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Abstract 
 
Due to the rapid increase of trace gas concentrations (CO2, CH4 and N2O) since the middle of the 

18th century and the predicted temperature increase of 1.6 to 6.4 °C suggested by the 

Intergovernmental Panel on Climate Change (IPCC) efforts to contain greenhouse gas emissions 

are inevitable. One possible way would be the use of low-emission energy sources and 

renewable resources, for example hydropower. In contrast to the assumption, hydropower is not 

a source for greenhouse gases, studies in boreal and tropical reservoirs could show that the 

flooding of large amounts of organic carbon in and above the soil caused the production and em-

ission of large amounts CO2 and CH4. After high emissions in the first few years after flooding, 

emissions level off after approximately 20 years to an emission level close to natural lakes. 
 

Even more greenhouse gases are contained in anoxic ocean basins, as for example the Black Sea. 

Here as well, anthropogenic influences (e. g. eutrophication) are able to cause changes in the 

ecosystem resulting in changes in greenhouse gas emissions. Between the oxygen containing 

surface waters and the oxygen free deep waters of the Black Sea, a so called suboxic zone exists. 

In this zone oxygen and sulfide co-exist in minor concentrations (< 10 μM O2 and < 1 μM H2S). 

Until recently, it was assumed that the major fraction of methane was oxidized anaerobically. 

Recent studies, however, suggest a relevant proportion of oxidation in the suboxic zone is 

performed under aerobic conditions. 
 

The present dissertation examines the dynamics of greenhouse gases in two diverse aquatic 

ecosystems, hydroelectric reservoirs in Switzerland and the Black Sea. On the on hand, the 

relevance of possible greenhouse gas emissions caused by alpine and peri-alpine reservoirs will 

be examined. So far, it was assumed these reservoirs are free of emissions or emit only negligible 

amount of greenhouse gases. Furthermore, the question of differences in methane cycling 

between the western and central Black Sea influenced by the inflow of major streams and the 

less impacted eastern part is addressed. 
 

The first chapter discusses greenhouse gas emissions from eleven Swiss hydroelectric reservoirs, 

situated at different elevation levels. Emissions were calculated using surface concentrations of 

dissolved gases, wind speed and a gas exchange model. Possible correlations between season and 

elevation of reservoirs were examined. Resulting emissions were 1030 ± 780 mg CO2 m-2 d-1 for 
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CO2, 0.20 ± 0.15 mg CH4 m-2 d-1 for CH4 and 72 ± 22 μg N2O m-2 d-1 for N2O. Considerably 

higher were methane emissions of the Lake Wohlen reservoir (1.8 ± 0.9 mg CH4 m-2 d-1). An 

estimation of the importance of gas loss at the turbine compared to diffusive surface flux showed 

the percentage of gas loss at the turbine to be 46 ± 18 % for two reservoirs above 1500 m above 

sea level and 14 ± 7 % for one reservoir below 1000 m a. s. l. Measurements of methane 

concentrations in inflows gave information on the importance of internal methane production 

compared to methane contributed by inflows. A trend showing increasing importance of methane 

transport by inflows with increasing elevation of the reservoir was found. 
 

Chapter 2 tries to answer the question, if methane emissions in a river downstream of 

hydroelectric reservoirs are different from a river without hydropower influence. To do this, the 

Aare River downstream of Innertkirchen and the Lütschine River downstream of the confluence 

of its two sources was investigated. We assume, the comparatively higher emissions of the Aare 

River (22 ± 21 mg m-2 d-1) compared to the Lütschine River (0.8 ± 0.7 mg m-2 d-1) are the result 

of increased turbulence during the passage of the Aare canyon. Both rivers discharge into the 

ultra-oligotrophic Lake Brienz. Methane content and diffusive surface flux are comparable to 

other European lakes. 
 

In the third chapter, the relevance of anaerobic compared to aerobic methane oxidation and N2O 

production in an oxygen deficient zone of the Black Sea is discussed. Three detailed profiles 

(measurements every 2.5 to 5 meters in the water column) of the two dissolved gases in the 

suboxic zone were measured. With the help of stable isotopes and the activity of aerobic and 

anaerobic methanotrophs the ratio of the two oxidation processes was examined. Results of the 

three stations in the central Black Sea, slightly further north and in the north-eastern part were 

compared. Methane oxidation rates were calculated with Fick’s second law and estimates of 

turbulent diffusion. The results were compared to the gene expression of methanotrophic 

microorganisms for the station in the central Black Sea. We suggest methane oxidation in the 

suboxic zone of the central Black Sea to be primarily aerobic. Methane concentrations are 

reduced to approximately 2nM at the top of the suboxic zone, comparable to atmospheric 

equilibrium concentrations. With the help of two additional studies about the anammox-process 

and denitrification done at the same sampling expedition we could link the lower N2O-peak in 

the water column to coupled nitrification and the anammox-process. 
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Kurzfassung 
 
Auf Grund des rasanten Anstiegs der Spurengaskonzentrationen von CO2, CH4 und N2O seit dem 

Beginn der industriellen Revolution Mitte des 18. Jahrhunderts und der Klimaprognosen des 

Intergovernmental Panel on Climate Change (IPCC), die eine Klimaerwärmung zwischen 1.4 

und 6.4°C vorhersagen, sind Anstrengungen zur Eindämmung von Treibhausgasemissionen 

unvermeidbar. Eine Möglichkeit dazu böte die Nutzung emissionsarmer Energiequellen und 

erneuerbarer Ressourcen, wie zum Beispiel Wasserkraft. Entgegen der Annahme, es handele sich 

hierbei um eine Art der Elektrizitätsproduktion, die ohne den Ausstoss von Treibhausgasen 

auskommt ergaben Untersuchungen in tropischen und borealen Stauseen, dass durch die 

Überschwemmung enormer Mengen organischen Kohlenstoffes über und in Böden grosse 

Mengen von CO2 und CH4 produziert und emittiert werden. Nach zu Beginn hohem Ausstoss 

dieser beiden Treibhausgase pendeln sich die Emissionen nach etwa 20 Jahren auf ähnlichem 

Niveau wie dem natürlicher Seen ein. 
 

Weitere grosse Mengen Treibhausgase enthalten anoxische Meeresbecken, wie zum Beispiel das 

Schwarze Meer. Auch hier können anthropogene Einflüsse (z. B. Eutrophierung) zu einer 

Veränderung des Ökosystems und einer daraus resultierenden Veränderung der 

Treibhausgasemissionen führen. Zwischen dem sauerstoffhaltigen Oberflächenwasser und dem 

sauerstofffreien Tiefenwasser des Schwarzen Meeres existiert die sogenannte suboxische Zone, 

in der Sauerstoff und Sulfid in geringen Konzentrationen koexistieren (< 10 μM O2 und < 1 μM 

H2S). Bisher ging man davon aus, der grösste Teil des gelösten Methans werde durch anaerobe 

Methanoxidation konsumiert. Vor kurzem veröffentlichte Studien deuten jedoch auf 

ausschliesslich aerobe Oxidation von Methan in der suboxischen Zone hin. 
 

Die vorliegende Dissertation widmet sich der Untersuchung von Treibhausgasen in zwei 

unterschiedlichen Ökosystemen, Stauseen in der Schweiz und dem Schwarzen Meer. Zum einen 

soll die Relevanz möglicher Treibhausgasemissionen in alpinen und peri-alpinen Stauseen 

beleuchtet werden, von denen bisher angenommen wurde sie seien emissionsfrei oder emittierten 

nur unbedeutende Mengen. Des weitern widmet die Studie sich der Frage, ob Unterschiede im 

Methankreislauf des Schwarzen Meeres zwischen dem eher durch die grossen Zuflüsse be-

einflussten westlichen und zentralen Teil und dem weniger durch grosse Flüsse beeinträchtigten 

östlichen Teil existieren. 
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Das erste Kapitel behandelt die Untersuchung der Treibhausgasemissionen von elf Stauseen der 

Schweiz, die sich auf unterschiedlichen Höhenlagen befinden. Emissionen der Treibhausgase 

CO2, CH4 und N2O wurden mit Hilfe von Oberflächenkonzentrationen, Windgeschwindigkeit 

und einem Gasaustauschmodell berechnet. Mögliche Abhängigkeiten der Emissionen von der 

Jahreszeit und der Höhenlage der Stauseen wurden untersucht. Es ergaben sich durchschnittliche 

Emissionen von 1030 ± 780 mg CO2 m-2 d-1, für CH4 0.20 ± 0.15 mg CH4 m-2 d-1 und für N2O 

72 ± 22 μg N2O m-2 d-1. Deutlich höher waren die Methanemissionen des Wohlensee (1.8 ± 0.9 

mg CH4 m-2 d-1). Des Weiteren wurde abgeschätzt, wie gross der Anteil der Methanemissionen, 

die beim turbulenten Transport des Wassers durch die Turbine entstehen, im Vergleich zu den 

diffusiven Emissionen über die Oberflächen war. Für zwei Stauseen oberhalb 1500 m NN ergab 

sich ein Anteil and der Gesamtemission von 46 ± 18 % und für den Sihlsee (unterhalb 1000m 

NN) ein Anteil von 14 ± 7 %. Methanmessungen in den Zuflüssen sollten Aufschluss darüber 

geben, wie wichtig die Methanproduktion in den Sedimenten der Stauseen im Vergleich zu dem 

in die Stauseen transportierten Methans ist. Es zeigt sich ein Trend von zunehmender Bedeutung 

des Methantransportes durch Zuflüsse mit zunehmender Höhe. 
 

Im zweiten Kapitel wird die Frage aufgegriffen, wie sich Methanemissionen in einem 

Flussabschnitt unterhalb von Wasserkraftwerken im Vergleich zu einem nicht von Dämmen und 

Stauseen beeinflussten Flussabschnitt verhalten. Dazu wurden die Aare unterhalb von 

Innertkirchen und die Lütschine ab dem Zusammenschluss der beiden Quellfluesse, schwarze 

und weisse Lütschine untersucht. Wir vermuten, die im Vergleich zur Lütschine (0.8 ± 0.7 

 mg m-2 d-1) höheren Emissionen der Aare (22 ± 21 mg m-2 d-1) entstehen durch die Passage der 

Aareschlucht und den dabei auftretenden Turbulenzen. Beide Flüsse münden in den ultra-

oligotrophen Brienzersee, von dem festgestellt werden konnte, dass er bezüglich des Methan-

gehaltes und der diffusiven Oberflächenemission etwa im unteren Drittel von bisher untersuchten 

europäischen Seen liegt. 

 

Beim dritten Kapitel wird der Frage nachgegangen, welche Bedeutung die anaerobe und die 

aerobe Methanoxidation, sowie der N2O-Produktion in einer sauerstoffarmen Zone des 

Schwarzen Meeres haben. Dazu wurden drei detaillierte Profile (Messungen alle 2.5 bis 5 Meter) 
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der beiden Gase in der suboxischen Zone erstellt. Durch Messungen stabiler Isotope und 

Messungen der Aktivität aerober und anaerober Methanoxidierer sollten die Anteile der beiden 

Oxidationsprozesse und deren Verhältnis untersucht werden. Ergebnisse dreier Messstationen, 

im zentralen Bereich, etwas nördlich davon und im nordöstlichen Schwarzen Meer wurden 

einander gegenüber gestellt. Dabei wurden Methanoxidationsraten, die mit Hilfe des zweiten 

Fick’schen Gesetzes und turbulenter Diffusion abgeschätzt wurden miteinander vergleichen und 

bei einer Station der Genexpression von methanotrophen Mikroorganismen gegenübergestellt. Es 

wird vermutet, die im suboxischen Bereich gefundene Methanoxidation findet ausschliesslich 

durch aerobe Oxidation statt. Die Oxidation reduziert die Methankonzentrationen bis auf eine 

Konzentration von etwa 2 nM, also in etwa auf die Gleichgewichtskonzentration von Wasser im 

Kontakt mit der Atmosphäre. Mit Hilfe zweier Studien über den Anammox-Prozess und 

Denitrifikation, welche auf der gleichen Probenahme stattfanden, wurden Vermutungen über die 

Entstehung von N2O in der suboxischen Zone angestellt. Aufgrund fehlender Denitrifikation 

wird vermutet, N2O ensteht durch Nitrifikation, die mit dem Anammox-Prozess verknüpft ist. 
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Introduction 
 
Over the last 400, 000 years, the concentrations of the greenhouse gases CO2, CH4 and N2O have 

not reached atmospheric concentrations as high as we see them today (Petit et al., 1999; Spahni 

et al., 2005). The recent increase of greenhouse gases since the industrial revolution in the 18th 

century has exceeded all known natural changes (Forster et al., 2007). Global greenhouse gas 

emission budgets still face many open questions, for example the ‘missing carbon sink’ 

(Schlesinger, 2006). However, what at this point seems to be known is the trend of atmospheric 

concentrations. While the concentrations of CO2 and N2O continue to rise (Forster et al., 2007), 

the rate of increase of methane recently slowed down, but is expected to rise further in upcoming 

years (Bousquet et al., 2006; Lelieveld, 2006). The increase could be quite substantial, if 

temperature increase leads to the melting of permafrost and the subsequent release of huge 

amounts of methane ( Walter et al., 2006; Walter et al., 2007;). 
 

So far greenhouse gas emissions from aquatic freshwater and marine environments are 

insufficiently examined. Both could act as natural sources or sinks for these three greenhouse 

gases. While the role of the oceans (e.g. Craig & Gordon, 1963; Atkinson & Richards, 1967; 

Whitfield, 1974; Priddle et al., 1992;), wetlands (e.g. Smith et al., 1981; Harriss et al., 1982; 

Smith et al., 1983) and lakes (e.g. Rudd & Hamilton, 1978; Lerman & Stumm, 1989; Mengis et 

al., 1996;) has been studied for quite a while, the importance of lakes for the release of 

greenhouse gases has been discovered only recently (Cole et al., 1994; Bastviken et al., 2004). 
 

In the following the relevant production and consumption processes of carbon dioxide, methane 

and nitrous oxide in aquatic freshwater environments and their contribution to the global cycle of 

these gases will be briefly examined. 
 

Carbon dioxide 

The CO2 cycle in aquatic systems is complex and is dominated by photosynthesis and respiration 

(Quay et al., 1986). Studying dissolved CO2 in aquatic systems is further complicated by 

equilibrium of dissolved carbon dioxide (CO2(aq)), bicarbonate (HCO3
-) and carbonate (CO3

2-): 
 

+−+− +↔+↔↔ HCOHHCOaqCOHaqCO 2)()( 2
33322   (1) 
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This equilibrium strongly is dependent on pH. At common lake pH of 7 - 9 bicarbonate is the 

dominant form. The uptake of CO2 by a lake can thus be influenced by a change in pH. A lake in 

equilibrium with atmospheric CO2 will take up additional CO2 from the atmosphere if pH 

increases, since the equilibrium equation (1) will shift towards the right side. This will decrease 

the CO2(aq) and cause a flux from the atmosphere into the lake. Similarly, a decrease in pH will 

lead to a flux from the lake to the atmosphere. As active photosynthesis (and CO2 uptake) by 

phytoplankton in summer lead to an increase in pH and (sediment) respiration in winter and 

during lake turnover to a pH decrease, the CO2 fluxes in and out of the lake follow a yearly cycle 

(Stumm & Morgan, 1996). 
 

In their study on carbon dioxide saturation in lakes (Cole et al., 1994) found that nearly 90 % of 

the studied lakes were supersaturated by more than 20% in regard to CO2. The resulting global 

emissions were estimated to be twice as high as the organic carbon burial in lakes. 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Sketch of the main fluxes and production pathways of the greenhouse gases CO2, CH4 and N2O in a 
lake. Emission pathways are water outflow, diffusive flux, bubble flux and transport by plants. Production 
pathways are methanogenesis in the lake sediments for methane; denitrification at the sediment/water 
interface and nitrifcation in the water column for N2O; respiration and photosynthesis (not shown) in the 
water column and sediment for CO2. Inflows can transport dissolved gases into the lake and methane 
oxidation can convert CH4 into CO2 at the oxic/anoxic interface. 
 

CH4, CO2 CH4, CO2 CH4, CO2, N2O

NO3
-→N2O→N2

↗

CO2/Organic carbon→CH4

↑

CH4+2O2→CO2+2H2O

CH4, CO2, N2O

CH4, CO2, N2O

NH4
+→NO3

-

↙
N2O

↖
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Methane 

Production of methane (methanogenesis, Fig.1) takes place in lake sediments or in anoxic water 

columns, when all other electron acceptors are consumed (Davidson & Schimel, 1995). There are 

two main pathways of methane production: the fermentation of acetate (2) and CO2 reduction (3): 
 

243 COCHCOOHCH +→   (2) 

OHCHHCO 2422 24 +→+   (3) 
 

In freshwater systems acetate fermentation is the main pathway of methane production, with the 

importance of CO2 reduction increasing with the ongoing degradation of organic matter and the 

consequential decline in acetate concentration. Both pathways can be distinguished by the 

measurement of the carbon and hydrogen isotopic composition of the produced methane, as CO2 

reduction results in a lower carbon isotopic composition than acetate fermentations, while it is 

the opposite for the hydrogen isotopic composition (Whiticar et al., 1986). 
 

