1), where the 

number of E. fluviatile strands was the highest of all locations, there is a possibility for species-

specific mechanics influencing CH4 flux. However, this may not be true when looking at the fluxes 

from Locations A and C, where C showed second highest flux with the lowest amount of E. 

fluviatile strands. Location A had more than double the amount of E. fluviatile strands than Location 

C and a higher total number of plants, still Location C showed higher flux, suggesting other factors 

influencing CH4 flux. Nevertheless, spatial differences have been confirmed and these may be 

explained by other, more dominating factors such as substrate availability, sediment type, sediment 

temperature, water table depth and solar radiation, in line with previous studies (Hyvönen et al., 

1998; Kankaala et al., 2003; Kankaala & Bergström, 2004; Kankaala et al., 2005).  

 

As for sampling September 24th, Location C stood out, showing significantly higher overall flux 

than both locations A and B (worth noting here is that Location B was relocated and therefore does 

not correspond to the two previous samplings). By this time in early autumn many of the plants 

showed signs of decline regarding growth such as withered and broken strands and branches as well 

as a decreasing amount of individual plants. However, at Location C, the number of E. fluviatile 

strands were identical with previous samplings, 20 strands, in comparison with Location A and B 

having 12 and 2 strands. All chamber locations but Location C showed diminishing flux values as 

the number of strands declined from Sampling August 15th to Sampling September 24th. The 

stability in number of E. fluviatile strands during the last two samplings reflects on the mean CH4 

flux at Location C in mmol m-2 h-1, 0.35 - 0.77 August 15th and 0.23 - 0.70 September 24th 

respectively. The small decline in the latter flux values is probably due to seasonal effects with 

lesser primary production in the plants. 

 

6.2 Equisetum chamber fluxes of CH4 
 

As there is no uptake of CH4 in plants, the flux data should not display any negative values, 

however, due to sampling errors a minus flux was recorded for Location C in the Equisetum 

chamber on July 31st. Another error during this sampling was the decreasing amount of E. fluviatile 

strands as the sampling sessions progressed for locations A and B, hence the considerably lower 

flux values for these two sites throughout this sampling date. 

 

Despite these errors valuable data was achieved from the Equisetum chamber where high flux 

values were recorded at both locations A and B, ranging from 0.72 to 8.99 mmol m-2 h-1 and 0.81 - 

3.88 mmol m-2 h-1 respectively in July 31st. Chamber site C had only 2 E. fluviatile strands and thus 

showed lower flux values. Comparing the highest mean flux values from this study with Kankaala 

et al's (2003) corresponding E. fluviatile sampling results, this study's CH4 flux was considerably 

higher. A possible explanation to these discrepancies between studies may be the different chamber 

sizes used. The Equisetum chamber in this study had a very small volume (2.85 L) whereas 

Kankaala et al used a much larger chamber with a volume of 102 L. The density of plants may also 

influence CH4 flux, i.e. the denser the plants are situated in a stand, the higher the flux values are as 

indicated by Kankaala et al (2003). 

 

One of the more notable results from this study was the within-species differences. Kankaala et al 

(2003) concluded that differences between species and stands were significant, but within-species 

differences between locations were not significant in any of the species in their study. However, in 

our study there was a possibility to determine the CH4 flux per strand of E. fluviatile at a given hour 
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(06:00 CET) in July 31st. Despite differences in density (24 strands at location A, 10 at location B 

and 2 at location C, further references in Table 3), the fluxes corresponded well to the amount of 

strands present in the chamber during sampling, with a mean value of 0.00149 ± 0,00005 mmol per 

strand per hour. This data may be of assistance when determining species-specific CH4 flux in 

assessing GHG emissions from plants in lakes and wetlands. Unfortunately it was not possible to 

repeat the experiment for the remainder of sampling sessions this date due to the loss of E. fluviatile 

strands as mentioned earlier. 

 

Regarding other spatial differences in CH4 flux from the Equisetum chamber, calculations did not 

reveal any significant differences between the chamber locations, this may be due to the errors 

encountered sampling in the field as well as during analysis.  

 

6.3 Fluxes of CO2 from the Mixed and Equisetum chambers 
 

The CO2 flux followed seasonal patterns, progressing through mid-summer where negative fluxes 

illustrated uptake of CO2 by the plants, to emission as the plant growth declined in late September.  

