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Abstract 

Polar Regions are experiencing and will experience the greatest impact from global change, especially in 

the Arctic, which has displayed the highest increase in temperature over the last decades. However, the 

microbial processes in arctic sediments, and how they could be impacted by temperature changes, are 

still poorly understood. To investigate the microbial processes in arctic sediments and to see if methane 

releases from sediments are changing with the projected temperature rise, samples were taken from 

the continental shelf and slope of the Beaufort Sea. Sediment cores from different water depths 

(ranging from 30 - 2000 m) were collected and the microbial processes of sulfate reduction (SR), 

anaerobic oxidation of methane (AOM) and methanogenesis (MG) were examined to a maximum 

sediment depth of ~5 m. 

 

First, temperature experiments were conducted to determine in-vitro rates of SR, AOM and MG at a 

temperature range from -5 to 37 °C. In-vitro rates were measured applying both direct measurements of 

sulfide and methane development, as well as radiotracer techniques. The ex-situ rates of AOM and SR, 

which were made on board, displayed additional peaks in the sediment layer where normally only MG 

would be expected. Second, to examine if, and to what extent, these three processes coexisted in this 

layer, inhibition experiments with different inhibitors were conducted. The first experiment was carried 

out with the chemical sodium molybdate, which inhibits SR. The second experiment was performed with 

2-bromoethanesulfonate (BES), a substance that inhibits the metabolism of archaea mediating MG and 

AOM. Lastly, catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) was applied to 

determine the ratio of bacteria to archaea in the sediment. For this analysis, one sample was examined 

from three different sediment layers where SR, AOM and MG dominated, respectively. 

 

In the sediments of the Beaufort Sea, the SR microbial community showed a psychrophilic to mesophilic 

metabolism in the surface sediment depth (2-32 cmbsf), with optima around 0.5-13 °C and 25 °C, 

respectively, and most likely only psychrophilic metabolism at a depth of 290 cmbsf, with activity only 

below 25 °C and optima at -1 and 13 °C. For AOM, optima were in the psychrophilic range (-3-13 °C), but 

activity was still measured at 37 °C. Again, a psychrophilic to mesophilic community is assumed. Only in 

the case of the SR measured in the same layer as AOM, no mesophilic but rather thermophilic bacteria 

were detected with activity at 37 °C but not at 25 °C. For MG, both psychrophilic and mesophilic 
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microbes were assumed to belong to the microbial community, with optima around -5-13 °C and         

25-37 °C respectively, as well as an overall temperature range between -5 and 37 °C. 

Inhibition experiments revealed AOM and SR in the zone of MG, but as non-coupled processes. To our 

knowledge, this is the first study detecting the competing process of SR, and even coexistence of SR and 

MG, in the zone previously thought to be exclusively dominated by MG. A potential sulfate source at 

these depths could be barite (BaSO4), although the utilization of barite would be energetically 

demanding for sulfate reducers. Additionally, AOM was detected in the MG zone. Because non-coupling 

of AOM with SR was shown, these findings suggest that AOM may be mediated by an unknown 

organism (archaea or bacteria).  

Total cell numbers ranged from 4 x 109 to 6 x 109 cells ml-1 sediment in all three sediment layers and 

decreased in deeper sediment sections. The number of bacteria was highest in the shallowest section 

(3x 109 cells ml-1 sediment), whereas the number of archaea was highest in the central depth (3.5 x 

109 cells ml-1 sediment). Bacteria dominated over archaea in the shallower sections, whereas archaea 

dominated in the deeper sections. 

 

In conclusion, a warming of sediment would probably lead to a positive selection of mesophilic microbes 

(archaea or bacteria) in a mixed community. A temperature rise of 1 °C would lead to an increase of 

methane production and AOM in sediments from the Beaufort Sea. However, it is uncertain if increased 

methane production really leads to higher methane releases from the arctic sediment because of 

simultaneous increase of methane-consuming processes. But as methane is a strong green house gas, it 

is important for future studies to further focus on these methane-releases from arctic sediments, also 

keeping melting gas hydrates and aerobic methane oxidation in mind.  
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1. Introduction 

1.1 Microbial processes in marine sediments 

Organic matter reaches the seafloor mostly in form, e.g., of feces or dead organisms (such as 

phytoplankton blooms). For this reason, the amount of organic matter that arrives at the seafloor is 

related to the primary production in the overlaying photic zone of the ocean and to the water depth 

through which the organic matter sinks while being slowly decomposed (Rullkötter, 2000). In coastal 

regions, 25-50 % of the biomass originating from primary production reaches the sea floor, whereas in 

the deep sea, the fraction is only ~1 % (Suess, 1980). 

Once at the seafloor, organic matter is degraded via various microbial processes in the sediment. When 

speaking of ‘microbial’ in this thesis it means the processes only done by prokaryotes like bacteria and 

archaea. Microbes gain energy for their life processes, such as metabolism and growth, by “feeding on” 

organic matter or on inorganic remnants of organic matter degradation. Organic matter, which serves as 

an electron donor, is oxidized with the use of different electron acceptors. The electron transport from 

donor to acceptor generates energy that can be intermittently saved, e.g. in the form of Adenosine 

Triphosphate (ATP) (Kasten & Jørgensen, 2000). 

 

 
Figure 1.1: Redox cascade of oxidants and electron carriers in the sediment; with increasing sediment depth 
and consumption of electron acceptors the reaction with decreasing energy yield is performed. 
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Typically, sediments are characterized by a vertical sequence of electron acceptors called the ‘redox 

cascade’ (Jørgensen, 2000; figure 1), so called for the decreasing redox potential of the electron 

acceptors. The first reaction that is performed is that which yields the most energy: aerobic respiration 

(also done by metazoans). Once the electron acceptor is used up (in this case O2), the next energy-rich 

reaction follows and so on. The sequence of electron acceptors (oxidants) utilized in the sediment is O2 

 NO3
- 
 Mn(IV) (represented by manganese oxides e.g. MnO2)  Fe(III) (represented by iron oxides, 

e.g. Fe2O3)  SO4
2- 
 CO2 (see Fig.1, Jørgensen, 2000).Thereby mainly one microbial process is 

mediated in one sediment layer (Fig.1). This succession is achieved among other things by using 

different substrates and being sensitive to oxygen in different levels. 

Besides the smaller energy yield with depth, the spectrum of substrates that microbes can use also 

becomes increasingly smaller (Jørgensen, 2000). For this reason, sulfate reducers, manganese and iron 

reducers and methane-producing archaea are socialized with fermenting bacteria, which convert the 

bigger compounds as amino acids into smaller molecules like lactate, acetate, H2 or CO2. 

However, not all processes within the redox cascade occur in all sediments, with differences due to 

availability of electron acceptors and organic matter (Jørgensen, 2000).  