Still under discussion is methane production in aerobic environments. Possible scenarios include 

anaerobic microenvironments in settling particles (Karl & Tilbrook, 1994) or zooplankton guts 

(de Angelis & Lee, 1994). Recently the degradation of methylphosphonates in the ocean was 

proposed (Karl et al., 2008). 
 

Oxidation of methane (methanotrophy) occurs both under anaerobic (Panganiban Jr et al., 1979; 

Boetius et al., 2000;) and aerobic conditions (1995; Naguib & Overbeck, 1970; Amaral & 

Knowles,). Both microbially mediated processes together consume more than 70 % of the 

methane on its way to the atmosphere (Utsumi et al., 1998; Kankaala, 2006;). Aerobic methane 

oxidation is usually situated close to the oxic/anoxic boundary, thus keeping methane 

concentrations low in the oxic water column as long as the lake is stratified. 
 

For transporting methane from the lake to the atmosphere several processes have been described 

(Bastviken et al., 2004). Beside diffusion over the water surface, transport by roots and ebullition 

are main pathways. High methane concentrations in the sediments can lead to bubble formation 

and bubble release. These bubbles contain mainly methane (other gases are N2 and CO2 in small 

amounts) and will bypass the microbial oxidation layer on their way to the lake surface (Leifer & 
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Patro, 2002). Thus, in lakes with high bubble flux (ebullition), this pathway will dominate 

overall methane emissions. A similar transport from the sediment directly to the atmosphere is 

the active or passive transport of methane by riparian vegetation, which roots in the sediment and 

grows above the lake surface (Dacey & Klug, 1979). 
 

Methane emissions from lakes were recently estimated to contribute 8 - 48 Tg CH4 yr-1 or 6 - 

16 % of the total natural methane emissions (Bastviken et al., 2004), while an estimate for 

methane ebullition from northern lakes amounted to 24 ± 11 Tg CH4 yr-1 (Walter et al., 2007). 
 

Nitrous oxide 

Nitrous oxide is produced in a yet unknown path during nitrification and as an intermediate in 

denitrification (Fig. 1). Both processes are often found together, yielding N2 as the final product 

and thus removing bio-available nitrogen from the global N cycle (Codispoti & Christensen, 

1985). While N2O accumulates to a great extent in oceanic oxygen minimum zones (Bange et al., 

2001; Castro-González & Farías, 2004; Farías et al., 2007), the contribution of lakes (even lakes 

with permanent anoxia) is negligible (Mengis et al., 1996). Existing studies suggest littoral 

regions to be higher contributors to N2O fluxes than open water areas (Huttunen et al., 2003). 

Lakes in general fluctuate between being a small source and a small sink, respectively (Huttunen 

et al., 2002a; Huttunen et al., 2002b). 
 

Greenhouse gases in hydroelectric reservoirs: Is hydropower a ‘clean’ energy? 

Hydropower is one of the so-called environmental friendly alternatives for the burning of fossil 

fuel. But besides other ecological problems caused by the change in the flow regime of the 

downstream river (Marston et al., 1995; Murchie et al., 2008), the assumption of less greenhouse 

gas emissions compared to fossil fuels alternatives has been challenged, especially for tropical 

reservoirs (Fearnside, 1997; Delmas et al., 2001; Fearnside, 2002). 
 

Analyzing the available data, (St. Louis et al., 2000) estimated the emissions from hydroelectric 

reservoirs to be 1000 Tg yr-1 for CO2 and 70 Tg yr-1 for CH4 with values for methane emissions 

range from 20 - 1500 mg m-2 d-1 for tropical and 10 - 80 mg m-2 d-1 for reservoirs lying in 

temperate climate zones. These emissions account for 18% of the anthropogenic emissions for 

methane and 4% for carbon dioxide, respectively. Emissions of nitrous oxide ranged from -1.4 to 
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3.1 mg m-2 d-1 for several Canadian reservoirs and lakes (Tremblay et al., 2005), but are mostly 

below 1 mg m-2 d-1 (Huttunen et al., 2002b; Guérin et al., 2008;). 
 

As Switzerland produces nearly 60 % of its energy from hydropower with more than 90 

reservoirs larger than 0.1 km2, the question of how much greenhouse gas these reservoirs emit to 

the atmosphere is legitimate. Chapter 1 tries to answer this question and gives an overview of 

greenhouse gas emissions from Swiss reservoirs compared to reservoirs in boreal and tropical 

climate zones. Eleven reservoirs in different altitudes were sampled and compared for emission 

differences caused by altitude. Furthermore in- and outflows of the reservoirs were sampled for 

methane concentrations. By this approach, the importance of methane entering the reservoirs via 

inflowing water for methane emissions could be estimated. 
 

In contrast to natural lakes (see discussion above), there are two additional emission pathways in 

reservoirs: emissions during the passage of the turbine and emissions from the river downstream. 

Both can contribute significantly to the total emissions from reservoirs. Methane loss at the 

turbine contributed 53 % of the total methane emissions from a tropical reservoir (Kemenes et al., 

2007). Similarly 16 % of carbon dioxide was lost in a boreal reservoir (Roehm & Tremblay, 

2006), while N2O loss was negligible (Guérin et al., 2008). Likewise methane emissions from 

the river into which the water from the reservoir is released can contribute an additional 9 - 33 % 

for methane and 7 - 25 % for carbon dioxide of the total emissions across the reservoir surface 

(Guérin et al., 2006). 

As methane loss at the turbine is already included in Chapter 1, the methane loss of a river 

downstream the reservoir was calculated in Chapter 2. The emissions were compared to 

emissions from a nearby river not influenced by greenhouse gas production. As shortly 

downstream both rivers enter the same lake, the fate of methane in this lake regarding the 

methane budget of inflows and outflows was established. 
 

From the mostly oxic environments in Swiss hydroelectric reservoirs, chapter 3 moves on to a 

mainly anoxic environment: the Black Sea. Total methane content in the Black Sea is estimated 

to be 96 Tg (Reeburgh et al., 1991), but only a small fragment of this methane stored in the 

anoxic layer is released to the atmosphere. Amouroux et al. (2002) estimated 0.2 Tg CH4 yr-1 as 

an upper limit for methane emissions from the Black Sea. Most of this flux is caused by shelf 
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waters, river plumes (Amouroux et al., 2002) and areas associated with bubble plumes (Schmale 

et al., 2005). Our study focused on the suboxic zone in the chemocline of the Black Sea as the 

responsible layer for the restriction of methane emissions from the open sea areas. 
 

Methane and nitrous oxide in the Black Sea 

The Black Sea represents the largest anoxic water body in the world with a volume of 423,000 

km3. The Bosporus and the Sea of Marmara separate the Black Sea from the Mediterranean and 

limit the water exchange over a shallow sill at 34 m water depth (Bryant et al., 1968).The inflow 

of dense, saline Mediterranean water maintains a 2000 m deep anoxic water body with a salinity 

of 22.3 ‰. Major inflows from the Danube, Dnieper, Dniester and Don establish a more brackish 

(18 ‰) layer separated by a permanent halocline at 50 –100 m (Kuivila et al., 1989; Murray et 

al., 1991; Tolmazin, 1985). 
 

The water column of the Black Sea (Fig. 2) can be separated in four different zones (Oguz et al., 

2000):  

(1) an oxygen containing (300μM) euphotic zone down to about 50m with phytoplankton 

production and cycling of organic matter,  

(2) an aphotic zone below (70-80m water depth) with decreasing oxygen concentrations down to 

10μM and increasing nitrate concentrations (6-8μM) due to mineralization of organic matter 

called the oxycline/upper nitracline,  

(3) a suboxic layer of about 30m thickness where nitrate declines rapidly, and neither oxygen nor 

hydrogen sulfide are present 

(4) a deep anoxic layer down to the bottom of the Black Sea with high hydrogen sulfide 

concentrations and build up of CH4 and NH4
+. 

 

The stability of the Black Sea chemocline allows very detailed measurements of redox processes 

over this zone, in our case the production and consumption of CH4 and N2O. Anaerobic methane 

oxidation is the main sink of methane in the Black Sea (e. g. Reeburgh et al., 1991), with nearly 

all of the methane being oxidized. Although subsequently aerobic methane oxidation occurs, still 

some methane is emitted from the surface towards the atmosphere. Schmale et al. (2005) used 

different air-sea gas exchange models to estimate an average flux of 0.2 - 0.8 mg m-2 d-1, with 

values being about four times higher in seep areas and about 40% higher for shelf areas. 
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Figure 2: Schematic diagram of the biogeochemical structure of the upper layer water column in the Black 
Sea (taken from Oguz et al., 2000) 
 

Amouroux et al. (2002) found similar values for the open sea and shelf areas together with 

higher values for river plumes, ranging from 4.2 - 7-5 mg m-2 d-1. With these values they 

estimated a total flux for the whole Black Sea of 0.1 - 0.2 Tg (CH4) yr-1. 
 

Nitrous oxide concentrations in the surface water were slightly elevated compared to 

atmospheric concentrations, leading to a flux of 0.02 - 0.03 Tg (N2O) yr-1. By measuring 

sediment methane production and consumption, as well as water column consumption Rusanov 

et al. (2002) estimated emissions in the same range as Amouroux et al. (2002). 

 

Chapter 3 deals with the question of the amount of methane diffusing from the anoxic deep water 

to the surface water and the importance of anaerobic and aerobic methane oxidation in the 

suboxic zone. Comparison of a shelf and a deep site in the central Black Sea and between the 

central sites and a site located in the north-eastern Black Sea showed the influence of 

anthropogenic activities on the flux of methane to the surface water (and thus the atmosphere). 
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Abstract 
 

In eleven reservoirs located at different altitudes in Switzerland depth profiles of greenhouse gas 

(CO2, CH4, and N2O) concentrations were measured several times between 2003 and 2006. 

Diffusive trace gas emissions were calculated using surface gas concentrations, wind speeds and 

transfer velocities. Additionally we assessed methane loss at the turbine and the methane input 

by inflowing water. All reservoirs were emitters of CO2 with an average of 1030 ± 780 mg CO2 

m-2 d-1 and of methane with an average of 0.20 ± 0.15 mg CH4 m-2 d-1. One reservoir (Lake 

Wohlen) emitted methane at a much higher rate (1.8 ± 0.9 mg CH4 m-2 d-1). Here very intense 

ebullition was detected (900 ± 700 mg CH4 m-2 d-1). Only lowland reservoirs were sources for 

N2O (72 ± 22 μg N2O m-2 d-1), while the subalpine and alpine reservoirs seem to be in 

equilibrium with atmospheric concentrations. Methane loss at the turbine was as large as the 

diffusive flux from the surface for two subalpine reservoirs and around five times smaller for a 

lowland reservoir. The available data suggests greenhouse gas emissions from reservoirs in the 

Swiss Alps are minor contributors to the global greenhouse gas emissions. 
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1. Introduction 
 

In the early 1990s artificial lakes and reservoirs were discovered as potential greenhouse gas 

emitters (Rudd et al., 1993;Kelly et al., 1994). The question was put forward, whether 

hydroelectric reservoirs, especially in the tropics could still be considered cleaner energy sources, 

compared to fossil alternatives (Fearnside, 1997, , 2002;Delmas et al., 2001;Pacca and Horvath, 

2002). There is however, a high variety of trace gas emissions between different reservoirs, 

which leads to large uncertainties in the quantification of global emissions. Another problem is 

the small number of available data. Several studies were done in tropical (e.g. Keller and Stallard, 

1994;Galy-Lacaux et al., 1997;Galy-Lacaux et al., 1999;Rosa et al., 2003;Rosa et al., 2004) and 

boreal reservoirs (e.g. Rudd et al., 1993;Duchemin et al., 1995;Tremblay et al., 2005), but so far 

there is limited information about emissions from reservoirs in the temperate climate zone 

(Soumis et al., 2004). Both in the tropics and in boreal/temperate regions CO2 is the major 

emitted trace gas from reservoirs (St. Louis et al., 2000). Taking the Global Warming Potential 

(GWP) into account, methane release in the tropics contributes more to global warming than CO2, 

since the GWP of CH4 is 25 times that of CO2 on a 100 year basis (Forster et al., 2007). 
 

Nitrous oxide emissions from freshwater bodies published so far are small and often linked to the 

littoral zones of the lakes (Huttunen et al., 2003c;Wang et al., 2007). N2O production in lakes is 

not limited by low temperatures as Huttunen et al. (2002a) reported N2O accumulation during 

winter in two boreal reservoirs. Swiss alpine reservoirs have little or no littoral zones, as the 

water depth increases very fast along the steep mountain slopes and the reservoirs are usually 

deeper than 50 meters. By measuring N2O concentrations in reservoirs at different elevations the 

relevance of littoral zones for N2O production in cold water reservoirs and consequently N2O 

emissions is investigated. 
 

Besides methane supersaturation in lakes and reservoirs, enhanced methane concentrations have 

been found in rivers influenced by reservoirs (Abril et al., 2006;Kemenes et al., 2007), as well as 

rivers unaffected by reservoirs (de Angelis and Lilley, 1987;Saarnio et al., article in press). The 

importance of these additional sources and sinks of methane in hydropower reservoirs is assessed 

by methane concentration and carbon isotopic composition measurements. The isotopic 

composition of methane can be used as a tracer to distinguish between different sources of 
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methane. Biogenic methane usually has a more negative δ13C than thermogenic methane 

(Whiticar et al., 1986). The only process relevant in lakes having an essential effect on the 

isotopic signal is methane oxidation, which can result in a significant increase in δ13C (Barker 

and Fritz, 1981;Whiticar, 1999). Turbulent diffusion does not affect the isotopic composition of 

methane and the change caused by methane emission is small (Knox et al., 1992). The use of 

carbon isotopic composition also helps to distinguish between internal and external methane 

sources in the reservoirs. 
 

With this study we increase the knowledge of greenhouse gas emissions from hydropower 

reservoirs across an altitude gradient in the Swiss Alps, Central Europe. We calculated diffusive 

fluxes of CO2, CH4 and N2O from the surface concentrations of several Swiss reservoirs at 

different times of the year. Eleven reservoirs at different altitudes allowed a comparison of 

diffusive greenhouse gas emissions under different climatic conditions and possible changes in 

the importance of CO2 compared to CH4 release. Furthermore we examine the importance of 

reservoir inflows for the methane content of reservoirs at different altitudes and the contribution 

of methane loss at the turbine to total methane emissions. 
 

 

 

Table 1: Properties of the sampled reservoirs 
 
 
 
 
 
 
 
 
 
 
 
alowland reservoirs are in this manuscript reservoirs below 1000 m a.s.l. 
bsubalpine reservoirs are in this manuscript reservoirs between 1000 and approximately 1900 m a.s.l., which do not   
have a whitish water color due to a high amount of particles from glacial melt water 
calpine reservoirs are in this manuscript reservoirs above 1900 m a.s.l. which additionally have a whitish water color 
due to a high amount particles from glacial melt water 
dabout 10 % of the water in the Lake are pumped from Lake Zurich 

eis connected with two other reservoirs to one power station 
fwater from Lake Grimsel is pumped into Lake Oberaar at night and released back to Lake Grimsel during the day 
for energy production; this way the volume of Lake Oberaar gets replaced about ten times every year 
gis a storage reservoir for Lake Palü, no direct energy production 

Lake Location Elevation Classification
Year of 

construction
Volume Surface

Greatest 
Depth

Average 
Depth

Retention 
time

Meteo station Additional measurements

(Latitude/Longitude) (m) (Mio. m3)   (km2) (m) (m) (d)

1. Lake Wohlen 46˚58'N/7˚19'E 481 lowlanda 1920 25 3.65 20 7 2-3 Mühleberg
In- and Outflows, 

Ebullition

2. Lake Gruyère 46˚39'N/7˚06'E 677 lowlanda
1947 200 9.6 75 21 75 Payerne In- and Outflows

3. Lake Lungern 46˚48'N/8˚10'E 689 lowlanda
1920 65 2.01 68 32 100-200 Giswil Sediment core

4. Lake Sihl 47˚08'N/8˚48'E 889 lowlanda
1936 96.5 10.85 23 9 140d Oberaegeri In- and Outflows

5. Lake Luzzone 46˚34'N/8˚58'E 1591 subalpineb 1963 88 1.44 181 61 230 Hinterrhein In- and Outflows

6. Lake Zeuzier 46˚21'N/7˚26'E 1777 subalpineb 1957 51 0.85 140 60 120 Montana

7. Lake Santa Maria 46˚34'N/8˚48'E 1908 subalpineb 1968 67 1.17 86 57 100-200e Piotta In- and Outflows

8. Lake Grimsel 46˚34'N/8˚20'E 1908 alpinec 1932 101 2.72 100 37 20-50f Grimsel-Hospiz

9. Lago Bianco 46˚24'N/10˚01'E 2234 alpinec 1912 21 1.5 53 14 100-200g Robbia

10. Lake Oberaar 46˚33'N/8˚16'E 2303 alpinec 1953 61 1.46 90 42 30-60f Grimsel-Hospiz In- and Outflows

11. Lake Dix 46˚04'N/7˚24'E 2368 alpinec 1961 401 4.3 227 93 30-50 Evolène
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2. Study Sites 
 

Between September 2003 and August 2006 eleven Swiss reservoirs from different areas and 

elevations were sampled for greenhouse gases (Table 1 and Fig. 1 for reservoir properties and 

locations, Fig. 2 for sampling dates). The reservoirs are distributed along an elevation gradient 

from 481 to 2368 meters above sea level. Hence, climate varies greatly between the different 

reservoirs. Average yearly temperatures range from ~ 8˚C at Lake Wohlen to nearly 0˚C at Lake 

Oberaar. Precipitation in the reservoirs of the central part of Switzerland is up to four times 

higher than for the reservoirs in the south-western and eastern parts of the country. 
 