Regarding Equisetum-specific CO2 flux, greater variation in both uptake and respiration was 

observed in the Equisetum chamber (see appendix: Flux for all gases) in comparison to the Mixed 

chamber over all three sampling dates. Specifically Sampling August 15th rendered extremely high 

and low fluxes, ranging from -260.7 to 87.5 mmol m-2 h-1. This is explained by a sampling error 

where the circulation pump used for this sampling created an under pressure in the chamber and 

thus affected the fluxes. Another noteworthy aspect is the last sampling for both chamber types, 

where no diel pattern could be observed. The most probable reason for the lack of diel pattern was 

the use of supersaturated NaCl-solution filled vials, enabling CO2 to enter the water phase and thus 

was not detected fully in the GC. 

 

In comparison with previous research, this study does not show conflicting overall values regarding 

CO2. An example is the study conducted by Ström et al (2005) where fluxes from Carex spp in the 

month of May yielded in respiration dominating values ranging from ca -20 to 145 mg C m-2 h-1, 

compared with fluxes from the Mixed chamber in July 31st ranging from -64 to 68 mg C m-2 h-1. 

Here seasonal and species-specific factors influence the difference in CO2 fluxes between the 

studies, as well as aforementioned environmental factors. 

 

Overall, positive fluxes of CO2 from both chambers fall in line with the general function regarding 

photosynthetic activity and respiration; respiration dominates over uptake (Van Oijen et al., 2010). 

 

To better determine species-specific CO2 flux more comprehensive studies need to be conducted 

with more replicates, species and more isolated stands for homogenity. 

 

6.4 Fluxes of N2O from the Mixed and Equisetum chambers 
 

Sampling N2O proved to be difficult in terms of assessing the plant contribution of N2O emissions, 

however comparable results can be found in other studies (Juncher J¢rgensen et al., 2012; Saari et 

al., 2013) where water table level seems to be an important determining factor along with solar 

irradiation and N-nutrient availability, factors not included in our study. These studies have also 

reached the conclusion that plant mediated N2O emissions from lakes and wetlands with natural 

influx, i.e. non-constructed, do not contribute significantly to increased atmospheric N2O.  

 

In contrast to the above mentioned deductions, Huttunen et al (2003) reported significant emissions 

of N2O from stands of P. australis (11 ± 7 to 22 ± 7 μg N2O-N m-2 h-1). Comparing the fluxes from 
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their study with this study shows that some of our fluxes are considerably higher, in relative terms, 

with minimum fluxes of -132 μg N2O-N m-2 h-1 and maximum of 792.2 μg N2O-N m-2 h-1 for the 

Mixed chamber in August 15th (see appendix for complete fluxes in mmol). However, the level of 

uncertainty regarding the data concerning N2O flux in this study is extremely high since many of 

the sampling locations displayed extreme values while many showed zero fluxes. The most 

probable explanation to these inconsistencies is errors in sampling. The major concern was the 

leaking rubber septas (bad quality) and the use of not sufficiently thin needles for sample transition 

from the syringes into the vials. For Sampling September 24th the addition of supersaturated NaCl-

solution in the vials may have interfered with actual N2O concentrations. 

 

6.5 Regarding sampling and errors 
 

The first sampling in July 17th was a test run to make sure the bigger chamber functioned properly. 

The sampling was conducted during day time and did not account for diel variations and only 

showed a mixed species population without definition of species composition and amount, they all 

had similar characteristics. 

 

During sampling August 15th a new method was incorporated with the use of Headspace vials and a 

circulation pump. The circulation pump created under pressure in the Equisetum chamber resulting 

in a water column rising inside it, affecting the E. fluviatile strands and thus provided inconsistent 

data. The pump was not used for the last sampling in September 24th. Adding to these errors were 

the use of too thick needles and poor quality rubber stoppers (septa), failing to keep the samples 

properly sealed. The lower fluxes from this sampling was the result of leaking vials during transport 

from Skogaryd to Linköping as there were very few vials with over pressure left in them prior to 

GC analysis. Over pressurizing the Headspace vials ensures no leakage of gas sample or mixing 

with ambient air gas. 

 

In the last sampling in September 24th, a new method was tested with the Equisetum chamber. 

Because of its small volume it was not possible to draw 3 x 60 ml of sample gas to flush the 

Headspace vial as done for the larger Mixed chamber samples. Instead we used vials filled with 

supersaturated NaCl-solution to catch CH4. The flux data from these samples were inconsistent due 

to errors in transferring sample gas from the 60 ml syringes to the Headspace vials. 