 

1.2 Microbial processes in sediments of continental margins 

Continental margins mark the transition between thick, light continental crust and thinner, denser 

oceanic crust. The transition zone includes the continental shelf, the continental slope and the 

continental rise with the crossover to the abyssal plain (Kennett, 1982; Fig. 2). 

 

 

Figure 1.2: Division of a continental margin, source: Office of Naval Research (ONR) 
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The depositional rates of organic matter at continental shelves are high relative to the deep sea, where 

the primary production in the overlaying photic zone is not supported by coastal entries of nutrients by 

rivers, dust etc.. Oxygen in coastal sediments is used up quite quickly, meaning the oxic zone has a 

thickness of only mm to cm (Kasten & Jørgensen 2000). In slope and deep-sea sediments, the oxic zone 

expands to many cm or dm depth (Wenzhöfer & Glud, 2002).Below the oxic zone, anaerobic 

degradation of organic matter continues. 

Radiotracer measurements have shown that in most continental margin sediments, sulfate reduction 

(SR) is the most important anaerobic process degrading organic matter (Jørgensen 1977, Canfield et al., 

1993). Below the SR zone, no electron acceptor other than CO2 is available and methane (CH4) 

accumulates here as the main terminal product of organic matter degradation through methanogenesis 

(MG; Jørgensen, 2000). In between these two zones, anaerobic oxidation of methane (AOM) can occur. 

In the next sections these three main processes are viewed in more detail. 

 

1.2.1 Sulfate reduction (SR) 

Two types of SR are known: 1) assimilatory SR to build up organic sulfur compounds, and 2) dissimilatory 

SR from which microbes gain energy (Kasten & Jørgensen, 2000). This thesis will focus on the second 

type. 

Dissimilatory SR is an anaerobic process and is mediated mostly by bacteria (e.g. Desulfobacterales), 

however, there is also one genus of archaea capable of SR (Archaeoglobus) (Stetter et al., 1993).The net 

equation of SR is (Eq. 1): 

 

 2 CH2O + SO4
2-
 H2S +2 HCO3

-        (Eq. 1) 

Sulfate reducers are not able to respire big organic molecules like hexanol. Instead, they depend on 

fermenting processes that convert these monomeric compounds into smaller molecules, such as 

formate, acetate, H2 or CO2 (Jørgensen, 2000). 

SR follows iron reduction in the redox cascade. Because of the high concentration of sulfate in sea water 

(28 mM), SR is often more dominant than nitrate-, Mn(IV) or Fe(III) reduction (Henrichs and Reeburgh, 

1987). In deep-sea sediments aerobic respiration is the dominant process because of the low 

amount/input of organic matter. SR gets more and more dominant the higher the amount of organic 

matter that reaches the seafloor (Kasten & Jørgensen, 2000). 
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1.2.2 Anaerobic Oxidation of Methane (AOM) 

AOM is associated with sulfate reduction (Nauhaus et al., 2002). The archaea performing the oxidation 

of methane live associated with sulfate reducers in so-called syntrophic consortia. Even though the 

process of AOM is known since the 1970s (Reeburgh, 1976), the actual microorganisms involved were 

not identified until the year 2000 (Boetius et al., 2000). At present, three main groups related to clades 

of methane-producing (methanogenic) archaea are known to mediate AOM: Anaerobic Methanotrophs 

1, 2, and 3 (ANME 1, 2, 3), all within the division of Euryarchaeota. These archaea are associated with 

sulfate reducing bacteria (SRB) of the Desullfococcus /Desulfosarcina or theDesulfobulbus branch of the 

Deltaproteobacteria (Knittel & Boetius, 2009). The net equation of the reaction is (Devol & Ahrmed, 

1981; Eq. 2): 

 CH4 + SO4
2-
 HS- + HCO3

- + H2O        (Eq. 2) 

AOM is found in the so-called sulfate-methane-transition zone (SMTZ), where the transport of methane 

from below and sulfate from above provides a niche for the methanotrophic microbes (Knittel & 

Boetius, 2009). Usually, a centimeter to meter thick SMTZ can be found at decimeters to tens of meters 

below the seafloor, depending on different parameters, e.g. burial rate of organic matter or transport 

velocity of methane and sulfate (Treude et al., 2005b). In sediments dominated by diffusive transport, 

pore-water methane and sulfate are both consumed to depletion in the SMTZ (Kasten & Jørgensen, 

2000). In these systems methane supply is often the limiting factor, produced by ongoing 

methanogenesis. In sediments dominated by advective transport, like cold seeps, the methane 

concentration is not the limiting factor because of methane- rich fluids (Knittel & Boetius, 2009). The 

amount of methane is higher than the methanotrophic microbes can consume, so a proportion of 

methane can bypass the AOM filter (Knittel & Boetius, 2009). 

AOM can be called a benthic methane filter because it removes methane before it reaches the 

sediment-water-interface. Thus, AOM plays an important role in the regulation of the global methane 

budget and the emission of methane into the atmosphere, in which methane acts as strong greenhouse 

gas and could strengthen the climate change, as described in the next chapter. 

 

1.2.3 Methanogenesis (MG) 

Because the energy yield is comparatively low, methane production, or methanogenesis, is the last 

process in the redox cascade. 
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MG is mediated only by archaea, representing specific clades within the division of Euryarcheota, e.g., 

Methanosarcinales. Because of their ability to produce methane, they are also called methanogens. MG 

is restricted to the anoxic part of the sediment because methanogens are strict anaerobes, meaning that 

oxygen is toxic for them (Fuchs, 2007). 

Methanogens are dependent on the degradation of organic matter by other microbes (fermenters) 

because they can only use small C1 or C2-molecules. 

Their substrates include: H2, CO2, acetate, methanol, methylamine, and methylsulfides (Fuchs, 2007). As 

there is an overlap of substrates with sulfate reducers, both organisms compete for H2 and acetate 

(Oremland & Polcin, 1982). Within the SR zone, the sulfate reducers are more successful for these 

substrates, causing MG to have little significance (Jørgensen, 2000). Only the non-competitive 

substrates, like methylamine or methanol, are only used by methanogens. MG is mostly limited to the 

zone below SR, where CO2 is a common electron acceptor in marine systems (Jørgensen, 2000; Eq. 3). In 

fresh water sediments, the main electron acceptor is acetate (Nozhevnikova et al., 1997). 