There are several specific features concerning alpine reservoirs. A large number of these 

reservoirs are set in alpine valleys, with steep slopes, resulting in rather deep reservoirs (up to 

230 meters) with small littoral areas. Besides receiving water from the catchment belonging to 

the valley, additional water is pumped from neighbouring valleys into the reservoirs, enlarging 

the reservoir catchment area in some cases quite substantially. Electricity production uses the 

elevation difference of the reservoirs up in the mountains and the power stations down in the 

valley. This results in a drop of the reservoir water of up to 2000 meters through pipes and 

tunnels before it reaches the turbines and its subsequent release back into a river. A second water 

outflow (called residual water) is a legally established amount of water the electricity company 

has to release so the river ecosystem downstream is provided with a minimum amount of water. 

A last characteristic of Swiss reservoirs is that the majority of the water filling the reservoirs is 

available from spring to autumn and is stored in winter as snow. Hence, water level in reservoirs 

declines in winter and reaches its minimum in early spring. In some cases the remaining water in 

early spring is less than 10% of the maximum water volume. 
 

Two of the reservoirs investigated (Lakes Oberaar and Sihl) are pump-storage reservoirs, which 

receive water from a lower lying reservoir (Lake Grimsel for Lake Oberaar) or lake (Lake Zurich 

for Lake Sihl). While the water volume of Lake Oberaar gets replaced up to 10 times every year, 

pumping only contributes a minor part to Lake Sihl. 
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  Figure 1: Locations of the sampled reservoir (for numbers see Table 1) 

 
All reservoirs were sampled close to the deepest site at the dam area, some reservoirs were 

sampled at more than one site resulting fluxes are listed as averages with standard deviations, but 

all samplings were done in deeper parts of the reservoirs. 

 

3. Methods 
 

3.1 Hydrographic data and sampling 

A SBE 19 CTD probe (Sea Bird Electronics) equipped with an oxygen and pH sensor was used 

to collect hydrographic data (conductivity, temperature, depth, light transmission, pH and 

dissolved oxygen). The water column was sampled with a 5l Niskin bottle and aliquots were 

immediately transferred into bottles with plastic tubing (Winkler bottles for oxygen, 200 ml 

plastic bottles for alkalinity and 600 ml glass bottles for methane and nitrous oxide 

concentration). Samples were taken at different depth for each reservoir, usually below the 

surface, above the sediment and every 10 or 20 meters in between. Replicates were taken for 

dissolved gas concentrations. 
 

Winkler samples were used to correct the offset in the oxygen sensor. Unfiltered water was 

titrated with 0.1 M HCl for alkalinity. Samples for dissolved gas analysis were flushed with 2 - 3 

times the bottle volume before the samples were preserved with NaOH (pH > 12) or Cu(I)Cl, 
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closed with butyl septa, while carefully avoiding air bubbles in the bottles. To calibrate the pH 

sensor (SBE 18 pH sensor, SeaBird, measurement range 0-14, accuracy 0.1 pH units), solutions 

of known pH (pH = 4, 7 and 9) were used before each sampling date. 

 

In low conductivity lakes we had a problem with the pH sensor we used. The accuracy of the 

sensor was not sufficient for these conditions and CO2 concentrations and fluxes for reservoirs 

with conductivities below 100 μS cm-1 were not calculated. 
 

3.2 Dissolved gases  

3.2.1 CO2 

Dissolved CO2 was calculated using the measured alkalinity, temperature, pH, and the 

dissociation constants of H2CO3 and HCO3
- (Plummer and Busenberg, 1982). Samples for 

alkalinity were only taken at the surface and at the bottom of the water column. 
 

According to Neal et al. (1998) the error of CO2 concentration calculations using temperature 

and pH is less than 2% for pH values < 9. The error of pH in our measurement was 0.1 pH units, 

resulting in an error of 23 % for the values of dissolved CO2 calculated from pH and alkalinity. 
 

3.2.2 CH4 and N2O 

Concentrations of dissolved methane and nitrous oxide were measured by the headspace 

technique similar to McAuliffe (1971). A sample volume of 50 ml was replaced by an inert gas 

(helium or nitrogen) and equilibrated in an ultra-sonic bath for about 30 minutes. Nitrous oxide 

was measured with a Dani 86.10 HT gas chromatograph (GC) with a Porapak Q column 

(Supelco) and an electron capture detector (ECD). The oven temperature was kept constant at 

70˚C and the detector temperature was 340˚C. 
 

Methane concentrations were measured on a HRGC 5160 Mega Series (Carlos Erba Instruments) 

with a flame ionization detector (FID), a GS-Q P/N 115-3432 column (J&W Scientific) and 

hydrogen as a carrier gas. Temperatures were 40˚C for the oven and 200˚C for the detector. Gas 

volumes of 2 ml for N2O and 200 μl for CH4 were injected. Replicate measurements yielded an 

accuracy of ± 5 % for methane and ± 10 % for nitrous oxide. 
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From 2006 on, the measurements were made on an Agilent GC using a GS-Carbonplot column 

(Agilent) for nitrous oxide and a Carboxen 1010 Plot column (Supelco) for methane. Again an 

ECD was used for N2O and a FID for CH4. The temperature was kept constant at 40˚C for 5 

minutes and then raised to 110˚C at the rate of 10˚C/min. The GC had a 1ml sample loop for 

nitrous oxide and a 500 μl sample loop for methane. Accuracy on this GC improved to ± 3 % for 

methane and ± 5 % for nitrous oxide. 
 

Standards used for calibration were supplied from Scotty Specialty Gases. Concentrations were 

15 ppm, 1000 ppm and 1 % for methane and 1 ppm and 10 ppm for nitrous oxide. 
 

Dissolved gas concentrations were calculated using solubility data from Wiesenburg and 

Guinasso (1979) for methane, from Weiss and Price (1980) for nitrous oxide and from Weiss 

(1974) for carbon dioxide. 
 

3.3 Stable isotopes 

The isotopic signature of methane was determined similar to the method described by Sansone et 

al. (1997). Measurements were done with an IsoPrime mass spectrometer connected to a 

TraceGas preconcentrator (GV Instruments, UK). The amount of injected gas depended on the 

methane concentration in the sample, ranging from a few μl to several ml. Samples were 

measured twice. Results are noted in the standard δ-notation relative to Vienna PeeDee 

Belemnite (VPDB). 
 

1000)1(13 ×−=
eferenceR

sample

R
R

Cδ     (1) 

 

Here Rsample is the ratio of 13C/12C of the sample and Rreference the ratio of the reference material 

and δ13C the isotopic signature of methane in ‰ vs. VPDB. A Standard (1% CH4 in argon) of 

known isotopic composition was injected between every two or three sample runs. The accuracy 

of the method was ± 0.7 ‰. 
 

3.4 Gas Fluxes 

Greenhouse-gas fluxes were calculated using the boundary layer model as described by Liss and 

Slater (1974). 
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F = k·c·(Cw - Ceq)     (2) 
 

The model estimates the air-water flux F [mg m-2 d-1] using the water saturation concentration 

Ceq [M], the measured water concentration Cw [M] of the greenhouse-gas, the transfer velocity k 

[cm h-1] and a unit conversion factor c. For the calculation of the transfer velocity k we used the 

bi-linear relationship given by Crusius and Wanninkhof (2003): 
 

for U10 < 3.7 m s-1 k600 = 0.72U10   (3) 

for U10 > 3. 7 m s-1 k600 = 4.33U10 - 13.3  (4) 
 

where k600 is the transfer velocity for the Schmidt number Sc = 600, and U10 the wind speed ten 

metres above the ground. To convert k600 to the actual transfer velocity k of the gas we used 
 

k = k600(Sc/600)c     (5) 
 

where Sc is the Schmidt number of the greenhouse gas (CH4, CO2 and N2O) at water surface 

temperature and c is -2/3 for U10 < 3.7 m s-1 and -1/2 for higher wind speeds (Liss and Merlivat, 

1986). 
 

Atmospheric equilibrium concentrations (Ceq) were determined using an air concentration of 

1.77 ppm CH4, 379 ppm CO2 and 319 ppb N2O (Forster et al. 2007), corrected to the reduced 

pressure of the lake elevation, and measured water temperatures. Schmidt numbers were 

calculated for the measured water temperatures according to Wanninkhof (1992) and the authors 

cited therein. Wind data was supplied by MeteoSwiss from the ANETZ- or ENET-Station closest 

to the lake in question. 
 

3.5 Methane mass balance studies 

Several of the following methods were used to estimate the contribution of methane inflow 

compared to sediment flux. Table 1 gives an overview which measurements were done in which 

reservoirs. 
 

3.5.1 Sediment cores 

Cores were taken with a gravity corer. One sample was collected every centimetre from holes in 

the side of the core using a plastic syringe. 2 ml of sediment and 5 ml of NaOH (5%) were filled 
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into 25 ml glass bottles and closed with butyl septa. Methane concentration and isotopic 

composition were measured in the headspace as described above. Porosity was determined by 

weighing and subsequent freeze-drying a known volume of sediment. It was then used to 

calculate the methane concentrations per ml porewater. 
 

3.5.2 Ebullition 

To estimate methane flux from the sediments via bubbles, funnels were deployed around one 

meter above the sediment and left for several hours in one spot. Gas bubbles were sampled in a 

cylinder on top of the funnel. The volume of gas was estimated from the area of the cylinder no 

longer filled with water. Replicate samples were collected from the cylinder through a butyl 

septum and filled into pre-evacuated, sealed 25 ml glass bottles. These bottles were taken to the 

lab and analyzed for concentrations and isotopic signature as described above. 
 

3.5.3 Inflows, Outflows 

Methane flowing in and out of the reservoirs was sampled in six reservoirs. If possible the CTD 

probe was used, but if depth of the river was not sufficient, temperature and conductivity were 

measured with a WTW LF 330 conductivity meter, pH with a Metrohm 704 pH-meter and 

oxygen with a WTW Multi 340i multi probe. Samples for methane measurements were sampled 

as described above. Only major inflows were sampled, as well as residual water from the river 

right below the reservoir and water after passage of the turbine, but before entering the river. 

 

4. Results 
 

4.1 CO2 concentrations and emissions 

Surface concentrations of CO2 were supersaturated in all five reservoirs for which data are 

available (Table 2), with concentrations ranging from 40 - 280 μM. This is in accordance with 

findings by Cole et al. (1994), who analyzed lakes world-wide, most of which (87 %) were 

supersaturated with an average of about three times the equilibrium concentration (~ 15 μM). In 

a tropical reservoir (Abril et al., 2006) and in two boreal reservoirs (Huttunen et al., 2003a) water 

CO2 concentrations were in the same range as our data. 
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The fluxes we calculated were on average 1030 ± 780 mg CO2 m-2 d-1 (Median 710 mg CO2 

m-2 d-1). Emissions at the first sampling dates in May are nearly four times higher (1820 ± 490 

mg m-2 d-1) than at the remaining dates (520 ± 290 mg CO2 m-2 d-1; Table 2). 
 

4.2 Nitrous oxide concentrations and emissions 

Concentration ranges and profiles were similar to open water concentrations found in other 

studies on lakes and reservoirs (Huttunen et al., 2003c;Mengis et al., 1996). Minimum 

concentration was 6 nM (55 % saturation) in Lake Zeuzier and 41 nM (260 % saturation) at the 

bottom of Lake Lungern. Figure 2 shows a typical profile for an alpine reservoir (Lake Grimsel) 

and for a lowland reservoir (Lake Lungern). 
 

Concentrations in the three alpine reservoirs were close to the atmospheric equilibrium 

concentration throughout most of the water column. While Lake Grimsel and Lake Zeuzier were 

small sinks (-11, resp. -27 μg N2O m-2 d-1),Lake Dix was a small source (65 μg N2O m-2 d-1) of 

N2O. Both lowland reservoirs were supersaturated with N2O throughout the water column, being 

small nitrous oxide sources of 72 ± 22 μg N2O m-2 d-1 (Lake Wohlen) and 50 ± 13 μg N2O 

m-2 d-1 (Lake Lungern, all sampling campaigns). 
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Figure 2: (left) N2O concentrations (circles) and atmospheric equilibrium concentration (solid line) of Lake 
Grimsel on October 9th 2003. 
(right) N2O concentrations in Lake Lungern on October 19th 2005 (diamonds), September 1st (circles), 
September 14th (squares), and September 21st 2006 (triangles) and atmospheric equilibrium concentration 
(solid line) of Lake Lungern. 
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4.3 Methane concentrations, δ13C isotopic composition and emissions 

4.3.1. Concentrations and isotopic composition 

Three characteristic types of methane profiles were identified. In the following, one example for 

each profile type will be illustrated. Profiles of the remaining reservoirs are documented in the 

electronic supplement (Figures S1 and S2 in Supplement). The categories are: (i) uniform 

methane profile, (ii) increasing methane concentrations towards the sediment, (iii) profiles with 

methane maxima in the water column. 
 

(i) uniform methane profiles 

To greater or lesser extent constant methane concentrations in the water column were found for 

example in Lake Dix (Fig. 3). Here, concentrations were around 20 nM at most depths, and up to 

three times higher at certain depths. These depths coincided with small temperature perturbations 

and were most likely the result of inflowing water, stratifying in these layers (Fig. 3). The water 

was warmer than the remaining lake water because it was pumped from lower altitude reservoirs 

or neighbouring valleys into Lake Dix. While the δ13C values for most of the reservoir were 

between -40 ‰ and -37 ‰, at the depths with enhanced concentrations, the δ13C also differed 

from the remainder of the reservoir, which supported the hypothesis of an external CH4 source. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: (left) Methane concentration (open triangles) and isotopic composition (full triangles) in Lake Dix 
in September 10th 2003. 
(right) Temperature (black line), light transmissions (yellow line), conductivity (green line) and dissolved 
oxygen concentration (red) profiles of Lake Dix 
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(ii) increasing methane concentrations from the surface towards the sediment 

Profiles of this category had a more or less steady increase of methane concentrations from the 

water surface to the sediment surface in common. Concentrations increased with a gradient close 

to 1 nmol m-1 (range 0.4 - 1.4) in Lakes Zeuzier and Santa Maria, and about ten times faster in 

the shallow Lake Sihl (range 5.4 - 12.8 nmol m-1). Methane diffusing from the sediment seems to 

be the cause for the higher concentrations at the lake bed. 
 

In Lake Santa Maria, methane concentrations on all three sampling dates (June, July, and August) 

increased towards the bottom (Fig. 4). In June surface concentrations were 55 nM, while on the 

other two dates concentrations were about 15 nM. Concentrations right above the sediment 

decreased from June to August, from 100 nM to 63 nM. Meanwhile the carbon isotopic signal of 

methane in June was -34 ‰ from the surface down to 40 m and then decreased to 

-40 ‰. On the other two dates the value at the surface was -40 ‰ and values decreased to -54 ‰ 

in July and -51 ‰ in August. The rapid change in the isotopic composition is reflected in 

temperature and other hydrographic parameters as well (Fig. 4). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: (left) Methane concentrations (open symbols) and isotopic composition (full symbols) in Lake Santa 
Maria on June 7th (squares), July 6th (triangles) and August 23rd 2005 (circles). 
(right) Temperature (black line), light transmission (yellow line), conductivity (green line) and dissolved 
oxygen (red line) profiles of Lake Santa Maria on August 23rd 2005. 
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Figure 5: (left) Methane concentrations (open symbols) and isotopic composition (full symbols) in Lake 
Luzzone on July 21th (triangles) and August 22rd 2005 (circles). 
(right) Temperature (black line), light transmission (yellow line), conductivity (green line), dissolved oxygen 
(red line) and pH (short dash) profiles of Lake Santa Maria on August 23rd 2005. 

 

(iii) enhanced methane concentrations in an intermediate layer 

Profile shapes in these reservoirs did not increase steadily from the water surface to the sediment, 

but a (local) maximum in methane concentrations was detected in intermediate water layers. 

From the lower methane minimum downwards, concentrations increased again towards the 

sediment. We suggest methane entering the reservoir with inflowing water stratifying at 

intermediary depth to be the reason for this profile shape. 
 