 

Further errors and mistakes during sampling occurred when the Equisetum chamber tilted during a  

few occasions and the sample gas was allowed to escape the chamber. This is easily amended by 

using the stabilisers or using a more stable structure for chambers in order to avoid tilting. Also, the 

decreasing amount of E. fluviatile strands affected flux measurements greatly as the initial number 

of E. fluviatile at chamber location EqA was 24 and the number decreased throughout the sampling 

to somewhere around 5. The reason for this was that the strands deteriorated from handling and 

chamber mounting and not enough care was taken to make sure the strands were handled delicately. 

The first sampling at this site provided the highest concentrations and fluxes but these decreased 

steadily as the amount of E. fluviatile diminished. Also at chamber location EqB the amount of 

strands decreased throughout the sampling, from 10 to around 4.  

 

Another mistake was the fickle handling of the syringes used for chamber sampling where the 3-

way valves at times dislodged and leaked and/or mixed with ambient air. 

 

To sum up, careful planning and handling of flux measurements is key to better and more reliable 

results, furthermore it is a good strategy to incorporate water table depth, solar irradiation, sediment 

type and OM content as well as sediment temperature in order to differentiate fluxes from different 

stands and species of plants. 
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7 Conclusions 
 

Significant emissions of emergent macrophyte mediated GHGs were found, especially regarding 

CH4 where high fluxes were recorded for both the Mixed population and the E. fluviatile stands. 

Max flux rates were observed in July 31st, ranging between 0.63 and 1.98 mmol m-2 h-1 for the 

Mixed population and 0.17 - 8.99 mmol m-2 h-1 for E. fluviatile stands. Spatial and temporal 

differences were confirmed at several stages, between the chamber locations, between different 

plant species and within-species differences. The amount and density of plants seemed to be an 

important factor where higher amounts of plants in a stand also yielded higher fluxes. The high 

fluxes in this study may to some extent be explained by the smaller chamber size used for E. 

fluviatile. The smaller chamber made it possible to determine the flux of CH4 per strand of E. 

fluviatile, information that may be of use in future research regarding species-specific CH4 

emissions. Biased flux measurements may cause problems when assessing GHG budgets but can be 

minimized by the differentiation of sources and sinks, in this case, plant-mediated emissions. 

 

Regarding CO2 this study indicated potential diel patterns of flux (needing confirmation by 

additional studies), but no significant differences between chamber types and locations were found. 

Critical factors regarding the methodology used in this study were the equipment used and the 

sample handling, factors which affected the results the most with loss of sample gas and/or mixing 

with ambient air. Furthermore, by monitoring and sampling other parameters and variables such as 

water table depth, solar irradiation, sediment type and OM content it might have been possible to 

get more complete data. 
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10 Appendix 
 

Tables 
 
Tables 1-2. Number of strands per species in the Mixed chamber. 

 

 

 
Tables 3-4. Number of Equisetum strands in the Equisetum chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

Mixed chamber

Species A B C

E. fluviatile 20 3 1

Carex spp 200 300 200

P. australis 2 3 1

M. trifoliata 7 30 3

T. latifolia 0 1 0

L. thyrsiflora 1 20 3

U. intermedia 0 0 0

Sphagnum spp 0 0 0

Total 230 357 208

Sampling August 15th

Mixed chamber

Species A B C

E. fluviatile 12 2 20

Carex spp 200 40 25

P. australis 1 3 1

M. trifoliata 9 30 3

T. latifolia 0 0 1

L. thyrsiflora 1 30 4

U. intermedia 0 0 0

Sphagnum spp 0 0 0

Total 223 105 54

Sampling September 24th

Equisetum chamber
Species A B C
E. fluviatile 4 4 20

Sampling August 15th

Equisetum chamber

Species A B C

E. fluviatile 3 4 4

Sampling September 24th
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Plant morphology 

 

1. Inflorescence     a) Aerenchyma 

2. Culm (stem)     b) Stomata* 

3. Blade 

4. Sheath 

5. Rhizome 

6. Roots 

 

* The picture depicts stomata (yellow features) at a cellular level. The left stoma is open, exhanging 

gas and water vapour. The right stoma is closed. Illustrations © N. Marliden. 

 