 CO2 + 4 H2 CH4 + H2O         (Eq. 3) 

 

1.3 Climate change 

The climate system of the earth is powered by the sun. There is an energy balance between incoming 

and outgoing solar radiation. The incoming short-wave solar radiation is reflected by the Earth’s surface 

as long-wave radiation. Due to the natural greenhouse effect of the planet some of this long-wave 

radiation is absorbed by the overlaying atmosphere and is reemitted downward. As a result, the 

atmosphere of our planet features a temperature range that enables the development and persistence 

of life. The most important gases contributing to the natural greenhouse effect are hydrogen (50 %), 

CO2, CH4 and other gases (25 %; Serreze, 2010). Furthermore, clouds also absorb and emit long-wave 

radiation (25 %; Serreze, 2010). 

Climate change is driven by changes in the atmospheric concentration of greenhouse gases (GHGs), 

aerosols, land coverage, albedo effects, and solar radiation. The absorption and reflection of radiation 

by the Earth is altered and can thus have positive or negative effects on the climate (IPCC, 2007). 

Today's global warming results mainly from the anthropogenic increase of the GHGs, i.e., CO2, CH4 and 

N2O into the atmosphere. The higher the concentration of greenhouse gases in the atmosphere, the 
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more long-wave radiation reflected from the Earth’s surface is absorbed and emitted back down. This 

process leads to an increase in the Earth’s surface air temperature and also oceanic temperature. The 

increase in CO2 concentrations mainly is caused by the burning of fossil fuel, while the observed increase 

in CH4 concentrations primarily is due to agriculture and fossil fuel use (IPCC, 2007). The increase in N2O 

concentrations is predominantly due to agriculture (IPCC, 2007).  

Although CO2 is the most abundant GHG (approx. 77 %), methane (approx. 27 %) is nearly 25 times a 

stronger GHG than CO2 (IPCC, 2007) because of its radiative properties. Methane absorbs more short-

wave radiation over a wider range than CO2 (Solomon et al., 2007). 

The increase in air and ocean temperature leads to a decrease in the Earth’s snow and sea ice coverage, 

which reduces the surface albedo of the planet. Hence, more solar radiation is absorbed at the surface, 

leading to further warming (Serreze, 2010). Other predicted direct or indirect outcomes of the increase 

of GHG concentration are: sea level rise, ocean acidification, changes in ocean circulation and 

precipitation, as well as thawing of permafrost and gas hydrates (IPCC 2007; Kattsov et al., 2005). 

Temperature rise does not only affect the physical environment, but also the flora and fauna of the 

terrestrial and marine environment is influenced. In this study, the focus is in the microbial processes in 

the marine sediments. 

 

1.4 Temperature dependence of microbial processes 

Process rates of microbes in marine sediments are impacted by temperature and microbes often show 

special adaptations to survive and grow. With respect to temperature, microorganisms are divided into 

hyperthermophiles (growing between 80 and 110 °C), extreme thermophiles (65-90 °C), thermophiles 

(40-70 °C), mesophiles (20-42 °C), and psychrophiles (<20 °C) (Fuchs, 2007). 

As this thesis focuses on arctic sediments, a more detailed classification of psychrophilic and mesophilic 

microbes is important (after Wagner et al., 2007; Isaksen & Jørgensen, 1996, Morita, 1975): For 

psychrophilic microbes, the minimum temperature for activity (Tmin) is ~ -20 °C (lowest temperature 

tested), the temperature for highest activity (Topt) is ~7 to 15 °C and the maximum temperature at which 

microbes are still active (Tmax) is ~20 °C. For mesophilic microbes, the Topt is ~25 to 40 °C and the Tmax is 

~35 to 45 °C. 
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To be active at permanently low temperatures like in arctic sediments, the metabolic activity of 

microbes requires special adaptations (Panhoff et al., 1998, Deming, 2002). Most important for cold-

adapted microbes is the synthesis of enzymes with high activity at low temperatures (Feller & Gerday, 

2003).What remains unclear is how adaptable the microbes are to temperature changes, especially as 

the Arctic is the region with the highest temperature rise documented by climate change (IPCC, 2007). 

 

1.5 Climate change in the Arctic 

The Arctic showed the greatest temperature increase in the past 100 years, also known as the Arctic 

amplification (Holland & Bitz 2003, Serreze & Francis 2006). It is predicted that this effect will continue 

in the future. ACIA (Arctic Climate Impact Assessment)-designed models predict a temperature increase 

of 2.5 °C for the regions north of 60° N by the mid-21st century (Kattsov et al., 2005). 

As mentioned above, sea ice melts due to the warming. Since 1978, Arctic sea ice coverage has 

decreased by 2.7 % per decade, featuring a higher extent in summer (IPCC, 2007). The increasing open 

water areas absorb more solar radiation, which increases the heat content of the ocean and thus, the 

ocean temperature (Serreze, 2010). The Southern Beaufort Sea, which is the focus of the present study, 

showed a decrease of 5.6 % in ice concentration per decade from 1972 to 2007 (Wendler et al., 2010). 

Hence, temperature rise could be stronger in this area compared to other arctic regions. 

This temperature rise, which was observed in the past and will continue in the future, has not only an 

effect on the environmental characteristics of the Arctic, but also on the marine flora and fauna. 

Especially the effects on solid structures (e.g. gas hydrates) and microbial processes in the sediment are 

not well studied. There have been studies on microbial processes in sediments of Svalbard (Robador et 

al., 2009; Finke & Jørgensen, 2008; Sagemann et al., 1998), but not with the focus on processes dealing 

with methane, like methanogenesis or the oxidation of methane. Methane-related processes have been 

studied mainly in permafrost soils (Wagner et al., 2007; Metje & Frenzel, 2007) or in deep lake 

sediments (Nozhevnikova et al., 1997; Schulz et al., 1997) but not in arctic sediments, although arctic 

sediments are known as a place for large amounts of fossil methane gas in the form of gas hydrates 

(Kvenvolden, 1993). 

Gas hydrates are solid, ice-like structures of water molecules forming a rigid lattice of cages, each 

containing one methane gas molecule (Kvenvolden, 1993). Depending on the availability of other guest 

molecules during formation, e.g. higher hydrocarbons like isobutene, different crystal structures can 

form: structure I, II and H (Hester & Brewer, 2009 and references therein). In structure I the cages are 
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large enough to include methane, ethane or 

other gas molecules of the same molecular 

size like carbon dioxide (Kvenvolden, 1993). 

In structure II some cages are large enough 

to include not only methane or ethane but 

also gas molecules as large as propane and 

isobutene (Kvenvolden, 1993). Structure H is 

the only hexagonal one (the other structures 

are cubic) and can contain even higher 

hydrocarbons like methylcyclohexane (Hester 

& Brewer, 2009). A fully-saturated methane 

hydrate structure I, only contains methane as 

the guest molecule and 1 m3 of this methane 

hydrate can contain up to 164 m3 methane 

gas and 0.8 m3 water at standard conditions 

(Kvenvolden, 1993). Gas hydrate stability is a function of high pressure and low temperature 

(Tishchenko et al., 2005; figure 3). Gas hydrates normally do not occur at a water depth less than 600 

meters, because the bottom temperature is too warm for stability (Buffet & Archer, 2004). An exception 

is the Arctic Ocean, where temperatures are constantly low. At the continental margins of the polar 

regions, the requirement of low temperature and high pressure is fulfilled, hence gas hydrates can occur 

at 250 m water depth or less (Archer, 2007; Hester & Brewer, 2009). 