Lake Luzzone was sampled twice in July and August 2005 (Fig 5). Both times, methane 

concentrations in the enhanced intermediary layer were about twice as much as the upper and 

lower minimum. Concentrations increase again towards the sediment and reach the highest 

concentrations above the sediment at 100 nM in August. The carbon isotopic compositions 

followed the concentration profile with values between -38 and -40 ‰ at the minima and -50 to 

-52 ‰ at higher concentrations. The existing of an intermediate layer is supported by profiles of 

conductivity and dissolved oxygen as well (Fig. 5). 

 
4.3.2 Emissions 

Concentrations in Lake Bianco were at saturation level (~ 3 nM), hence the methane emissions 

were negligible (Table 2 and Fig. 6). The three other alpine reservoirs Lake Dixence, Oberaar 

and Grimsel emitted methane at 0.05 mg CH4 m-2 d-1, 0.28 ± 0.03 mg CH4 m-2 d-1, and 0.37 ± 

0.16 mg CH4 m-2 d-1, respectively. 
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For subalpine reservoirs (reservoirs between 1000 - 1900 meters a.s.l in this manuscript; Lake 

Santa Maria is included due to its obvious differences to the profiles from the alpine reservoirs) 

diffusive methane emission was lowest in Lake Zeuzier at 0.07 mg CH4 m-2 d-1, two times higher 

in Lake Luzzone at 0.15 ± 0.06 mg CH4 m-2 d-1 and still higher in Lake Santa Maria at 0.32 ± 

0.29 mg CH4 m-2 d-1. Emissions in Lake Santa Maria were highest in June 2005 with 

0.65 mg CH4 m-2 d-1, while in July and August values were similar to the ones in Lake Luzzone 

for the same time span. 
 

Methane emissions for lowland lakes were 0.15 ± 0.02 mg CH4 m-2 d-1, 0.13 ± 0.12 

mg CH4 m-2 d-1 and 0.21 ± 0.08 mg CH4 m-2 d-1 for Lake Gruyère, Lake Lungern and Lake Sihl, 

respectively. Changes during the sampling period were small in Lake Gruyère and Lake Luzzone, 

while in Lake Lungern emissions decreased in the year 2006 from 0.34 ± 0.08 mg CH4 m-2 d-1 in 

early August to 0.07 ± 0.06 mg CH4 m-2 d-1 for four sampling dates in September and October. 

The situation in Lake Lungern was special however, as due to a defect in that year large amounts 

of water supersaturated with air flowed into the lake. This resulted in air saturations of more than 

150 % and caused a mixing of the water body down to 40 m, while in normal years the 

epilimnion is only 10 m deep in summer (Jaun et al., 2006). However, emissions in October 2006 

were not much lower than in October 2005, when no malfunction occurred. 
 

Diffusive fluxes in Lake Wohlen were one order of magnitude higher than in the other reservoirs 

at 1.8 ± 0.9 mg CH4 m-2 d-1. As we noticed intense bubbling in some areas of the lake we also 

measured the ebullition flux from this reservoir with funnels. According to these funnel 

measurements ebullition accounts for an additional 900 ± 700 mg CH4 m-2 d-1 (Range 200 - 2000 

mg CH4 m-2 d-1, Median 700 mg CH4 m-2 d-1) for these areas of intense ebullition (Supplement 

Table S1). This is in the range of results Keller et al. (1994) and Galy-Lacaux et al. (1997) found 

for two tropical reservoirs, but more than three times higher, than what dos Santos et al. (2006) 

found for reservoirs in Brazil or Duchemin et al. (1995) and Huttunen et al. (2002b) for several 

boreal reservoirs. 
 

An ongoing study at Lake Wohlen by Del Sontro et al. will give further insight into the ebullition 

flux of the whole lake. 
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Figure 6: Methane emissions in mg m-2 d-1 from 11 Swiss reservoirs calculated with transfer velocity k 
calculated from the relationship k600=2.07+0.215U10

1.7 (Cole and Caraco, 1998) (red bars) and the bi-linear 
relationship (Section 3.4; green bars) from Crusius and Wanninkhof (2003) 
 

 

4.4 Inflows and Outflows 

In- and outflows were supersaturated with methane at all sampling dates, with concentrations 

between 10 - 420 nM (Table 2). Methane loss at the turbine was calculated using the difference 

between methane concentration of the sampling point closest to the depth of the reservoir outlet 

and methane concentrations measured after the turbine. Concentrations did not differ before and 

after the turbine in Lakes Wohlen and Gruyère, while at Lakes Sihl, Luzzone and Grimsel 

concentrations are between 16 and 73 % lower after the water passed the turbine (Table 2). 
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5. Discussion 
 

5.1 Diffusive surface emissions 

5.1.1 Carbon dioxide 

Similar to other boreal and temperate reservoirs, CO2 is the most important (in regard to volume 

and GWP) greenhouse gas emitted from Swiss reservoirs. The emissions are in the same range as 

emissions from other temperate and boreal reservoirs (Table 3). 
 

In their analysis Tremblay et al. (2005) found among others correlations between CO2 flux and 

the parameters pH and month of sampling. The correlation between pH and CO2 flux is obvious 

in our case, as we used pH to calculate the flux. But a correlation existed between CO2 flux and 

date (R2=0.6137, p < 0.0001). There is, however, no significant difference between CO2 emission, 

 
Table 3: Greenhouse gas emissions from reservoirs in different climates 

CO2 CH4 N2O Remarks Reference

mg CO2 m
-2 d-1 mg CH4 m

-2 d-1 mg N2O m-2 d-1

boreal zone

1508 ± 1771 8.8 ± 12 -1.38 to 3.10 Tremblay et al. (2005)

≈1200 5 to 10 Duchemin et al. (1995)

504 - 3192 2.5 to 133 -0.089 to 0.270 two Finnish lakes Huttunen et al. (2002)

temperate zone

1137 ± 156 2 out of 6 reservoirs

 -349 to -1195 4 out of 6 reservoirs

21 ± 6 reservoirs
(26 ± 19 natural lakes)

1400 20 (10-80) St.Louis et al. (2000)

tropical zone

5800 80 ± 60 open water
1600 ± 1300 50 flooded forest

3500 300 (20 - 1500) St.Louis et al. (2000)

13 ± 22 deep reservoir
71 ± 107 shallow reservoir

2400 to 18800 15 to 3240 early filling stage Galy-Lacaux et al. (1997)

117 Fearnside (2002)

Lima (2005)

Smith and Lewis (1996)

Abril et al. (2005)

3.2 to 9.5 Soumis et al. (2004)
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time and elevation for the three Lakes Wohlen, Gruyère and Sihl (ANOVA, F=6.6387, p = 

0.057). 
 

The date of separation was set somewhat arbitrarily, but for all lakes (except Lake Luzzone) 

emissions decreased from spring (May, early June) to summer, while pH increased during the 

same time (data not shown). This suggests a reduced CO2 emission in summer, not from 

decreased DIC concentrations, but from a shift to bicarbonate and lower dissolved CO2 

concentrations. 

 

5.1.2 Nitrous oxide 

Similar to previous findings, fluxes of N2O in lakes and reservoirs are small in open water areas 

(Huttunen et al., 2002b). While emissions from the two lowland reservoirs are in the same range 

as previous results (Table 3) and nitrous oxide is supersaturated in the whole water column, in 

the alpine reservoirs concentrations throughout the water column are very close to atmospheric 

equilibrium. Only N2O concentrations at the surface deviate from the equilibrium concentrations. 

There seems to be no production of N2O in the deep alpine reservoirs and we assume calculated 

fluxes result from N2O containing water being pumped into the reservoirs from lower elevations. 

However, the amount of data from alpine reservoirs is limited and alpine reservoirs might be 

small sources or sinks for N2O depending on the origin of the water contained in the reservoir. 
 

Overall, if we take the “Global Warming Potential” into account (for a 100 year time period the 

impact of N2O is about 12 times higher than the one of CH4 (Forster et al., 2007), the fluxes of 

N2O in the lowland lakes have the same warming potential as CH4. 
 

5.1.3 Methane 

All lakes except Lake Bianco were supersaturated with methane (Table 2). If we separate the 

lakes into alpine, subalpine and lowland lakes and exclude Lake Wohlen, we get emissions of 

0.25 ± 0.17 mg CH4 m-2 d-1, 0.21 ± 0.21 mg CH4 m-2 d-1 and 0.16 ± 0.09 mg CH4 m-2 d-1, 

respectively. There are no significant differences between the different elevation levels lowland, 

subalpine and alpine (ANOVA, F = 1.651, p=0.21) and none between emissions and date. 
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In comparison to reservoirs from other regions (Table 3), emissions from the eleven Swiss 

reservoirs are more than one order of magnitude lower than emissions from temperate and boreal 

reservoirs and three orders of magnitude lower than methane emissions from tropical reservoirs. 

Only the diffusive flux from Lake Wohlen is in the same range as the ones from the temperate 

and boreal reservoirs, while the ebullition flux from this reservoir is in the range of emissions 

from tropical reservoirs. 
 

There are several possible reasons, why the diffusive methane fluxes in our study are much lower, 

than the ones in other studies. The most important ones are 
 

(i) the use of the thin boundary layer model (TBL) to calculate emissions 

(ii) age of the reservoirs and 

(iii) shape of the reservoirs 
 

(i) Thin Boundary Layer Method 

The choice, which linear relationship is used to calculate the fluxes can also influence the results. 

We used the bi-linear relationship from (Crusius and Wanninkhof, 2003), and not the constant-

linear one, since a comparison of these two showed only minor differences in emissions (data not 

shown). However, using the relationship of Cole and Caraco (1998) gives significant differences 

between the lowland and the subalpine/alpine reservoirs (ANOVA, F= 6.415, p=0.0061), with 

higher emissions from lowland reservoirs and lower emissions from alpine reservoirs compared 

to the bi-linear relationship (Fig. 6). 
 

(ii) Age 

Studies of newly impounded reservoirs reported a peak of greenhouse gas emissions shortly after 

the flooding, caused by the degradation of the submerged organic material that was present in the 

area. Emissions decline drastically after two to three years and were estimated to reach a steady 

state at a much lower emission level after approximately 20 years (Galy-Lacaux et al., 1999). 
 

All reservoirs investigated here were older than 35 years at the date of the sampling (Table 1), 

thus emissions should have levelled off and reached their “base level” more than ten years ago. 

For reservoirs that flooded areas rich in organic material the “base level” is maintained by the 

degradation of carbon stored in the flooded soil. The rather low emissions of the Swiss reservoirs 
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could be an indication of low productivity of the reservoirs and a used up carbon stock in the 

sediments. 
 

(iii) Reservoir shape 

Another important factor in emissions from lakes and reservoirs is the shape of the basin. 

Duchemin et al. (1995) found emissions from deep parts of LaGrande-2 reservoir to be less than 

half of the emissions from shallow areas. Additionally littoral zones from lakes and reservoirs 

have been identified as important areas for greenhouse gas emissions (Huttunen et al., 

2003b;Wang et al., 2007). The subalpine and alpine reservoirs in Switzerland were created in 

narrow gorges with steep slopes, thus the ratio of shallow to deep areas is very small in most 

cases. As a result, littoral zones are small and of minor importance, while low flux areas 

determine the overall emissions. 
 

5.2 Other emission pathways 

5.2.1 Loss at the turbines 

Another important emission pathway for reservoirs is the loss caused by the turbulence during 

turbine passage. Of the five lakes sampled to investigate methane loss at the turbine, two (Lake 

Wohlen and Lake Gruyère) did not loose methane during passage (Table 2). The average loss for 

the three other lakes (Lake Sihl, Lake Luzzone and Lake Grimsel) was 46 ± 18 % (Range 16 - 

73%), matching the findings of Kemenes et al. (2007). Whereas at Lake Wohlen and Lake 

Gruyère the water drops only a few meters down to the river, for the other three reservoirs, the 

height difference between the dam and the river is several hundreds of meters. While this drop 

creates enough turbulence for the water to degas on its way down the pipe, the short drop 

through the air does not seem to be sufficient for a measurable loss of gas. 

If we use the average loss at the turbine to calculate the importance of this emission path 

compared to diffusive surface methane flux, we get 44 ± 12 % for Lake Grimsel and Lake 

Luzzone, while for Lake Sihl gas loss at the turbine accounts for 14 ± 7 % of the total emissions 

at the time of the measurement (Table 4). 
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5.2.2 Ebullition 

Ebullition in Lake Wohlen is nearly two orders of magnitude higher than the diffusive surface 

flux and is thus the most important emission pathway of methane in this reservoir. Most likely 

the high input of organic matter into the reservoir is causing the comparatively high emission 

from Lake Wohlen (personal communication Tonya del Sontro). The short residence time of the 

water in the reservoir (~ 2 days) transports organic rich, particle loaded and fast flowing river 

water into the reservoir, where the water is slowed down and deposition takes place, fueling 

methane production in the sediment. Since ebullition was not measured in the other reservoirs, 

their total methane emissions are probably underestimated. 
 

5.3 Methane sources 

Generally, the carbon cycle in oxic lakes and reservoirs assumes methane production in the 

sediments and oxidation, when methane diffuses from the sediments into the water column 

(Kuivila et al., 1988). This oxidation can be traced with the increasing δ13C of methane (Barker 

and Fritz, 1981;Whiticar, 1999). Concentration and isotopic composition profiles in the lowland 

reservoirs agree well with this trend. Alpine reservoirs, on the other hand, did not show this 
 
 
Table 4: Methane emissions via turbine for the three reservoirs Lake Luzzone, Lake Grimsel and Lake Sihl. 
The emissions are compared to diffusive surface flux. 

Reservoir Date
Average 

discharge
Diffusive 

Flux
Ratio

103 m3 d-1 nmol/l g CH4 d
-1 km2 ug m-2 d-1 ug m-2 d-1 %

Luzzone June 05 427 25 79 1.44 55 122 0.45 31
Luzzone July 05 427 60 189 1.44 131 140 0.94 48

Grimsel Sep 03 1918 46 649 2.72 239 212 1.13 53

Average 44 +/- 12

Sihl May 05 644 63 299 10.85 28 286 0.10 9
Sihl June 05 644 84 398 10.85 37 133 0.28 22
Sihl Aug 05 644 60 284 10.85 26 205 0.13 11

Average 14 +/- 7

Fraction of 
total 

emission 
(surface + 
turbine)

Methane 

loss via 

turbine

Methane 
concentration 

closest to 
outlet

Reservoir 

surface 

area

Emission 
from 

turbinea

 
a equals methane emissions at the turbine divided by lake surface 
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behaviour and there seems to be no significant methane flux from these sediments into the water 

column. 
 

We, therefore, assume external sources to be responsible for the majority of the methane content 

in the alpine reservoirs. Most alpine reservoirs collect additional water from neighbouring 

valleys, which is transported there via tubes and in some cases pumped up from lower altitude. 

Methane concentration measurements in the retention basin Carassina of Lake Luzzone for 

example were 120 nM below the surface and 270 nM at the bottom of the basin in August. 

Enhanced methane concentrations and enhanced conductivity (Fig. 5) are characteristic for the 

intermediate layer in Lake Luzzone originating from a mixture of different inflows. 
 

The only high alpine reservoir we have inflow data for is Lake Oberaar. Here, methane 

concentrations of the water flowing from the glacier into the reservoir reach 30 nM in August 

while values in June and July are lower (around 15 nM), possibly due to dilution by snow-melt 

water. Concentrations and isotopic composition of the inflowing water (Table 2) are very similar 

to the values in the lake (Electronic supplement A7) and as the reservoir was still being filled 

with water (see increase in water depth from July to August) the inflow could be the main source 

of methane for this reservoir. It has been shown, that methane can be produced in glaciers and 

low temperature environments (e.g. Price, 2007;Wadham et al., 2008) The δ13C value of -35 ‰ 

suggests that if biogenic methane was produced below or in the glacier, it has already been 

partially oxidized by the time it left the glacier snout. 
 

Not only in alpine reservoirs are inflows important for the methane content in and the emissions 

from the reservoirs. Estimating methane inflow from the river Sarine, one of the two major 

inflows into Lake Gruyère and comparing it to methane emissions shows that 1.4, 0.5 and 0.06 

times as much methane enters the reservoir in May, June and August, respectively than is lost via 

surface diffusion. Only in August diffusion was five times higher than methane inflow. It seems 

early in the year, when reservoirs refill again with water after winter, methane diffusing from the 

lake surface originates mostly from reservoir inflows, with its importance decreasing towards the 

end of the year. 
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5.4 Origin of methane in the inflows 

To determine where the methane in the inflows originates from, concentrations were measured 

upstream and downstream of a wastewater treatment of the Sarine, an inflow of Lake Gruyère, 

and the river Minster, an inflow of Lake Sihl. While concentrations in the Sarine did not change 

or decreased slightly after the inlet of the cleaned wastewater, concentrations in the Minster 

increased 2-5 times together with a decrease of δ13C of up to 20 ‰, indicating biologically 

produced methane in the outflow of the wastewater treatment plant. 
 

One of the major inflows of Lake Sihl, the river Minster, crosses a plain of agriculturally used 

land. At the sampling date in August we measured methane concentrations at the beginning of 

the plain and after the plain at the inflow to the lake. Methane concentration rose more than 10-

fold to 367 nM after the passage of the plain and the carbon isotope signal fell from -39 ‰ to 

-56 ‰. Thus the main source of methane in the river Minster lies within this agricultural 

influenced plain. 

 

6. Conclusions 
 

The most important greenhouse gas emitted from peri-alpine and alpine reservoirs in Switzerland 

is CO2. On average, reservoir emissions are 1030 ± 780 mg CO2 m-2 d-1 and therefore slightly 

smaller than emissions from boreal and temperate reservoirs in other parts of the world. 

Emissions in the spring time were higher than in summer and autumn, while no elevation effect 

could be found. 
 

Alpine reservoirs were in equilibrium with atmospheric N2O concentrations, whereas two 

lowland reservoirs emitted small amounts of N2O at 72 ± 22 μg N2O m-2 d-1. 
 

Methane emissions were an order of magnitude smaller than values published for reservoirs in 

temperate and boreal climates. Average emissions were 0.2 ± 0.15 mg CH4 m-2 d-1 for all 

reservoirs, except Lake Wohlen, which emitted 1.8 ± 0.9 mg CH4 m-2 d-1 via surface diffusion 

and 900 ± 700 mg CH4 m-2 d-1 via bubble flux. There were no significant differences in 

emissions between different elevations, as higher wind speeds at higher elevations compensated 

the lower methane concentrations in these reservoirs. The amount of external methane entering 
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via inflows is sufficient to explain the emission rates found in some reservoirs in spring and early 

summer, while contributions from other sources (e.g. sediments) increase towards autumn. The 

isotopic composition of sedimentary methane suggests a biogenic source and partial oxidation. 
 

Methane loss at the turbine accounted for nearly 50 % of total emissions (diffusive surface flux + 

gas loss at the turbine) in subalpine and alpine reservoirs. This type of emissions was less 

important in lowland reservoirs such as Lake Sihl, where it contributed only 14 % of the total 

CH4 flux to the atmosphere. 
 

In two lowland reservoirs with a small height difference (smaller than 10 m) between reservoir 

and receiving river, no additional emissions at the turbine were found. 
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Supplement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1: (top) Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in Lake Gruyère on May 24th 
(circles), June 15th (triangles), and August 10th 2005 (squares) 
(left side, middle):  Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in Lake Lungern on October 
25th 2005(circles), August 1st (triangles down), September 1st (triangles up), September 14th (hexagon), September 21st (diamonds), and 
October 19th 2006 (squares) 
(right side, middle): Sediment methane concentrations (open symbols) and carbon isotopic composition (full symbols) in the middle basin 
(circles) and in the dam basin (squares) of Lake Lungern on September 21st 2006. 
(left side, bottom): Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in Lake Sihl on May 14th 
(squares), June 17th (circles), and August 9th 2005 (triangles). 
(right side, bottom): Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in Lake Sihl (Viaduct 1) on 
May 14th (circles), June 17th (squares), and August 9th 2005 (triangles) and Lake Sihl (Viadukt 2) on June 17th 2005(diamonds). 
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Figure S2: (top, left):Methane concentrations (open circles) and carbon isotopic composition (full circles) in 
Lake  
Zeuzier on September 10th 2003. 
(top, right): Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in Lake 
Grimsel on October 9th 2003 (circles), July 5th (squares), and July 28th 2005 (triangles). 
(bottom, left): Methane concentrations (open circles) and carbon isotopic composition (full circles) in Lake 
Bianco on September 28th 2004. 
(bottom, right): Methane concentrations (open symbols) and carbon isotopic composition (full symbols) in 
Lake Oberaar on July 5th (circles), July 28th (squares), and August 24th 2005 (triangles). 
 
 
Table S1: Ebullition fluxes from Lake Wohlen on September 28th 2006. 
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 Gas Flux Fraction Methane Flux

Funnel dm3 m-2 d-1 % CH4 g CH4 m
-2 d-1

1 0.76 49.00 0.24
2 4.25 70.25 1.95
3 2.37 48.95 0.76
4 3.08 28.45 0.57

Average 2.62 49.16 0.88
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downstream of hydroelectric reservoirs 
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Introduction 
 

Methane emissions from aquatic systems as contributors to the global methane budget have 

come into focus over the last years (Cicerone & Oremland, 1988; Fung, 1991). Whereas first 

only oceans with their relatively small contribution to the global methane budget were taken into 

account (Cicerone & Oremland, 1988), recently lakes and reservoirs were the aim of several 

studies (for an overview see St. Louis et al., 2000; Bastviken et al., 2004). 
 

Methane emissions from hydroelectric reservoirs were first discussed in the early 1990s (Rudd et 

al., 1993). Since then, various other studies documented the importance of greenhouse gas 

emissions from reservoirs in boreal regions (Kelly et al., 1994; Duchemin et al., 1995; Huttunen 

et al., 2002; Tremblay et al., 2005), as well as in tropical regions (Fearnside, 1997; Galy-Lacaux 

et al., 1997; Fearnside, 2002; Rosa et al., 2003; dos Santos et al., 2006), while data for temperate 

regions is still limited (Soumis et al., 2004). A global estimate calculated yearly methane 

emissions of 0.7·1014 g or 18% of all anthropogenic emissions (St. Louis et al., 2000). This 

emission estimate is based on diffusive surface and ebullition fluxes from the reservoirs. 

Meanwhile, two other relevant pathways were found to be important in the emission budget of 

reservoirs: emissions during turbine passage (Galy-Lacaux et al., 1997; ; Soumis et al., 2004; 

Roehm & Tremblay, 2006; Kemenes et al., 2007) and emissions from the river downstream of 

the reservoir (Guérin et al., 2006; Guérin et al., 2008). 
 

For the second pathway it is important to take also the methane cycling and emissions from the 

downstream lake or reservoir into account to fully describe emissions produced not only by the 

reservoir itself but by the whole lake and/or reservoir system. 
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Methane cycling and emissions in lakes has been studied in general (Rudd & Hamilton, 1978; 

Fallon et al., 1980; Liikanen et al., 2002; Bastviken et al., 2004; Murase et al., 2005), and in 

more detail in sediments (Kuivila et al., 1988; Frenzel et al., 1990; Murase & Sugimoto, 2001). 

Methane pathways and transformations were investigated by looking at, e.g., water column 

methane oxidation (Rudd et al., 1974; Rudd, 1980; Lidstrom & Somers, 1984; Lilley et al., 

1988), emissions via surface (Smith & Lewis, 1992; Michmerhuizen et al., 1996; Casper et al., 

2000), and emissions via bubble flux (Keller & Stallard, 1994; Walter et al., 2006). 
 

One important aspect in total lake/reservoir methane budgets includes the separation of methane 

entering the lake/reservoir via inflows and methane produced inside the lake/reservoir. However, 

the importance of methane inflow by tributaries has only been studied marginally (Murase et al., 

2005). 
 

The present study addresses the fate of methane dissolved in water of a hydroelectric reservoir 

after this water has been turbinated at a power plant. Methane concentrations and loss in the river 

downstream are compared to a river without hydropower plant impact. Furthermore the 

relevance of methane transported by these two rivers and the interior lake methane production 

for methane emissions from the lake surface is evaluated. 

 
Methods and study site 
 

Study site 

Lake Brienz with a volume of 29.8 km2 is a peri-alpine lake located in the Bernese Oberland, 

Switzerland (46°43’14’’N/7°57’14’’E). The lake is ultra-oligotrophic with nitrate concentrations 

below 0.5 mg l-1 NO3-N and 10 μg l-1 PO4-P in March (Kirchhofer, 1995), though recent 

investigations showed that phosphate concentrations might be underestimated due to adsorption 

onto particles (Müller et al., 2007). Two major tributaries, the Aare River and Lütschine River 

drain around 80% of the lake catchment area and enter the lake from the eastern and western end, 

respectively (Figure 1). The north and south side of the lake are surrounded by steep slopes and 

both sides are only minor drainage areas. The geology of both catchments differs, as the one of 

the Aare is mainly crystalline, while the one of Lütschine is mainly sedimentary (Sturm, 1976). 
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Another difference are the hydropower reservoirs located upstream of the Aare River, which 

influence the runoff dynamics by decreasing the flow in summer and increasing it in winter. The 

water from the reservoirs enters the Aare about ten kilometers upstream of Lake Brienz (site 4 in 

Figure 1). On its way to the lake the Aare passes the nearly 1.5 kilometer long Aare canyon, 

where the flow is more turbulent than in the channel-like morphology along the remaining 

stretch. After the canyon, the Aare enters an agriculturally used plane for the remaining 15 

kilometers before it discharges into Lake Brienz. Meanwhile, the Lütschine River has a natural 

hydrologic regime, unaffected from hydropower plants. Both rivers carry large amounts of 

glacial related melt water and have therefore high particle concentrations (Finger et al., 2006). 

 

 

 

 

 

 

Figure 1: Study site and sample locations in Lake Brienz and in the Aare River and Lütschine River. The 
following numbers are used in Figures 2 and 3. (1) Outflow of the upstream reservoirs. Measurements were 
done after the turbine, but before the water entered the Aare River. (2) The residual flow of the Aare 
downstream of the reservoirs. (3) The Aare close to the city of Meiringen, just after the passage through the 
Aare canyon. (4) The Aare close to Lake Brienz. (5) The “Weisse Lütschine”, one of the two source streams of 
the Lütschine River. (6) The “Schwarze Lütschine”, the second source stream. (7) The Lütschine River close 
to the city of Widerswil. (8) The Lütschine River at the inflow into Lake Brienz. (x) The sampling site at the 
center of Lake Brienz. 
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Sampling 

A SBE 19 CTD probe (Sea Bird Electronics) was used to measure temperature, conductivity, and 

light emission profiles. Additionally, an oxygen sensor and a pH sensor were attached to the 

probe. To sample the water column, a 5 l Niskin bottle was used. Water was transferred into 

sample bottles of 120 ml volume with plastic tubing and bottles were allowed to overflow with 

2-3 times the sample volume. A spatula of ground Cu(I)Cl was added to avoid possible microbial 

activity in the sample and the bottles were sealed airtight with butyl septa, while care was taken 

to avoid air bubbles inside the samples. At two or three sampling depths a Winkler bottle was 

filled and used to calibrate the oxygen sensor on the CTD probe. The pH sensor was calibrated 

by comparison to measurements done with a pH-meter (Metrohm) at the same depth. 
 

A sediment core was taken in Lake Brienz using a gravity corer. One sample was collected every 

centimetre with a plastic syringe from holes covered with tape at the side of the core. 2 ml of 

sediment were filled into 25ml glass bottles containing 5 ml of NaOH (5%) and subsequently 

sealed with butyl septa. 
 

Methane concentrations 

Concentrations of dissolved methane were measured using a headspace method similar to the 

one used by McAuliffe (1971). An inert gas (nitrogen or helium) was introduced into the 

sampling bottle, while at the same time water was removed via an additional needle. The bottle 

was then kept at constant temperature in an ultrasonic water bath and equilibrium between the 

water and the gas phase was achieved by ultrasonication for several minutes. Gas from the 

headspace was transferred to an Agilent GC using a GS-Carbonplot column (Agilent; 30 meter 

length, 0.53 mm inner diameter, 5μm film thickness) equipped with a flame ionization detector. 

Gas was injected into a 500 μl sample loop. The oven temperature at the beginning of a run was 

40˚C and increased to 120˚C at a rate of 10˚C/minute after five minutes. Standards used for 

calibration were supplied from Scotty Specialty Gases. Concentrations were 15 ppm, 1000 ppm 

and 1 % for methane and 1 ppm and 10 ppm for nitrous oxide. Accuracy of the measurements 

was usually better than ±3%. 
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Concentrations of dissolved gases in the water sample were calculated using solubility data and 

temperature (Wiesenburg & Guinasso, 1979). 

 

Sediment flux 

Methane flux Js from the sediment was calculated according to the empirical equation described 

in Berner (1980): 
 

x
C

F
D

J s ∂
∂
⋅−=      (1) 

 

where D is the molecular diffusion in water (D=0.92·10-5 cm2 s-1 at 5°C; Furrer & Wehrli, 1993), 

F is the formation factor of a porous media (F=1.02·φ -1.81 for clay-silt sediments; Maerki et al., 

2004), where φ  is the porosity and 
x
C
∂
∂  is the concentration gradient of methane in the sediment. 

 

Carbon isotopic composition 

The carbon isotopic composition of methane was determined by enrichment of methane from the 

headspace in a TraceGas preconcentrator (GV Instruments, UK) and subsequent measurement in 

an Isoprime mass spectrometer, similar to the method described by Sansone et al. (1997). The 

amount of gas injected varied from a few ml injected with a syringe to the complete headspace, 

by passing the flow of the preconcentrator through the sample bottle. Results are noted in the 

standard δ-notation relative to Vienna PeeDee Belemnite (VPDB). 
 

1000)1(13 ×−=
eferenceR

sample

R
R

Cδ     (2) 

 

Here Rsample is the ratio of 13C/12C of the sample and Rreference the ratio of the reference material 

and δ13C the isotopic signature of methane in ‰ vs. VPDB. An external standard (1% CH4 in 

argon) of known isotopic composition was injected after every second or third sample run. The 

accuracy of the method was ± 0.7 ‰. 
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Results and Discussion 
 

Methane concentrations and emissions in the rivers 

Methane concentrations in both the Aare and the Lütschine varied between 10 - 380 nM during 

January 2005 and January 2006 and are at the lower range of previous findings in rivers from the 

Arctic or Oregon State (de Angelis & Lilley, 1987; Kling et al., 1992). Concentrations in the 

Aare River at sampling sites just before (Sample site 1 in Fig. 2) and just after (Sample site 2) the 

inflow of turbinated water are similar. At sample site 3 which was situated just behind the Aare 

canyon concentrations were lower than at the two sites upstream, reaching as low as 15 nM in 

mid March 2005. Towards the river mouth (Sample site 4) concentrations rose again (except on 

March 2nd), reaching the highest concentrations with 380 nM. A similar trend could be seen in 

the isotopic methane composition (Fig. 2). While the δ13C in the upstream river varied little and 

values were between -35 and -40 ‰, at the lake inflow the isotopic composition decreased to 

values as low as -70 ‰ in April and to -50 ‰ at earlier dates. 
 

This concentration increase shortly before the Aare enters the lake is presumably (based on δ13C 

values) of biogenic origin. Its cause could be either the inflow of water coming from the 

wastewater treatment plant (Ghosh & Conrad, 1974; Stafford, 1974; Lens et al., 1995; Verstraete 

et al., 1996)situated in this river segment or of groundwater inflow from the surrounding land 

which is agriculturally used (Barker & Fritz, 1981; Watanabe et al., 1994; Watanabe et al., 2008). 

The second argument is supported by the high concentrations of methane and the low δ13C found 

in a small brook (Table 1) running parallel to the Aare, draining the same agriculturally used 

plane but which is not connected to the sewage treatment plant. 
 

In the Lütschine River, methane concentrations and isotopic composition varied less than in the 

Aare River. Concentrations ranged between 30 - 150 nM, with concentrations mostly slightly 

lower at the river mouth than further upstream (Figure 3). Likewise, the isotopic composition did 

not vary much, staying between - 42 and -35 ‰ at all samplings, except for March 2nd, where 

isotopic composition in the Schwarze Lütschine River and further downstream was -46 ‰. 
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Figure 2: Methane concentrations (left) and carbon isotopic composition (right) from January to April 2005 
at four sample sites in the Aare River (sample site numbers are listed in Figure 1) 
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Figure 3: Methane concentrations (left) and carbon isotopic composition (right) from January to April 2005 
at four sample sites in the Lütschine River (sample site numbers are listed in Figure 1) 
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Figure 4: Methane concentrations (left) and carbon isotopic composition (right) from November 2004 to 
January 2006 at the deepest spot of Lake Brienz 
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Table 1: Methane concentrations and isotopic composition of Lake Brienz inflows and outflow 
 Aare Lütschine 

Date Inflow Outflow brook next to Aare Inflow 
 nM ‰ nM ‰ nM ‰ nM ‰ 

19.01.2005 122.8 -47.8 205.9 -58.3 544.5 -61.5 50.3 -37.8 
02.03.2005 65.6 -52.5   1501.0 -64.7 72.8  
15.03.2005 107.6 -46.9   1620.7 -67.0 69.6 -40.2 
05.04.2005 263.2 -73.6       
08.04.2005 372.3 -70.1   2445.5 -67.8 48.2 -37.6 
05.07.2005 92.3 -39.9 136.2 -39.7   99.5 -34.2 
19.01.2006 52.9 -72.8       

  
Assuming the concentration differences in the Aare River between the inflow of water from the 

upstream reservoirs to Meiringen (site 3 in Figure 2) and the Lütschine River between the lake 

and the upstream sites are due to emission to the atmosphere, a flux can be calculated. For this 

we used the average water flow rate and an estimated river surface area from maps. Both of these 

assumptions will lead to rather large errors, as the flow rate will increase downstream with the 

addition of rivers and the river surface is a function of flow rate. However, results are precise 

enough to give an order of magnitude estimate and to allow a comparison between the two rivers. 
 