 

Models have shown that in the Beaufort Sea, methane hydrates of structure I and II can occur along the 

continental margin (Kretschmer, 2010, unpublished data). While the gas hydrate stability zone (GHSZ) in 

temperate continental margins normally begins at 600 m water depth, in the Beaufort Sea it is predicted 

to begin at around 50 m water depth (Kretschmer, 2010, unpublished data). As structure II hydrates are 

stable at higher temperatures (Archer, 2007), they are mainly found at the shallower shelf regions. A 

temperature increase could lead to a decrease in the thickness of the GHSZ, which would result in a 

destabilization of methane hydrates. This destabilization is predicted mainly for the shelf regions of the 

Beaufort Sea, meaning that structure II hydrates would be more affected by the temperature increase. 

The released methane could enter the hydrosphere and perhaps the atmosphere, where it strengthens 

the green house effect. 

Figure 1.3: Stability of hydrate in the ocean, HSZ= 
Hydrate Stability Zone 
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To increase knowledge about the before mentioned processes in the sediments, the international MITAS 

(Methane in the Arctic Shelf/Slope) cruise was carried out in September 2009 at the continental margin 

in the Beaufort Sea. The main intention was to record the distributions and concentrations of methane 

and methane hydrates in this unknown area of the Arctic Ocean and to understand the role of methane 

as a source of energy in microbial processes.  

 

1.6 Aims of this study 

The temperature rise resulting from climate change is strongest in the northern latitudes and is 

predicted to continue in the future (IPCC, 2007). Hence, the Arctic is in the focus of current research 

studying the effects of climate change on terrestrial and marine organisms. 

To date, the microbial processes in the arctic sediments and the effect of temperature are not well 

understood. There have been numerous studies dealing with the effect of temperature on SR in arctic 

sediments (Robador et al., 2009; Sagemann et al., 1998; Isaksen & Jørgensen, 1996). Similarly, MG in 

permafrost soils has been examined extensively (Wagner et al., 2007; Metje & Frenzel, 2007). However, 

processes linked to methane cycling (like methanogenesis and methane oxidation) in arctic sediments 

are still poorly understood, although methane is a strong greenhouse gas and could intensify global 

warming once in the atmosphere. Therefore, it is crucial to understand if a temperature rise could lead 

to an overall increase in methane release from the sediments due to the boosting effects of microbial 

processes in the sediment. 

The area selected to examine the microbial processes in arctic sediments was the continental shelf and 

slope in the Beaufort Sea. The focus was on the microbial processes of SR, MG and AOM. To characterize 

these specific biogeochemical processes in the sediments from the Beaufort Sea, different questions 

were posed: 

1) What is the impact of increasing temperature on microbial rates of SR, AOM and MG in the 

sediment? 

2) Where in the sediment do these processes occur? 

3) What is the ratio of bacteria to archaea in the sediment? Is this ratio related to the processes 

seen in the sediment? 
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2. Material and Methods 

2.1 Study site 

The Beaufort Sea is part of the Arctic Ocean and includes the coastlines of Canada and Alaska (Fig. 2.1). 

Throughout the year, the Beaufort Sea is mostly covered with ice, with only short ice-free interruptions 

during summer. The deepest part of the Beaufort Sea is the Canadian basin, with a maximal depth of 

4683 m. Several rivers empty into the Beaufort Sea, such as the Mackenzie River, the longest river in 

Canada. The continental shelf is ~ 100 km wide with a mean shelf depth of 50-100 m (McBean et al., 

2005).  

2.2 Sampling sites 

Sediment samples were collected during the cruise “Methane in the Arctic Slope/Shelf” (MITAS) on the 

USCG vessel POLAR SEA at the continental shelf/slope in the Beaufort Sea (Fig. 2.1) during September 

15-26, 2009. Long sediment cores (~ 600 cm) were collected using a piston corer (PC; table 2.1). Multi 

corer (MC) sampling yielded undisturbed surface sediments (~ 16 cm, table 2.1). 

 

PC12

PC13
PC06

MC10

Barrow

Figure 2.1: Sampling sites at the Arctic Shelf in the Beaufort Sea, left: general map, right: detail map with marked sampling 
positions: green-vibrocore, red-gravity core, lilac-multi core, blue-piston core, white-CTD; the used cores in this study are 
highlighted with blue balloons 
 

Kanada 
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This study focused on microbial processes in sediments from PC12 and PC13 (Fig. 2.1). In both cores, 

methane was present. The sediment from cores MC10 and PC06 were methane-free and served as 

additional sediment material for the detection of sulfate reduction. MC10 included the surface 

sediment, which got lost during piston coring, and PC06 also was chosen for detection of sulfate 

reduction as an example for a methane-free piston core. 

 

Table 2.1: Geographic coordinates 

Sediment core Longitude (W) Latitude (N) Water depth (m) Core length (cm) 

MC10 145°15.62570’ 70°11.06880’ 36 16 

PC06 148°21.52630’ 71°23.53660’ 2208 324 

PC12 152°03.68110’ 71°32.97120’ 342 598 

PC13 152°04.75402’ 71°31.86300’ 280 602 

 

2.3 Core sampling 

The piston cores were divided into 1-meter sections. These sections were cut into halves with a cutting 

wire and one halve was archived, while the corresponding other half was used for sampling. Sampling 

depth and type of sample are documented in table 2.2 and 2.3. Additional sediment samples used from 

MC10 and PC06 for sulfate reduction are listed in table 2.4. 
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Table 2.2: Sampling of PC13 

PC 13 

Sample depth (cmbsf*1) AOM*2 SR*3 CARD-FISH*4 Cooled, anoxic sediment 

for in-vitro studies 

32    x 

34 x x x  

83 x x x  

132    x 

133 x x x  

173 x x x  

227 x x x  

268 x x x  

269    x 

326 x x x  

329    x 

360 X x x  

417    x 

420 X x x  

460 X x x  

519 X x x  

571 X x x  

*
1
cm before seafloor 

*
2
Anaerobic oxidation of methane 

*
3
Sulfate reduction 

*
4
Catalyzed reporter deposition fluorescence in situ hybridization, yellow marks the used CARD-FISH samples 
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Table 2.3: Sampling of PC12 

PC 12 

Sample depth (cmbsf) AOM SR CARD-FISH Cooled, anoxic sediment 

for in-vitro studies 

10    x 

12 x x x  

36 x x x  

64 x x x  

86 x x x  

124 x x x  

137 x x x  

159 x x x  

182 x x x x 

209    x 

214 x X x  

234 x x x  

254 x x x  

275 x x x  

319 x x x  

339 x x x  

357    x 

359 x x x  

379 x x x  

418 x x x x 

439 x x x  

459 x x x  

478 x x x  

510 x x x  

513    x 

532 x x x  

552 x x x  

572 x x x  
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Table 2.4: Cooled, anoxic sediment for in-vitro studies of PC06 and MC10 

Core Sediment depth (cmbsf) 

PC06 293 

MC10 2-16 

 

Samples for CARD FISH were taken with cut-off 5 ml syringes. One volume of each sample was mixed 

with 3 volumes of formalin (4 %) and incubated for 2-4 h at 4 °C. Afterwards, the sample was centrifuged 

at maximum speed (10.000 g) for 1 minute at 4 °C, the supernatant was discarded and the pellet washed 

twice with 1 x PBS solution. For end fixation, the sample was resuspended in an appropriate volume of 

1 x PBS/EtOH (1:1) and stored at -20 °C. 

For laboratory experiments, living sediment samples were taken from different depths of the cores with 

a spatula, transferred into 100 ml glass bottles and sealed headspace-free with butyl-rubber stoppers. If 

present, small voids of air were replaced with anoxic water. Samples were stored anoxically at 4 °C in 

the dark until further processing. 

 

2.4 In-vitro experiments 

2.4.1 Temperature experiments 

Experiments were carried out to see the effect of different temperatures on the microbial processes in 

the sediments from the Beaufort Sea. Based on the depth profiles of pore water methane and sulfate 

concentration and ex situ rates of anaerobic oxidation of methane (AOM) and sulfate reduction (SR), the 

SR zone, the AOM zone and the methanogenesis (MG) zone were identified individually for each core 

(Fig. 2.2). The development of methane and sulfate concentrations were mainly responsible for the 

division: a decrease in sulfate concentration was a hint for sulfate reduction, a decrease of methane 

concentration looking bottom up was a hint for AOM and a stagnant methane concentration was 

probably due to MG. Ex situ rates of AOM and SR confirmed activity in the SR and AOM zone.  
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Table 2.5 provides a list of sediment samples including corresponding zone. 
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Figure 2.2: Profiles of methane and sulfate concentration and ex situ rates of AOM and SR for PC12 (A) and PC13 (B), the 
black lines define the division into the three different zones; ex situ rates represented by mean of two replicates; 
methane/sulfate data by L. Hamdan& R. Coffin, unpubl. data; AOM and SR: S.Krause & T.Treude, unpubl. data 
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Table 2.5: Division of sediment samples 

MC10 9 cm SR zone PC06 293 cm 

PC12 10 cm PC13 32 cm 

PC12 182 cm AOM zone PC13 132 cm 

PC12 209 cm PC13 269 cm 

PC12 357 cm MG zone PC13 329 cm 

PC12 418 cm PC13 417 cm 

PC12 513 cm  

 

Experimental design 

Initially, stock solutions (sediment slurry) from the original sediment (dilutions 1:2 with artificial 

seawater medium) were prepared in sterile screw-neck bottles (Schott, Mainz). The work was done 

under an N2 atmosphere. In MG and SR setups, the N2 headspace was replaced by N2/CO2; in AOM 

setups, the headspace was replaced by methane. For rate measurements, sub-samples from the stock 

slurries were transferred into Hungate culture tubes (Dunn, Asbach). Three ml stock slurry and 6 ml 

medium were transferred into the Hungate tubes (final dilution 1:6). The tubes were closed gas-tight 

with butyl rubber stoppers and screw caps. 

The Hungate tubes were prepared in triplicates and incubated horizontally in the dark at 10 different 

temperatures (table 2.6) for 35 days. First, temperature incubations of -1 °C, 0.5 °C, 1.5 °C, 4 °C and 6 °C 

were carried out, followed by the other temperature incubations. Before every temperature incubation 

series, fresh stock slurry was prepared. 

Table2.6: Temperature scale of the used temperatures in the experiment, in- situ temperature of the sediment marked in red 

Temperature 

-5 °C -3 °C -1 °C 0.5 °C 1.5 °C 4 °C 6 °C 13 °C 25 °C 37 °C 

 

In the case of SR, acetate was added in a concentration of 10 mM to the Hungate tubes. A previous 

study indicated that there is no sulfide increase detectable over an incubation time of 4 months 

(Makarow, 2010, unpublished data). The dilution in the Hungates probably was too high (1:8), so the 

activity was not measurable. To stimulate the reaction and hopefully see activity after a shorter time, 

the slurries from the SR zone were spiked with acetate. Acetate is a popular substrate for sulfate 
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reducers and studies have been successfully carried out with an acetate concentration of 10 mM 

(Oremland & Polcin, 1982). The substrate was directly added to the used medium. 

For the preparation of the experimental slurries following liquid media were used: 

Artificial seawater medium (modified by Widdel & Bak, 1992) used for measuring AOM 

The medium contained (in g L-1): 

Main Salts (table2.7) 

Table 2.7: Main salts of artificial seawater medium 

Substance Mass in g L-1 Concentration in mM 

KBr 0.09 0.756 

KCl 0.6 8.05 

CaCl2*2H2O 1.47 10 

MgCl2*6H2O 5.67 27.89 

MgSO4*7H2O 6.8 27.6 

NaCl 26.37 451 

 

After autoclaving, first the medium was cooled under nitrogen, then under a gas mixture of N2/CO2 

(80/20). The following components were added: 

 50 ml of a NH4Cl (5 g L-1 and KH2PO4 (4 g L-1) solution 

 30 ml NaHCO3 solution (84 g L-1) 

 1 ml of: 

o Non-chelated trace element solution 

o selenite/tungstate solution 

o vitamin solution (modified solution 6 as described by Knoblauch et al., 1999; with 

additional 1.5 mg lipoic acid per 100 ml) 

o thiamin solution 

o vitamin B12 solution 

o riboflavin solution (50 mg L-1 in 25 mM NaP-buffer, pH 3.4) 

o sodium sulfide solution (0.83 M) 

o resazurin solution (oxygen indicator) 
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If necessary, the pH was adjusted with HCl or NaOH to 7.4- 7.5. The medium was transferred into sterile 

screw-neck bottles under an atmosphere of N2/CO2 and closed afterwards with black butyl rubber 

stoppers. 