For the Aare River, emissions were calculated to be 22 ± 21 mg m-2 d-1 (range 2 - 57, 

n =6), while the Lütschine River emitted considerably less methane at 0.8 ± 0.7 mg m-2 d-1 (range 

0.2 - 1.6, n=3). The values are in the range of estimates for rivers in Oregon (1.2 - 71 mg m-2 d-1; 

de Angelis & Lilley, 1987), a small lowland stream in the Czech Republic (Hlaváčová et al., 

2006) and for European rivers (Saarnio et al., article in press). The large differences between the 

Aare River and the Lütschine River are presumably a result of the Aare canyon, where more 

turbulence is created, than in the normal channel-like Aare River and Lütschine River beds.  

 

Comparison of the emissions from the Aare River to the emissions calculated from two of the 

upstream reservoirs (Lake Grimsel and Lake Oberaar), which emit 0.3 and 0.4 mg m-2 d-1, 

respectively (Chapter 1), indicates a nearly 60 times higher methane emission rate from the river 

than from the reservoir itself. Hence, in our case river emissions downstream the reservoir are 

the most relevant, contrary to previous findings at a tropical reservoir, where methane release 

downstream of the reservoir was estimated to be only 9 - 33 % of the total reservoir emissions 

(Guérin et al., 2006). 
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Methane concentrations and cycling in Lake Brienz 

Three sites were sampled in Lake Brienz including the deepest area of the lake (~ 255 m) and 

one station each close to the inlet of the two major rivers. Methane concentrations (Fig. 4) at the 

deepest site vary between atmospheric saturation (~ 2nM) and 110 nM. The methane isotope 

profiles are more or less constant with δ13C values between -40 and -30 ‰ in March, June 2005 

and January 2006 and close to -50 ‰ in November 2004 (Fig. 4). In January 2006, however, the 

δ13C of methane decreases down to -69 ‰ over the last 10 meters above the sediment, together 

with an increase of concentration from 10 to 30 nM identifying the sediment as a methane source. 
 

Methane concentrations in the sediment core taken at the same site showed a nearly linear 

decrease from 360 μM at 15 cm depth to 10 μM below the sediment surface (Fig 5). This was 

accompanied by an increase in of nearly 20 ‰ from - 76 ‰ to - 54 ‰. Methane flux over this 

area was calculated as 730 ± 40 μmol m-2 d-1 and is in the same order of magnitude as other 

sediment fluxes (Frenzel et al., 1990; Huttunen et al., 2006). 
 

In front of both rivers, the methane concentrations were in the range of 30 to 190 nM at all 

sampling dates, along with a δ13C isotopic composition between -55 ‰ and -30 ‰. Both 

parameter profiles varied more between the different sampling dates than between different 

water depth. 

 

With the help of methane concentrations from the major tributaries and the methane profiles 

from the deepest point of the lake a simple methane budget for Lake Brienz was compiled. 

Additionally the methane loss by surface diffusion was estimated using the constant-linear 

relationship for wind speed and surface water concentration given by (Crusius & Wanninkhof, 

2003). An average wind speed of 1.8m s-1 at 10 meters above the ground from the SwissMeteo 

station Interlaken on the western side of the lake was used to calculate the diffusive flux for all 

sampling dates. Results are given in Table 2. Methane inflow by the major tributaries nearly 

equals methane losses by lake outflow and across the lake surface, although losses seem slightly 

larger. 
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Figure 5: Sediment methane concentrations (open triangles) and carbon isotopic composition (full circles) at 
the deepest spot of Lake Brienz on January 19th 2006. 
 

To account for the increasing methane concentrations in the lake between lake mixing, where 

concentrations are lowest (see December 2004 and January 2006, Fig 4) there must be additional 

methane flux from the sediment into the water column. To estimate this flux we used the 

increase of methane content in the lake between different sampling dates, preferably between 

times of turnover and the following sampling date. A flux of nearly 2 mg m-2 d-1 is necessary to 

achieve the measured concentrations. This accounts for nearly 10% compared to the methane 

flux of 12 mg m-2 d-1 in the sediment. Given an oxygen penetration depth into the sediments of 

1.3 to 2.8 cm and an oxygen flux of ~110 mg m-2 d-1 (Müller et al., 2007) the remaining 90% of 

methane are oxidized on their way towards the water column. These values agree well with other 

studies on methane oxidation in sediments (Kuivila et al., 1988; Frenzel et al., 1990). However, 

since the methane flux from littoral sediments is higher than from pelagic sediments (Liikanen et 

al., 2003; Murase et al., 2005) our values might well be underestimated and actually higher. 
 

Methane oxidation in the water column was excluded from the budget, as several un-poisoned 

samples from different depths and sampling dates were taken that did not show any change in 

methane concentration, over a period of two weeks. In a study on methane oxidation (Rudd et al., 

1976) found no evidence for methane oxidation as long as the lake was stratified. Only after lake 

turnover methane oxidation occurred. The authors concluded high oxygen concentrations and 

low dissolved inorganic nitrogen concentrations were the reason for the absence of methane 

oxidation. Lidstrom and Somers (1984) only detected methane oxidizers very close to the 
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sediment in Lake Washington, but not in the remaining water column. This methane oxidation 

above the sediment could be linked to the transport of methanotrophs from the sediment surface 

to the water column through resuspension (Bussmann, 2005). As oxygen concentrations are high 

in Lake Brienz throughout the year (data not shown) and nitrogen concentrations low, this could 

explain the absence of methane oxidation in the water column. Although we found negligible 

methane oxidation above the sediment, methane oxidation in the water column of Lake Brienz 

can not be excluded, as it has been detected in the water column of several mostly eutrophic 

lakes (Utsumi et al., 1998a; Kankaala, 2006) or during lake turnover (Utsumi et al., 1998b; 

Kankaala et al., 2007) and would require a higher flux of methane from the sediment to 

compensate for methane lost through oxidation. Another pathway for methane loss, which was 

not included in the budget, is ebullition.  

 
Table 2: Methane inputs and losses of Lake Brienz. Methane inflows and outflow into the Lake were 
calculated using the average flow rate of the rivers on the given date and the methane concentration 
measured closest to Lake Brienz (site 4 for the Aare River and 8 for the Lütschine River). Losses by diffusion 
were calculated using the methane concentration at the surface and an average wind speed of 1.8 m s-1 in the 
constant-linear relationship given by Crusius and Wanninkhof (2003). Methane storage was calculated using 
average dissolved methane concentrations for the upper 50 meters and the hypolimnion below 50 meters 
depth (Volume of lake above 50m = 1.40 km3 and below 50m = 3.77 km3, (Finger et al., 2006)). The flux from 
the sediment necessary to achieve the amount of methane stored in the lake at the given date was calculated 
by the difference in methane content between the two dates and the surface of the lake (29.8 km2). 

 

     Methane storage in lake  

Date 
Methane 

inflow from 
Aare 

Methane 
inflow from 
Lütschine 

Methane in 
outflow 

Loss by surface 
diffusion <50m >50m total 

necessary 
flux from 
sediment 

 g d-1 g d-1 g d-1 g d-1 g g g mg m-2 d-1 

24.11.2004    894 2.0 105 1.2 107 1.2 107 1.1a 

21.12.2005    298 1.5 105 1.3 105 2.8 105  

19.01.2005 2981 162 6631      

02.03.2005 3030 526      1.3b 

15.03.2005 2827 292       

22.03.2005    8046 1.4 106 3.0 106 4.4 106  

05.04.2005 8078 499       

08.04.2005 11890 846       

04.05.2005    5364 1.6 106 2.5 106 4.1 106  

27.06.2005    17880 1.6 106 4.6 106 6.2 106 1.1c 

05.07.2005   23917 6258     

19.01.2006     7.5 104 7.6 105 8.4 105  

  
a calculated for 2004, with a similar methane content for January 2004, as was found in January 2006 
b for the period from 21.12.2005 to 22.03.2005 
c for the period from 04.05.2005 to 05.07.2005 
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The potential methane emission at lake turnover is 400 mg m-2 in Lake Brienz and agrees well 

with potential emissions after ice melt for 19 lakes in northern Minnesota (Michmerhuizen et al. 

1996). Lake turnover will give one short pulse of high methane emission that has the same 

dimensions as the constant surface emissions during the year. 
 

Diffusive fluxes from Lake Brienz, as well as the maximum amount of methane dissolved in the 

lake, the so-called methane storage (Bastviken et al., 2004), agree well with other Eurasian and 

North American lakes. However, both the average diffusive flux (= 79 ± 78 mg m-2 yr-1) and the 

methane stored in Lake Brienz (403 mg m-2 in December 2004) fall into the lower half of the 

lakes given by Bastviken et al. (2004). 
 

To conclude, although methane outflow from Lake Brienz is similar to methane inflow nearly 

twice the amount of methane is lost from the lake via lake surface, with the additional methane 

most likely produced and entered from the sediments. 
 

Conclusions 
 

Methane loss in a river downstream several Swiss alpine reservoirs can be quite substantial in the 

case of the Aare River, amounting to an order of magnitude higher emissions (22 ± 21 mg m-2 d-1) 

than the combined upstream reservoirs. The high emissions compared to a non-reservoir 

influenced river (0.8 ± 0.7 mg m-2 d-1) are due to the passage of the Aare canyon, after which 

methane concentrations in the river decrease significantly. The following methane increase could 

be attributed to a biogenic source, presumably methane production in groundwater of an 

agriculturally used plane or the wastewater treatment plant in the area. 
 

Methane emissions from ultra-oligotrophic Lake Brienz are similar to other Eurasian and North 

American lakes. While the amount of methane leaving the lake via the outflow is nearly equal to 

the inflow, methane emissions via lake surface are nearly twice as high as the methane entering 

the lake by the two major tributaries, the Aare River and the Lütschine River. Average surface 

diffusion (0.2 - 0.8 mg m-2 d-1) is similar in size to the emission of methane stored in the 

hypolimnion at lake turnover (1.0 mg m-2 d-1). However, the latter will be emitted in a short pulse, 

whose duration is only several days, in contrast to the surface diffusion emissions released over a 

whole year. 
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Abstract 
Methane and nitrous oxide concentrations at two stations in the central and at one station in the 

northeastern Black Sea were measured in high resolution over the chemocline. At both central 

stations methane concentrations decreased with decreasing depth to atmospheric saturation 

concentrations (~2 nM) at the base of the suboxic zone. This nearly twenty meter wide layer 

separates high methane concentrations in the deep anoxic zone from increased methane 

concentrations in the aerobic surface layer. The situation was different at the northeastern station, 

where high methane concentrations and low δ13C values suggested anthropogenic pollution 

connected to oil transport from and processing in nearby ports. Fractionation factors ε for 

methane oxidation at the three stations were calculated and ranged from 4 to 11 ‰. The 

expression of particulate methane monooxygenase gene (pmoA), a functional gene biomarker for 

aerobic methanotrophy, increased from the lower oxic zone to reach a maximum near the oxic-

anoxic interface. In comparison, no mcrA, the functional gene biomarker for anaerobic methane 

oxidizers, could be detected at the expression level. Therefore, methane in the suboxic zone was 

most likely exclusively oxidized by aerobic methanotrophs (methanotrophs type I), proceeding at 

oxygen concentrations below 2 μM. Nitrous oxide profiles agree well with previous results. The 

N2O peak at the lower end of the suboxic zone is most likely connected to nitrification linked to 

anaerobic ammonium oxidation (anammox). 
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1. Introduction 
 

Methane and nitrous oxide are two greenhouse gases, of which concentrations significantly 

increased over the last 150 years. Both have higher Global Warming Potential than CO2, i.e., 25 

times higher for methane and 298 times higher for N2O on a 100-year timescale (Forster et al., 

2007). While the oceans are significant sources for N2O (Seitzinger et al., 2000), their 

contribution of CH4 is less important (except for coastal areas, e.g. Bange, 2006) with respect to 

all global natural emissions (Wahlen, 1993; Denman et al., 2007). Nitrous oxide is produced as a 

by-product of nitrification and denitrification (Barbaree & Payne, 1967; Ritchie & Nicholas, 

1972; Elkins et al., 1978; Bleakley & Tiedje, 1982). The highest accumulation and subsequent 

release of nitrous oxide is found in oceanic oxygen minimum zones (Bange et al., 2001b; Castro-

González & Farías, 2004; Naqvi et al., 2005; Farías et al., 2007). In low oxygen and fully anoxic 

zones, N2O is also consumed as an electron acceptor (Elkins et al., 1978). Production of methane 

takes place in ocean sediments after all other electron acceptors are exhausted, through microbial 

methanogenesis from organic material or by the reduction of CO2 (Smith & Mah, 1966; Bryant 

et al., 1968;). Methane oxidation can be performed anaerobically by specific microorganisms in 

anoxic conditions with sulphate (Panganiban Jr et al., 1979; Reeburgh, 1980; Zehnder & Brock, 

1980; Boetius et al., 2000) or aerobically with oxygen as the electron acceptor by other specific 

groups of microorganisms (Naguib & Overbeck, 1970; Amaral & Knowles, 1995). Methane 

oxidation can be traced using its carbon isotopic composition, which increases due to the 

preferential use of the lighter isotope in microbial transformations (Barker & Fritz, 1981). 
 

The Black Sea is the largest and one of the best studied anoxic water bodies in the world. A 

nearly 100-m thick oxic layer overlies an up to 2000-m thick anoxic layer at the bottom. A strong 

stratification is maintained by low-salinity inflow of river water into the upper layer and high-

salinity inflow of Mediterranean water through the Bosporus into the deeper layer (Murray et al., 

1991; Özsoy & Ünlüata, 1997). The two layers are separated by a suboxic zone with 

undetectable concentrations of either O2 or H2S (Murray et al., 2005b; Murray & Yakushev, 

2006). While methane concentrations in the anoxic layer are as high as 12 μM, only around 10 

nM are found in the oxic water column (Atkinson & Richards, 1967; Lamontagne et al., 1973; 

Reeburgh et al., 1991), as the strong stratification and methanotrophy hinder the methane from 

escaping the anoxic layer to the oxic surface layer and subsequently into the atmosphere. Until 
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recently, most of the oxidation of methane has been attributed to anaerobic oxidation of methane 

(AOM), while aerobic methane oxidation has been considered negligible (Reeburgh et al., 1991; 

Schubert et al., 2006a). However, the recent detection of biomarkers from aerobic methanotrophs 

in the suboxic zone (Blumenberg et al., 2007) and the spatial and temporal variability of oxygen 

concentrations in the suboxic zone (Glazer et al., 2006; Stunzhas & Yakushev, 2006) indicated 

that aerobic methane oxidation might be more important than previously thought. 
 

In comparison with other low-oxygen environments (e.g. the Arabian Sea, Nicholls et al., 2007), 

the reported N2O concentrations for the Black Sea water column are rather low (Butler & Elkins, 

1991; Westley et al., 2006). Two maxima were usually detected in the nitrous oxide depth-

profile, of which the upper one was linked to nitrification, and the lower one was suggested to be 

the result of denitrification associated with oxygenated waters entering from the Bosporus 

(Butler & Elkins, 1991; Westley et al., 2006). 
 

In the current study, the concentrations of N2O in the suboxic zone of the Central Black Sea were 

examined and compared to results of the studies on nitrogen-loss processes from the same cruise 

by Lam et al. (2007) and Jensen et al. (2008).. Additionally, methane concentrations were 

measured at high-resolution intervals (every 2.5 m) within the suboxic zone of the central and the 

northeastern Black Sea, with special intent to distinguish between aerobic and anaerobic 

oxidation. We also analyzed the stable isotopic composition of methane in order to detect 

signatures of methane oxidation as well as to trace the origin of methane in the surface water. 
 

2. Materials and Methods 
2.1 Sampling Sites 

Water column profiles from two sites in the central Black Sea were taken in August 2005 with 

R/V Professor Vodyanitskiy and one site in the north-eastern Black Sea was sampled in July 2005 

(Fig. 1). The first site (Station 1, N 43˚ 15’, E 34˚ 00’) had a depth of 1650 meters and was 

situated very close to the centre of the Black Sea, between the two main gyres (Sorokin, 2002). 

The second site (Station 2) was north of the first one, on the slope, east of the Crimean Peninsula 

(N 44˚ 10’, E 34˚ 00) with a water depth of approximately 300 meters. The third station (Station 

3) was located southwest of the city of Gelendgik on the slope (N 44˚ 29’, E 37˚ 45’) with a 

water depth of 1650 meters (Fig.1). 
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Figure 1: Sample locations in the Black Sea: Station 1 (deep), Station 2 (shelf) in the Central Black Sea and 
Station 3 (deep) in the north-eastern Black Sea. For coordinates of the stations see text section 2.1. 
 

A free-falling conductivity-temperature-depth (CTD) probe (SBE 9plus; Sea-Bird Electronics, 

Washington, DC) equipped with an oxygen sensor (SBE 43; Sea-Bird Electronics; sampling at 

24 Hz, range: 0–120%Sat, accuracy 2%Sat) was used to examine the physical properties of the 

water column. In addition, for the samples collected from the northeastern station (Station 3), 

oxygen was measured with the Winkler method and H2S was measured photometrically using 

paraphenilendiamin (Falina et al., 2007). 
 