Artificial seawater medium used for measuring SR 

Concentrations of main salts and other constituents were the same as for the artificial seawater 

medium, with the exception that acetate was added in a concentration of 10 mM (table 2.8). 

Table 2.8: Mass of added acetate 

 Mass in g L-1 

C2H3NaO2 1.36 

 

Artificial seawater medium used for measuring MG 

Concentrations of main salts and other constituents were same as for the artificial seawater medium, 

only the amounts of magnesium sulfate and magnesium chloride were modified (table 2.9). 

Table 2.9: Modified masses of magnesium sulfate and magnesium chloride 

 Mass in g L-1 

MgSO4 0.1232 

MgCl2 11.18 

 

2.4.2 Determination of sulfate reduction (SR) 

Methane-dependent (=AOM) and methane-independent SR rates were determined by measuring the 

increase in sulfide concentrations in the supernatant over time. Measurements were performed 

according to Cord-Ruwisch (1985). After a sedimentation time of ~ 16 hours, a 100 µl aliquot was taken 

from the clear supernatant, added to 4 ml of a CuSO4 solution, and then shortly inverted. Absorption 

was measured at 480 nm in a photometer (UV-mini-1240 UV- VIS Spectrophotometer Shimadzu). A 

calibration curve from 0-20 mM sulfide in anoxic water was used to determine the concentration of the 

samples. 

For preparation of the copper solvent, 1.25 g of CuSO4 was dissolved in 6.51 ml HCl (25 %) and filled to 1 

Liter with H2Odist. 
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2.4.3 Determination of methane production 

To determine the rate of MG in the samples, the development of headspace methane concentrations in 

the Hungate tubes were determined over time. For this measurement, a 100 µl aliquot of the sample 

headspace was injected into a gas chromatograph (HP 5890, column: 6 FT Poropak Q (19001A-Q 00), 

flame ionization detector). The carrier gas was helium (UN1046, compressed; 30 ml/min) and the 

combustion gases were synthetic air (5.0; KW-free; 20.5 % O2 in N2; 300 ml/min) and hydrogen (H2 

generator PG H2 100; Schmidlin-DBS AG; 30 ml/min). The column temperature was 75 °C, detector 

temperature was 160 °C and injector temperature 160 °C. The used standard was 100 ppm methane 

(Scotty analyzed gases, Supelco, analytic accuracy was ±2 %). CH4 production rates were calculated from 

the linear increase in CH4 concentrations. 

 

2.4.4 Radiotracer-measurements 

At the end of each temperature incubation, radiotracer experiments were carried out with the 

sediments from every zone. The purpose of these experiments was to check the rates determined with 

the time series measurements with radiotracer measurements. The radiotracer 14CH4, 
35SO4

2and H14CO3
-

were used to detect AOM, SR and MG, respectively, in each specific zone. Before injecting the tracer, 

the sediment slurries from the 15 ml Hungate tubes were transferred under an atmosphere of N2 into 

5 ml Hungate tubes and closed bubble-free with butyl rubber stoppers. In the case of AOM, the small 

Hungate tubes were flushed in beforehand with methane, closed with butyl rubber stoppers, and filled 

with slurry through the stopper. This process was done to ensure maximum methane saturation during 

the incubation. Afterwards, the small Hungate tubes were incubated in the dark at the same 

temperatures as in the temperature experiments. 

a) Anaerobic oxidation of methane (AOM) 

A volume of 15 µl (activity 2 kBq) was injected into each vial. Vials were incubated for 3 days and 

incubation was stopped by transferring the sample into glass vials filled with 20 ml of sodium hydroxide 

(2.5 %). The vials were quickly closed with rubber stoppers and shaken thoroughly (for detailed 

information see Treude et al., 2005a). Five controls were made by injecting the radiotracer directly into 

the sodium hydroxide. 

Determination of total methane concentration 

Total methane content of the sample was determined as described in 1.5.2. 
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Determination of radioactive methane 

For the determination of 14CH4 in the samples the method according to Treude et al. (2003) was used. 

The headspace of the sample was transferred in a gas flow of synthetic air (25 ml/min, 5.0 KW-free; 

20.5 % O2 in N2) through heated crystal tubes (850 °C; 21100 Tube Furnance BI BarnstedThermolyne) 

filled with Cu(II)-oxide. The radioactive 14CH4 was oxidized to 14CO2, which was finally trapped in two 

successive scintillation vials (20 ml) filled with 10 ml of a ethylenglycolmonomethylether: 

phenylethylamine mixture (7:1). After addition of 10 ml of scintillation cocktail (Ultima Gold XR, 

Packard), the activity of 14C was measured by scintillation counting (TRI-CARB 2100 TR Liquid Scintillation 

Analyser, Packard A Canberra Company). 

 

Determination of microbial-produced radioactive bicarbonate 

With the shaking method after Joye et al. (2004), the microbial-produced bicarbonate reacted to 14CO2. 

First, the samples were weighted and rinsed (max. 2 times) with 1 ml NaOH (2.5 %) into an Erlenmeyer 

flask (250 ml). After acidification of the sample with HCl (6M), the samples were shaken for a time span 

of 4 hrs at room temperature (RT) (100 U/min, KS-501 digital IKA-Weihe). The degassed 14CO2 was 

trapped in a scintillation vial (6 ml) filled with 1 ml phenylethylamine and 1 ml NaOH (2.5%), which was 

placed into the headspace of the Erlenmeyer flask via a special wire construction without reaching into 

the liquid. 

After the addition of 3 ml of Ultima Gold, 14C activity was measured by scintillation counting (see above). 

 

Calculation of AOM 

The rates for AOM were calculated with following equation: 

     

 

[CH4]= total methane concentration  

14CO2= activity of produced CO2  

14CH4= activity of radioactive methane 

t= incubation time 

 

 

[CH4] x 14CO2

14CH4 x t
AOM =
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b) Methanogenesis (MG) 

For determining the rate of MG, the radioisotope H14CO3
- was used. Acetate, methanol or methylamine 

also may serve as possible substrates, however, MG on the basis of CO2/H2 is the dominant process in 

marine sediments (Jørgensen, 2000). A volume of 6 µl of H14CO3
-was injected (activity 110 kBq) into each 

vial. The incubation time was again three days. For stopping the reaction, the samples were transferred 

into glass vials filled with 20 ml 2.5 % sodium hydroxide (NaOH). The glass vials were quickly closed with 

rubber stoppers and shaken thoroughly. Five controls were produced by injecting the radiotracer 

directly into the sodium hydroxide. Processing of the radioactive components (14CH4 and H14CO3
2) was 

the same as for AOM (see above). 

For calculation of the MG rates the following equation was used, derived from the equation used for 

AOM: 

 

 

c) Sulfate reduction (SR) 

Six µl 35SO4
2-(activity 200kBq) was injected into each vial. The vials were incubated for 3 days. Incubation 

was stopped by transferring the sample into a 50 ml plastic centrifuge vial with 20 ml zinc acetate (20 % 

w/w). Three controls were created by adding the tracer directly to the zinc acetate without sample. 

SR rates were determined by using cold distillation with chromium according to Kallmeyer et al. (2004, 

see further details below). 

 

Cold distillation with Chromium 

The method according to Kallmeyer et al., (2004) was used. The samples were solubilized mechanically 

with dimethylformamide (DMF, undiluted, 20 ml) in round bottom flasks. Subsequently, the samples 

were aerated with N2 for 2 hrs. During this time, first HCl (8 ml, 6 N), followed by chromium (III)-chloride 

(CrCl2, 1 M, 16 ml), was added to the samples. Discharged aerosols containing 35SO4
2- were filtered into 

citrate traps; the released sulfides were caught in the second trap filled with zinc acetate (zinc acetate, 

9 ml, 5 % (w/v)) as zinc sulfides. 

The volume from the second trap was transferred into a scintillation vial (20 ml). After addition of 10 ml 

of scintillation cocktail (Ultima Gold XR, Packard), the activity was measured by scintillation counting. 

14CH4 x [14CO2]

(14CH4 + 14CO2) x t
MG=

Tina Treude
Cross-Out

Tina Treude
Comment on Text
Total DIC (not radioactive).
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Calculation of SR 

For calculation of SR rates the following equation was used (Jørgensen and Fenchel, 1974): 

 

   SRR= [SO4
2-] * PSED * aTRIS/aTOT * 

1

𝑡
 * 1.06 

 

SRR= sulfate reduction rate [µmol cm-3 d-1] 

[SO4
2-]= sulfate concentration in porewater [mmol L-1] 

PSED= porosity of the sediment [ml porewater cm-3 sediment] 

aTRIS= radioactivity of TRIS (Total Reduced Inorganic Sulfur in [cpm]=counts per minute) 

aTOT= total radioactivity used [cpm] 

t= incubation time in days 

1.06= correction factor for isotope fractionation 

 

2.4.5 Inhibition experiments 

Inhibition experiments were carried out to detect AOM and SR in the MG zone. The intention for these 

experiments were the depth profiles of the ex-situ rates of AOM and SR and the depth profile of the 

barium concentration in the sediment porewater (Fig. 2.3). The ex-situ rates of AOM and SR showed 

additional peaks in the MG zone, and the barium concentration increased in the sulfate-methane-

transition-zone (SMTZ) staying constant at a concentration of 10000 nM in the MG zone. With the use of 

these profiles T.Treude and S.Krause formulated the hypothesis (unpublished data) that barite could 

function as a sulfate source in the MG zone, where pore water sulfate concentration is very low. On the 

basis of these profiles and the mentioned hypothesis the co-occurrence of SR, AOM and MG in the MG 

zone was examined. Thus, the sediment samples from the MG zone were used for an additional 

radiotracer experiment at 13 °C, using 14CH4 to determine AOM and 35SO4
2- for SR. 
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To identify if SR was connected to AOM, two different approaches were carried out. In the first one 

molybdate (22 mM) was added to the samples of the MG zone. Therefore two approaches were made: 

one for determining SR in these depths and one to determine AOM. Molybdate is an analogue to sulfate 

and inhibits SR competitively (Oremland & Capone 1988). In the second approach, 2-

bromoethanesulfonic acid (BES) was added in a concentration of 60 mM (Hoehler et al., 1994). This 

substance is an analogue of coenzyme-M (Gunsalus et al., 1978) in methanogenic bacteria, so it blocks 

the methane formation as well as the reverse process, i.e., AOM. 

Subsequently, the radiotracer 14CH4 and 35SO4
2- for AOM and SR, respectively, were injected in the same 

amounts an incubation times as described in section 1.5.4. In-situ rates of AOM and SR were determined 

as described above (chapter 1.5.4). 
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Figure 2.3: Profiles of methane and sulfate concentration, ex situ rates of AOM and SR and concentration of barium of 
PC 12 (A) and PC13 (B), ex situ rates represented by mean (solid line) of two replicates; the colored area marks the 
sufate-methane-transition-zone (SMTZ), barium data by Regina Surberg 
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Sodium molybdate solution (620 mM) 

NaMoO4*2 H2O  3 g 

   Added to 20 ml anoxic H2Odist 

0.74 ml of this solution was added to 20 ml of sediment slurry, so that the end concentration was 

22 mM. 

BES solution (1.26 M) 

BES   5.37 g 

   Added to 20 ml anoxic H2Odist 

1 ml of this solution was added to 20 ml of sediment slurry, so that the end concentration was 60 mM. 

 

2.5 Molecular methods 
2.5.1 CARD-FISH (Catalyzed Reporter Deposition Fluorescence in situ Hybridization) 

 

Aim 

To visualize the microbes in the sediment, a modified method of CARD-FISH (Pernthaler et al., 2002) was 

applied. In this study, focus was only on the proportion of archaea and bacteria in the sediment. 

Therefore, the probes ARCH 915 (Ishii et al., 2004), EUB 338 I (Amann et al., 2004), II, and III (Daims et 

al., 1999) were used. The probes EUB 338 I-III were mixed in dilution of 1:1:1. 

 

Fixation 

Fixation steps were described in detail in section 1.3. 

1xPBS buffer: 

NaCl   8 g 

KCl   0.2 g 

Na2HPO4*7H2O  1.44 g 

KH2PO4   0.24 g 

H2O   ad to 1000 ml 

 

Filtration 

To have the microbes in a fixed location, for easier treatment, the sample was transferred onto a filter. 
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75 µl from the fixed sample were added to 650 µl 1 x PBS/Ethanol. After sonication (cycle 20, 20 % 

intensity, 20 sec, on ice), working dilutions were prepared with 1x PBS: 1:2400 and 1:4000. 

1 ml of working dilutions was added to 10 ml 1xPBS and filtered with a vacuum pump on a 

polycarbonate filter (Whatmann Nuclepore, 0.2 µm), with a GF/F filter (Whatmann 25 mm) used as a 

carrier filter. After fixation with agarose (agarose with low freezing point, 0.2 % (w/v), hand warm, three 

sprays in a distance of 60 cm via dispenser), the filter was air-dried and stored at -20 °C. 

 

Inactivation of endogenous peroxidase 

Microbes in anoxic sediments can possess endogenous peroxidase or proteins with a similar function 

(pseudo-peroxidase-activity). The activity of peroxidase can lead to incorrect hybridization signals, 

meaning that these enzymes have to be inactivated. 

Initially, the filter was cut into sections with scissors and marked at the edge. 