2.2 Sampling 

Water samples were collected at high resolution (every 2.5m) with a pumpcast-CTD system or at 

lower resolution (5m and less) with Go-Flo bottles attached to a CTD-rosette-system. The water 

was filled into glass bottles (~600 ml). Bottles were allowed to overflow at least double the 

bottle volumes, before they were closed with butyl stoppers. Care was taken to avoid any 

bubbles. After the samples were closed, 200 µl of saturated HgCl2 solution were injected through 

the butyl stopper with a syringe to preserve the samples. A similar amount of water was allowed 

to flow out of the bottles, while care was taken to avoid contact with the atmosphere or 

introduction of bubbles into the bottle. 
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2.3 Gas concentrations 

After the samples were returned to the laboratory, a headspace was created in each bottle by 

replacing a known volume of sampled water with N2, based on the method of McAuliffe (1971). 

The bottles were then placed in a water bath, which were kept at a constant temperature (25°C) 

and allowed to equilibrate overnight. For concentration measurements, an Agilent GC with a 

Carboxen 1010 Plot column (Supelco) connected to an FID was used to measure CH4, C2H6 and 

C2H4, and a GS-Carbon plot column (Agilent) connected to an ECD was used to measure N2O. 

The GC had two separate sample loops of 500 µl and 1 ml for hydrocarbons and N2O, 

respectively. The temperature of the oven was kept constant at 40°C for five minutes and then 

raised to 110°C at a rate of 10°C min-1. Standards of different concentrations for both gases were 

supplied by Scotty Specialty Gases. 
 

Dissolved gas concentrations in the water were then calculated using the Bunsen coefficient as 

given by Wiesenburg & Guinasso (1979) for CH4, Weiss & Price (1980) for N2O, and Yaws 

(1992) for C2-hydrocarbons. 
 

2.4 Carbon isotopic composition (δ13C) 

To determine the carbon isotopic composition of methane, a TraceGasPreConcentrator Unit (GV 

Instruments, UK) was used. Depending on the methane concentration, different amounts of 

headspace were injected (from 100 μl to several ml). The methane was oxidized to CO2 over 

CuO at 950˚C and cryo focused in liquid nitrogen. The CO2 was then transferred to a gas 

chromatograph to further clean and focus the sample and then was measured in a continuous 

flow isoprime mass spectrometer (GV Instruments, UK). Every third or fourth run a standard of 

known isotopic composition was injected to calibrate the results to VPDB. Final results are given 

in the δ-notation. 
 

2.5 Methane oxidation 

Oxidation rates below and in the chemocline were estimated using Fick’s second law: 
 

)
z
c(D(z)

z
=

t
c

∂
∂

∂
∂

∂
∂      (1) 



 

 70

Where c is the concentration of methane (nmol l-1), D the advective diffusivity (cm2 s-1) and z the 

water depth (m). Assuming steady state (dc/dt=0) and adding a source/sink term R (nmol l-1 s-1), 

we get 
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By fitting the advective diffusivity data we get from the density profiles according to Gargett 

(1984) and the concentration profile, the equation is then solved for R to reveal methane 

oxidation or production rates. 
 

2.6 Functional Gene Expression Analyses 

The expressions of particulate methane monooxygenase gene subunit A (pmoA) and methyl-

coenzyme M reductase subunit A (mcrA), the functional gene biomarkers for aerobic and 

anaerobic methanotrophs respectively, were analysed for samples collected from Station 1. 

Water samples were collected by a CTD-rosette package and. nucleic acids were extracted in a 

shore-based laboratory as previously described (Lam et al., 2007). The transcript (mRNA) of 

pmoA and mcrA were reverse transcribed using Superscript III First-Strand Synthesis Kit 

(Invitrogen) and the gene-specific antisense primers as used for normal PCR amplification (see 

below). For the samples collected at 100 m and 120 m, the subsequent cDNA, as well as DNA, 

were PCR amplified to target pmoA using the primer set A189-A682 (Holmes et al., 1995), and 

mcrA using primer sets MCRf-MCRr (Springer et al., 1995), ME1-ME2 (Hales et al., 1996) and 

AOM39f-AOM40r (Hallam et al., 2004)). Amplicons of the correct size were cloned using 

TOPO TA cloning kit (pCR4, Invitrogen) and sequenced with the BigDye Terminator 3.1 Kit 

(Applied Biosystems). The ARB package (Teepe et al., 2004) was used to perform phylogenetic 

analyses with maximum parsimony, distance matrix and maximum likelihood algorithms, on 

both nucleotide and amino acid sequences. Gene expression levels were quantified for all 

sampled depths via two-step reverse transcription real-time PCR (RT-qPCR) using the 

Superscript III First-Strand Synthesis Kit (Invitrogen) followed by Power SYBR Green assay 

(Applied Biosystems) with the same primer sets. 
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3. Results and Discussion 
 

3.1 Oxygen concentrations 

The depth of the oxycline, as deterimined by the slope of the oxygen concentration profile, was 

set at 97.5 m at Station 1 and at 120 m at Station 2. For the eastern Black Sea station (Station 3), 

we did not have oxygen data. However, using the H2S concentration profile, the lower boundary 

of the suboxic zone could be estimated to be ~165 m where the concentration of H2S reached 1 

μM. 
 

3.2 Methane dynamics and isotopic composition 

3.2.1 Central Black Sea 

In general, our methane concentration profiles agreed well with the results from previous studies 

(Reeburgh et al., 1991; Gal'chenko et al., 2004a; Kessler et al., 2006a; Schubert et al., 2006b). In 

addition to those studies, the here-presented high-resolution profiles (every 2.5 m) across the 

chemocline revealed a steady decrease of methane concentrations with decreasing depth from 11 

µM at 700 m to ~ 2 nM at 87.5 m at the central station (Station 1). From this depth on upwards, 

concentrations stayed nearly constant until 50 m, with only slight elevations at 77.5 m, 70 m and 

60 m (Fig. 2a). At the shallow station (Station 2), methane concentrations decreased from 4800 

nM at 290 m to 5 nM at 120 m (Fig. 2b). 
 

Similar to Yakushev et al. (2006), we found a water layer with depleted methane concentrations 

in and right above the suboxic zone at both stations in the central and northern Black Sea. This 

zone occurred at density levels (σt ≈ 15.8), similar to what was found in the above-quoted study. 

Concentrations in this layer are slightly below the atmospheric equilibrium concentration of ~ 3 

nM (for the temperature at this depth interval) and separated the methane in the surface layer 

from the methane in the anoxic layer. 
 

Interestingly, in the layer immediately overlying the methane-depleted zone, there were some 

isolated spikes in methane concentration reaching up to 60 nM (Fig. 2a), which were separated 

from each other by at least 5 m. The occurrence of these enhanced methane concentrations 

relative to low concentrations in the water layers located above or below at all three stations 
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(although at different concentrations and at a different frequency) suggests this phenomena to be 

a common feature in the Black Sea. 
 

Spatial and temporal variability in the suboxic zone was detected for oxygen in other studies as 

well (Stunzhas & Yakushev, 2006; Glazer et al., 2006) Additionally, they found a correlation of 

these changes to other physical and chemical parameters, a feature that can be seen in our 

physical parameters as well (data not shown). As our oxygen profile was taken before the 

methane sampling began and oxygen concentrations in the area varied quite significantly over a 

time span of hours (see the supporting material in Lam et al., 2007), we are not able to directly 

show the correlation between low oxygen (and other physical parameters) and high methane 

concentrations We assume this was probably caused by lateral intrusions or intrusions from 

mixing of lower water. These kinds of lateral intrusions (with enhanced oxygen concentrations in 

most cases) have been found in the Black Sea, near the Bosporus Strait (Ivanov & Samodurov, 

2001; Konovalov et al., 2003). 
 

The carbon isotopic signature of methane (δ13C) measured for Station 1 and 2 were very similar 

to those reported by Reeburgh et al. (2006) for the central Black Sea. At Station 1, δ13C-CH4 

decreased slightly from -52 ‰ measured close to the seafloor to -59 ‰ at 150 m water depth 

(Fig. 2a). Then, δ13C-CH4 increased significantly upwards and reached values between -30 and -

20 ‰ within the suboxic zone. In the lower oxic zone, δ13C-CH4 dropped slightly again (< 40‰), 

with occasionally very low values (-60 ‰) coinciding with enhanced methane concentrations (at 

77.5 m, 70 and 60 m). At the shallow station, δ13C-CH4 stayed relatively constant at -60 ‰ to 

-59 ‰ from the bottom to 150 m, but increased significantly up to -22 ‰ within the lower oxic 

and suboxic zones where methane concentrations sharply declined (Fig. 2b). Very low δ13C 

values (-63 ‰) were detected at two shallower depths (30 and 40 m) coincident with small 

methane concentration maxima. 
 

In general, the carbon isotopic composition of methane can be used to distinguish between 

thermogenic and bacterial origin, with a cut-off value of about -50 ‰ commonly used. 

Thermogenic production accompanied with less fractionation usually results in a δ13C-CH4 

ranging between -20 and -50 ‰, while biogenically produced methane usually has a δ13C-CH4 of  
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Figure 2: .Methane concentrations (full circles), carbon isotopic composition (open triangles) and oxygen 
concentrations (dashed line in top left frame) at the Station 1 (a), Station 2 (b) and Station 3(c). Pictures on 
the right sides are enlargements of the left pictures. The shaded grey area indicates the suboxic zone (for 
frames b and c the lower boundary was assumed to be at σt=16.15, according to Murray et al. 2005).  
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-50 to -110 ‰ due to very strong fractionation. However, methane oxidation (Barker & Fritz, 

1981) can alter isotopic composition of methane, and complicate the distinction between 

different methane sources. 
 

Increased methane concentrations in aerobic waters may be linked to in situ production in 

reducing microenvironments (Brooks et al., 1981), production in zooplankton guts (de Angelis & 

Lee, 1994), mixing of methane-rich water, for example from below the suboxic zone (similar 

δ13C values), dissolution of methane bubbles rising from seeps (McGinnis et al., 2006) and 

aerobic methane production by methylphosphonate degradation (Karl et al., 2008). Methane 

production in aerobic waters by methanogenesis is a controversial topic. While some researchers 

reported methane production in the oxic zones of the Black Sea (Gal'chenko et al., 2004b; 

Pimenov et al., 2000; Rusanov et al., 2004), others argued against methane production in the 

oxic zones based on thermodynamic constraints and the competition between aerobic and 

sulfate-reducing bacteria (Abram & Nedwell, 1978; Thompson et al., 1993). The isotopic 

composition of the higher methane concentrations in the surface layer did not reveal the source, 

since the value of -60 ‰ can be produced by any of the above mentioned pathways. 
 

3.2.2 Northeastern Black Sea 

The situation at the station in the north-eastern Black Sea (Fig. 2c) differed from the central and 

northern Black Sea stations and from previous measurements in the area (Yakushev et al., 2006). 

Unlike the other two stations, no extensive low-methane water layer was found, and methane 

concentrations never decreased to less than 50 nM. Concentrations in the oxic layer were up to 8 

times higher than in the central and northern Black Sea, and decreased towards the surface. 

Furthermore, the δ13C of this methane was much heavier (~ -30 ‰), suggesting a source of 

thermogenic origin or microbially derived methane having undergone extensive oxidation. 
 

 

The methane concentrations in the oxic water layer were rather high (up to 2 μM). Assuming this 

methane with heavy carbon isotope values (~ -30 ‰) was a result of strong oxidation, we 

estimated the original methane concentration using isotope fractionation factors from literature. 

Using a δ13C = -67 ‰ for the source and a fractionation factor for aerobic methane oxidation of 

α=1.02 (Kessler et al., 2006a) we come up with an original methane concentration of 
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Figure 3: Ethane (full circles) and ethy- 
lene (open triangles) concentration at  
the north-eastern station. The shaded  
grey area indicates the suboxic zone. 
 

approximately 8 μM. As these concentrations would be nearly as high as waters, a bacterial 

source for the methane in the surface water layers in the northeastern Black Sea seems unlikely. 
 

A more probable explanation therefore is either anthropogenic pollution or thermogenic sources. 

This hypothesis was supported by the high amount of C2-hydrocarbons measured at this site. 

Nearly equal amounts of ethane and ethylene were detected in all water samples down to 400 m 

depth. The highest concentrations were reached between 96 m and 161 m, reaching 250 nM for 

ethane at 151 m and 340 nM for ethylene at 96 m (Fig. 3 and Table 1). C2 - C4 hydrocarbons in 

thermogenic gas associated with oil can amount to nearly 50% of the total gas volume, with 

methane contributing to the rest (Mango et al., 1994; Price & Schoell, 1995). The fraction of C2-

hydrocarbons in the water samples lies in this range, with an average content of 22 ± 12 % in the 

upper 200 m and values less than 3 % below (Table 1). There have been thus far no carbon 

isotope and hydrocarbon measurements of seeps in the northeastern Black Sea. However, further 

south near the mouth of the Supsa river, ethane content was 4.7 % of the bubbles rising there 

(Tkeshelahvili et al., 1997), giving rise to possible occurrence of similar bubble emissions in the 

northeastern region. 
 

Table 1: Methane and hydrocarbon concentrations in the Black 
Sea 

Depth CH4 C2H6 C2H4 ∑C2 ∑C2/(CH4+∑C2) 
(m) (nM) (nM) (nM) (nM) (%) 

16 143 12 21 37 20.4 
52 418 56 70 140 25.0 
96 587 238 338 577 49.5 
131 893 112 145 284 24.1 
141 60 17 13 31 34.0 
151 1998 247 300 586 22.7 
155 54 7 7 14 20.6 
161 183 31 22 52 22.2 
165 717 68 67 135 15.9 
169 390 116 114 230 37.1 
174 266 20 21 41 13.2 
180 1251 72 74 146 10.4 
190 863 12 14 26 2.9 
200 2189 124 114 253 10.4 
220 1742 26 26 52 2.9 
235 1665 18 15 33 1.9 
250 2495 6 6 12 0.5 
275 3248 11 8 20 0.6 
400 4077 11 4 15 0.4 
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One other possibility beside seeps is oil-tanker traffic related to several ports located in the area. 

Readman et al. (2002) detected petroleum and polycylic aromatic hydrocarbon (PAH) 

contamination in front of the port of Sochi, a port used for oil transport a few hundred kilometers 

southeast of our sampling site. Another possible source for the “heavy” isotope signature 

methane could be oil pollution transported into the area by rivers as noted by Kruglyakova et al. 

(2002). The authors found high concentrations of methane and hydrocarbon gases (up to C6) in 

an area very close to our sampling site. They see the origin of these enhanced hydrocarbon 

concentrations in man-made oil pollution and natural gas seepage in rivers caused by seismic 

activity in the North Caucasus region. Furthermore, the δ13C composition of oil from the 

northern Caucasus region was close to -31 ‰ for the saturated components and the total oil 

(Robinson et al., 1996) and thus very close to the δ13C of methane we found (Fig. 5). Near-shore 

anticyclonic eddies and open sea anticyclonic eddies are a common feature in the northeastern 

Black Sea (Ginzburg et al., 2008; Ovchinnikov et al., 1993). These mesoscale eddy structures 

cause strong vertical transport and exchange of polluted coastal waters with cleaner waters from 

the deep part (Krivosheya et al., 2007). They therefore could be responsible for the methane and 

higher hydrocarbon concentration pattern observed in our water samples. 
 

3.3 Methane oxidation rates 

The calculated methane oxidation rates lie in the range of 0.3 - 0.7 nmol l-1 d-1 for Station 1, 0.4 -

 6 nmol l-1 d-1 for Station 2, and 0.02 - 0.07 nmol l-1 d-1 for the northeastern station (Fig. 4 and 5). 

The rates for the first two stations were similar to results obtained in several other studies 

(Pimenov et al., 2000; Reeburgh et al., 1991), while our observed decreasing trend of oxidation 

rates from west to east was consistent with the results from Pimenov et al., (2000). However, our 

calculated oxidation rates for the northeastern station were one order of magnitude lower than for 

the deep central station in our study, as compared to only a factor of two found by Pimenov and 

coworkers (2000). As discussed above (Section 3.2.2), high methane and C2-hydrocarbon 

concentrations throughout the upper 400 meters indicate an input by some kind of hydrocarbon 

source into the upper water layer. However, it should be noted that the rates reported here 

represent only ‘net’ rates, for which a low value might have resulted from high input/production 

of methane at the same time, whether of a pollution or seeps origin. At the deep central station 

(Station 1), oxidation rates were slightly lower than the average values (≈ 1.5 nM d-1) reported by 
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Reeburgh et al. (1991) for anaerobic oxidation below 100 m. Rates above 100 m depth declined 

by about a factor of 2. Calculated rates agreed well with expression of pmoA (Fig. 4, see Section 

3.5.1). 
 

Oxidation rates in the suboxic zone of the shelf station were similar to the rates calculated at the 

deep station. However, the calculated rates increased in the anoxic zone towards the sediments 

by an order of magnitude. This might have been due to increased numbers of methane oxidizers 

transported upwards by bubbles (Barber, 1966; Schubert et al., 2006b; Weber et al., 1983) or to 

bubble induced upwelling (Leifer & MacDonald, 2003; Leifer & Patro, 2002). 
 

Meanwhile, unlike Stations 1 and 2 and the measurements made by other research groups 

(Pimenov et al., 2000; Reeburgh et al., 1991), the calculated oxidations rates at the northeastern 

Black Sea declined steadily with depth by a factor of 4 (Fig. 6b). As discussed before (see 3.2.2), 

high methane and C2-hydrocarbon concentrations throughout the upper 400 meters suggested 

potential hydrocarbon inputs into the upper water layer.  

 

3.4 Isotopic fractionation 

As microorganisms preferentially use the lighter isotope; as a consequence the remaining 

methane will be enriched in the heavy isotope, leading to a higher δ13C value. Hence, the carbon  
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Figure 4 Calculated methane oxidation rates in nmol 
l-1 d-1 (left) and the expression of particulate methane 
monooxygenase gene (pmoA) in l (right) at Station 1. 

Figure 5: Calculated methane oxidation rates in 
nmol l-1d-1 at Station 2 (left) and Station 3 (right). 
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isotopic signal of methane might be used to detect potential methane oxidation (Barker & Fritz, 

1981; Whiticar, 1999). This approach only works, however, if there are no other methane sources, 

which mix with the residual methane and mask the change in the carbon isotope signal. We 

calculated isotopic fractionation of the methane oxidation at the two deep sites using the residual 

methane model as described in. (Whiticar, 1999): 
 

fCC it ln1313 εδδ −=                                                (3)    
 

Here δ13Ct is the carbon isotopic composition of methane at time t and δ13Ci is the initial 

composition, ε is the fractionation factor and f is the remaining fraction of the methane 

concentration at the beginning of the oxidation. The concentration and δ13C used to calculate a 

fractionation factor were taken from the last data point, before δ13C began to increase. 
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Figure 6: Correlation between carbon isotopic values of the dissolved methane and the fraction of residual 
methane to calculate fractionation factors for methane oxidation for Station 1 (left), Station 2 (middle) and 
Station 3(right). Best fits are given by full circles for 100- 400 meters depth and open squares for 95-102.5 
meters depth at Station 1 (left), full circles are for 120 - 200 meters depth and open triangles for 105-115 
meters depth at Station 2 (middle) and open squares mark the data neglected in the best fit in Station 3 (right; 
for explanation see Section 3.4). 
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Results were ε = 4.6 ‰ ± 1.1 (R2= 0.69) for the deep central station, ε = 3.6 ‰ ± 0.7 (R2= 0.84) 

for the shelf station below 120 meters depth, ε = 7.5 ‰ ± 0.2 (R2= 0.9979) for the shelf station 

between 105 and 115 meters depth and ε = 5.0 ‰ ± 1.5 (R2= 0.17) for the northeastern station 

(Fig. 6). Two of the fits can be significantly improved, if the data sets are split. For instance, at 

the deep central station a division of the data at 100 m lead to ε = 2.2 ‰ ± 0.3 (R2= 0.86) below 

and ε = 11.2 ‰ ± 3.2 (R2= 0.89) above that depth. This agrees well with the change in the 

methane oxidation rate at 100 meters depth. At the northeastern station the omitted data points 

with high methane concentrations and high δ13C values (the samples most likely related to 

pollution or seepage) results in ε = 4.0 ‰ ± 0.5 (R2= 0.93). 
 

The range of fractionation factors modeled for methane oxidation lie between 3 and 35 ‰ (for a 

compilation see Table 1 in (Grant & Whiticar, 2002 or Whiticar, 1999 #23)), with values for 

anaerobic methane oxidation lying at 8.8 ‰ ± 1.3 (Alperin et al., 1988) and 12 ‰ ± 1 (Martens 

et al., 1999). Fractionation factors calculated for the stations investigated here are, therefore, at 

the lower end of the range given in the literature and are much lower than the value Kessler et al. 

(2006b) modeled for methane oxidation in the water column (ε ≈ 20‰). Since we used a close d 

system approach for calculating the fractionation factors, large seep contributions are excluded. 

However, inflowing methane from seeps might well be responsible for the rather low 

fractionation factors calculated since seep methane with strongly negative δ13C values mixed 

with the already oxidized methane would interfere with the signals resulting from methane 

oxidation. 

 

3.5 Anaerobic vs. aerobic methane oxidation 

In their methane budget of the Black Sea, Reeburgh et al. (1991) found aerobic methane 

oxidation to be negligible compared to anaerobic oxidation below 100 meters water depth. Over 

the whole area they assumed anaerobic oxidation to be 104 times higher than aerobic oxidation. 

Our data seems to support this argument, since at both deep water stations most of the oxidation 

occurred before the onset of measurable oxygen (Station 1, Fig. 2a and b) and at the upper 

boundary of the H2S-zone (Station 3, Fig. 4). Only at the shelf station, a noticeable amount of 

methane oxidation seemed to be still occurring at depths where oxygen could still be detected 

(detection limit ~ 2 μM O2). 
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Nevertheless, evidence for aerobic methane oxidation was detected at least within the lower oxic 

and suboxic zones via functional gene expression analyses. The expression of particulate 

methane monooxygenase gene (pmoA), a functional gene biomarker for aerobic methanotrophy, 

increased from the lower oxic zone to reach a maximum (2 × 104 mRNA L-1) near the oxic-

anoxic interface (Fig. 4), but dropped dramatically to near detection limits in the 

anoxic/sulphidic zone (below 115 m). The identities of these expressed functional genes were 

verified by subsequent clone library construction and sequencing for the samples collected at 100 

m and 120 m at Station 1. All sequences of the 200 screened clones were found to be Type I 

methanotroph pmoA, and they formed three distinct clusters. The majority belong to Cluster A, 

which shared a maximum of 92% nucleotide sequence identity with Methylobacter 

tundripaludum, the closest cultured relative (Fig. 7). Eleven OTUs formed a separate cluster 

most closely affiliated with a Gulf of Mexico sediment clone and a deep-sea mussel 

endosymbiont clone (≤ 85% and 80% nucleotide similarity respectively). The third cluster was 

most closely related to a deep-sea sediment clone (68% nucleotide sequence identity) obtained 

from the Nankai Trough. In general, a seemingly higher diversity can be observed within the 

100-m clone libraries, from which sequences belonging to all three Black Sea clusters were 

retrieved; whereas all sequences from the 120-m library fell within Cluster A. 
 

In comparison, no mcrA, the functional gene biomarker for anaerobic methane oxidizers, could 

be detected at the expression level, despite the use of various primer sets. 
 

The presence of aerobic methane oxidizers and the absence of anaerobic methane oxidizers were 

consistent with the lipid biomarker analyses by Blumenberg et al. (2007) Methane oxidation in 

the lower oxic and suboxic zones was shown to be driven by aerobic or microaerobic methane 

oxidation, despite oxygen concentrations below 2 μM. Occasional injections of oxygen into the 

suboxic zone, as described in Lam et al. (2007), could be sufficient to sustain such oxidation. 

Hence, aerobic methanotrophs were responsible also for the heavy carbon isotope composition of 

methane within the lower oxic and suboxic zones in the Black Sea. As a result, the importance of 

aerobic methane oxidation was overlooked by Reeburgh et al. (1991). 

 



 

 81

    
Figure 7: A PmoA maximum likelihood tree based on amino acids sequences translated from cDNA or DNA 
pmoA gene sequences. Bootstrap values over 50% for at least two of the three treeing algorithms were shown, 
in the order of maximum parsimony, distance matrix and maximum likelihood for 100, 1000 and 100 
replicates respectively. Scale bar shows 0.10 % sequence divergence. 
 

 
3.6. Nitrous oxide 
 

The concentration ranges of N2O measured in this study (Fig. 8) were similar to those reported 

by Butler & Elkins (1991) in the year 1988 and by Westley et al. (2006) in 2001. Unlike Butler 

& Elkins (1991), who measured close to our Station 1, we did not find a steady decline of N2O 

from a maximum near σt ≈ 15.1 (approximately 60 meters depth at our site), but similar to 

Westley et al. (2006) we found a secondary peak at the depth where NO3
- disappears. In deeper 

water N2O disappeared quickly. 
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While concentrations were slightly above the atmospheric equilibrium concentration at the deep 

station, the water at the shelf station was slightly undersaturated with regard to N2O (Fig 8). Here, 

the second maximum was isolated from the first maximum linked to the nitrate maximum at the 

base of the oxycline, with concentrations decreasing to below the detection limit. 
 

N2O in the ocean is produced as a by product of nitrification and an intermediate in 

denitrification (Bange, 2006). Nitrification is the sequential oxidation of ammonium under 

aerobic conditions to produce nitrite and then nitrate; whereas denitrification is the reduction of 

nitrate to gaseous N2 in oxygen-deficient environments (Codispoti & Christensen, 1985). The 

last step of denitrification is the reduction of N2O to N2. 
 

A second important nitrogen sink in oceans is anaerobic ammonium oxidation (anammox), 

which has been discovered in waste water treatment plants (Mulder et al., 1995) and later in 

oceanic environments and in the Black Sea (Hamersley et al., 2007; Kuypers et al., 2005; 

Kuypers et al., 2003). Anammox uses nitrite and ammonium to produce N2 and does not produce 

N2O as a by-product. (Murray et al., 2005a) found a nitrite peak above and below the nitrate 

peak and attributed the upper one to nitrification and the lower one to denitrification. However, 

at the deep Central Black Sea station (Jensen et al., 2008; Lam et al., 2007) did not detect 

denitrification below the nitrate peak, but they found nitrification due to crenarchaeal and 

bacterial ammonium oxidation subsequently coupled to anammox. At the same depth (97.5m, 

σt=15.9 at Station 1) a nitrous oxide peak attributed to the ongoing nitrification occurred. No 

nitrate or nitrite data was available from the shelf station, but the lowest N2O peak could be 

found at the same density level of σt=15.9 (≈ 125 m at the shelf station) as it was found at the 

deep station. The occurrence of different processes at the same density levels of the Black Sea is 

common throughout the Black Sea (Murray & Yakushev, 2006), suggesting this N2O peak 

originated from nitrification as well. 
 

Westley et al. (2006) suggested injection from oxygenated Bosporus water and the subsequent 

oxidation of ammonium as the cause of this lower N2O maximum. But since it is not certain that 

the Bosporus plume reaches so far into the Central Black Sea at the depth of the chemocline, it is 

more likely that the N2O peak Westley et al. (2006) found in the western part of the basin was 

the result of nitrification coupled to anammox. Based on very low δ15N and very high δ18O 
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values they assumed production and consumption of N2O to take place at the same time. As a 

consumption process they suggested denitrification, which contradicts the absence of de-

nitrification found by (Jensen et al., 2008; Lam et al., 2007) at the depth of the nitrous oxide 

peak at our site. However, production of N2O as a by-product of nitrification while using low-

concentration residual oxygen of high δ18O could likewise explain the findings by Westley et al. 

(2006). 
 

At both stations at around 80 meters depth, N2O decreased below the detection limit. This depth 

coincided with the maximum of the nitrate peak at the deep station (Fig. 8). Further 

investigations are necessary to determine, if N2O was removed in this thin layer (less than 5m 

thick) of the surface water. 
 

The similarity of our profiles with the earlier N2O measurements in the Black Sea (Butler & 

Elkins, 1991; Westley et al., 2006) suggested N2O dynamics are quite similar across most of the 

western and central Black Sea. However, the second N2O maximum in our profiles is probably 

linked to a nitrification coupled to anammox and not directly to local influences, like the 

Bosporus plume. 

 

4. Conclusions 
 

Methane concentrations in the anoxic waters of the Black Sea are separated from the surface 

layer by an about 20 meter thick layer with methane concentrations very close to the atmospheric 

equilibrium concentration (~ 2-3 nM). This layer insulates the large methane reservoir of the 

anoxic zone from the surface, and cuts off any diffusive methane transport from the anoxic zone 

to the atmosphere. Enhanced surface water methane concentrations have a maximum below the 

surface mixed layer and the δ13C of ≈ -60 ‰ indicates a biological origin of the methane. 

Methane emissions from shallow sediments, direct inputs from shallow seeps and/or local 

mixing of deeper water into the surface are possible sources. In the northeastern Black Sea 

anthropogenic contamination from oil-industry (transport and processing) and/or from local 

thermogenic sources result in higher methane concentrations in the surface water and the absence 

of the separating layer found in the central Black Sea. Whether high methane concentrations in 

the surface layer is a widespread phenomenon or rather linked to features of local circulation  
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Figure 8: N2O concentrations (closed circles), NO3

- concentrations (dashed line) and atmospheric equilibrium 
concentration of N2O (full line) at Station 1 (left) and Station 2 (right). The suboxic zone is indicated by the 
shaded grey area and the depth we assumed for the oxycline by the horizontal dotted line. 
 

(anticyclonic eddies) pulses needs further investigations. 

 

Methane oxidation rates in the suboxic and upper anoxic zone agree well with former results, but 

are possibly underestimated due to additional methane inputs from seeps, as indicated by 

fractionation factors approximately two times lower than existing literature data. Activities of 

aerobic methanotrophs were detected throughout the suboxic zone and seem to be responsible for 

methane oxidation in this water layer. No mcrA, the functional gene biomarker for anaerobic 

methane oxidizers, could be detected at the expression level. 
 

Nitrous oxide profiles are similar to previous studies and support the assumption, that the Black 

Sea is, unlike other low-oxygen ocean environments such as the Arabian Sea and the Indian 

continental shelf (Bange et al., 2001a; Naqvi et al., 2000), not a significant source of nitrous 

oxide to the atmosphere. Two peaks exist in the nitrous oxide profiles, the lower one can be 

linked to N2O production as a by-product of nitrification, which in turn is coupled to anaerobic 
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ammonium oxidation (anammox) and seems to be a common feature in the western (Westley et 

al., 2006) and central (this study) Black Sea. 
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Conclusions and outlook 
 

Swiss hydroelectric reservoirs 

As we have seen in Chapter 1 Swiss hydroelectric reservoirs emit greenhouse gases and are no 

emission free energy source. Emissions however are lower than emissions from thermal 

alternatives (for a comparison of a tropical reservoir with higher emission than Swiss reservoirs 

see Delmas et al., 2001). However, methane emissions from ebullition can contribute a 

significant amount to greenhouse gas emissions and run-of-the-river reservoirs, for example 

Lake Wohlen, seem capable of methane emissions exceeding several tropical reservoirs. The 

question should be pursued, if Lake Wohlen is an exception or other similar reservoirs exist, 

which emit large amounts of methane by bubbling. 
 

There were several differences between reservoirs at different altitudes: the importance of 

methane entering the reservoirs with inflowing water and the importance of methane loss during 

the passage of the turbine increased for reservoirs at higher elevations. Methane loss at the 

turbine could contribute up to 50 % to total emissions. 
 

As the methane outflow of alpine reservoirs is low and the concentrations are comparable to 

methane concentrations in a ‘natural’ river (Chapter 2), emissions downstream of a reservoir 

should in general be of lesser relevance. However, high emissions are possible, but probably 

more a result of specific situations (e.g. the Aare-canyon) and not a widespread phenomenon. 

The apparent continuous or sporadic methane contributions from groundwater or river beds, 

however, are a question that needs to be looked into further to allow an eventual estimate of the 

relevance of rivers as greenhouse gas emitters. 
 

Black Sea methane cycle 

Methane in the Black Sea chemocline is nearly completely oxidized, making the chemocline an 

effective shield against potential methane emissions from this anoxic basin. The oxidation 

process appears to be driven by aerobic methanotrophs only, which are able to effectively 

oxidize methane at oxygen concentrations below 2 μM. No anaerobic methane oxidizers were 

detected in the suboxic zone, supporting recent findings by Blumenberg et al. (2007). In the 

north-eastern Black Sea, pollution from the handling of oil in nearby ports or from thermogenic 
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seeps were the cause of much higher methane concentrations compared to the situation in the 

central Black Sea. As we only have limited data, it is not possible to speculate on the dimension 

(both spatial and temporal) of this situation. 
 

Together with several co-workers (Lam et al., 2007; Jensen et al., 2008) we could link the lower 

N2O peak to the coupled processes nitrification and anammox, contrary to previous assumptions 

it was coupled to nitrification and denitrification (Westley et al., 2006). If both, nitrification 

coupled to denitrification or anammox is possible and only spatially separated is still an open 

question, as our study was done in the central Black Sea and Westley et al. (2006) did their work 

in the western part. 
 

Further possibilities for greenhouse gas research in lakes and reservoirs 

A relevant topic in methane emissions in lake and reservoirs is the origin of supersaturated 

methane concentrations in oxic surface waters. Recent research suggests methane flux from 

sediments caused by water currents and resuspension (Sakai et al., 2002; Bussmann, 2005; 

Bastviken et al., 2008). But the exact process the necessary conditions are still unknown and 

would contribute significantly to the understanding of methane emissions from aquatic systems. 

Additionally the important question, how much methane is oxidized in the epilimnion and why 

methane oxidation can not be verified in some lakes, while oxidation occurs in others would be 

relevant for the understanding of methane cycling in lakes and reservoirs. 
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