Filter sections were incubated in methanol with 0.15 % H2O2 for 30 minutes at room temperature. From 

now on, a positive control was added and treated like an additional sample. 

After incubation, the filters were washed with H2Odist and air-dried. 

 

Permeabilization 

Permeabilization was performed to make the membranes permeable for the probes, which need to bind 

on the genetic material of the cell. 

In the case of Eubacteria I-III, the permeabilization was done with lysozyme. A fresh lysozyme solution 

was prepared and the filter sections were incubated for 60 minutes at 37 °C in a hybridization oven. 

 

For archaea, the permeabilization was conducted at first with lysozyme (60 min, 37 °C), followed by 

incubation in fresh achromopeptidase solution for 30 minutes at 37 °C. 

 

Lysozyme solution:     Achromopepidase solution 

Tris-HCl (pH=7.4)  100 mM  Tris-HCl (pH=8)   10 mM 

EDTA (pH=8)   50 mM   NaCl    10 mM 

H2O    added to 10 ml  H2O    added to 10 ml 

Lysozyme (10 000 U)  10 mg ml-1  Achromopeptidase (30 U µl-1) 2 µl ml-1 
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Hybridization 

The probes were added to the samples and now could bind to the genetic material of bacteria and 

archaea. 

Working solutions of lipophilic biotin-marked probes EUB I-III and Arch 915 were prepared and diluted 

to 50 ng µl-1.  

The probe was mixed with hybridization buffer and the filter sections were hybridized at 46 °C for 2 hrs 

in a hybridization oven under rotation. 

Subsequently, the filter sections were washed in 2x SSC to remove unbound sensor molecules. 

To avoid unspecific bonds, the filter sections were incubation in 100 µl blocking reagent for 30 minutes 

at RT. 

 

Hybridization buffer     2xSSC buffer 

Tris-HCl (pH=7.4)  20 mM   NaCl   17.5 g 

Dextransulfate   10 % (w/v)  Na-citrate*2H2O 10.03 g 

Formamide   35 % (v/v)  H2Odest   added 1000 ml 

NaCl    900 mM  adjust to pH= 7 

Blocking reagent  2 % (v/v) 

Triton X-100   0.05 % (v/v) 

SDS    0.02 % (v/v) 

H2O    added to 100 ml 

 

Coupling of Horse-radish-peroxidase (HRP) and amplification of tyramides 

This step was done to get the fluorescence signal, via binding of HRP and tyramides on the probes, in the 

cells of bacteria and archaea. 

The binding of streptavidin-HRP with biotin-marked sensor and the subsequent tyramide-signal-

amplification were carried out according to manufactures’ instructions with TSATM Kit #23*with HRP-

streptavidin and AlexaFlourR 546 tyramide*(Invitrogen, Karlsruhe). 

 

Inactivation of HRP 

Filter sections were shortly washed in methanol until the coloring was gone, followed by washing in 

1 x PBS. Subsequently, filters were washed shortly in Milli Q water and ethanol, before being air-dried. 
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Counter Staining with Sybr Green 

To determine the relative fraction of hybridized cells, a staining with the fluorescent colorant SYBR 

Green I (Invitrogen, Eugene, Oregon) was prepared. A working solution was prepared by 1:40 dilution 

from a 1:10 stock solution. 

A drop of the working solution was puton a petri dish and the filter section was placed on top of the 

drop.The section was placed with the microbes-bearing side facing upward for an incubation time of 

15 minutes at RT. It was important to let this staining occur in the dark. 

Subsequently, the filter section was dried on filter tissue for 5 minutes and washed with MilliQ water for 

10 minutes. After drying again, the sections were placed on a glass slide, embedded with a mixture of 

Citiflour/Vectashield (4:1) and stored at -20 °C until further analysis under the microscope (maximum 

store time before microscopic analysis: one day). 

 

Detection and documentation of the hybridization 

To detect and count the stained cells, an epifluorescence microscope (Leitz Aristoplan, Leica DM/RE, 

Olympus) was used, equipped with a 100 W mercury high-pressure lamp and a camera (Leica DFC 420) 

for digital imaging (software: Leica Microsystems GmbH, Wetzlar, Germany). Different filter sets were 

used for the detection of stained cells (table 2.10). The counting was done with the 100 x objective and a 

counting grid with a size of 0.0121 mm2. After one field was counted, a new one was picked by chance. 

The slide was counted until a number of 700 cells was reached. Then, the cell number was related to the 

counted area and to the volume of pure sediment. 

 

Table 2.10: Different filter sets for cell detection 

Filter set Activation filter 

[nm] 

Colour divider Emission filter 

[nm] 

 

L5 BP 480/40 505 BP 527/30 SYBR Green I 

Y3 BP 340-380 565 610/75 Alexa 546 
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3. Results 

3.1 Temperature experiment 

3.1.1 Sulfate reduction (SR) 

Within the upper SR zone, one sediment sample from each of the following cores was examined: PC06, 

PC12, PC13, and MC10. To determine the rate of potential SR, two different methodical approaches 

were applied. The first was to calculate SR rates from the linear increase in sulfide concentrations in the 

supernatant of incubation vials with sediment slurry over time.  

The second approach was to determine the SR rate in the same sediment slurries by the conversion of 

radioactive 35SO4
2- into H2

35S during a fixed time period. In the following sections, the results from the 

time series measurements will be presented. 

a) Time series measurement 

A net decrease in sulfide concentration was observed in nearly all temperature incubations of the four 

samples from the SR zone with some exceptions were sulfide concentrations was nearly stable or 

slightly increased (difference below 0.05 mM) over time (see MC10 as an illustrative example in the 

following section). As the trends in sulfide development were very similar for all four samples, only the 

time series of the MC10 sample is presented as an example (Fig. 2). For the lower temperatures, only at  

-5 °C were sulfide concentration relative stable over time. All the other temperatures (-3, -1, 0.5 and 

1.5 °C) showed a net decrease in sulfide concentration over time (Fig. 2A). 

For the higher temperatures, a slight increase was observed solely at 13 and 25 °C (Fig. 2B), but only 

with a difference between the last and the first measured value below 0.050 mM. At 4, 6 and 37 °C, 

sulfide concentrations decreased over time. 

Generally, SR rates could not be determined for all four samples from the SR zone because no sufficient 

sulfide increase was detected in time series measurements. These results suggest that the method 

according to Cord-Ruwisch was not appropriate or sensitive enough to detect SR activity. This problem 

will be reviewed in more detail in the discussion (see paragraph: Sulfide determination according to 

Cord-Ruwisch (1985)). However, the radiotracer method clearly detected SR (see below and Fig. 3.2). In 

the next sections, the results from the radiotracer experiments will serve as a hint for SR in the SR zone. 
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b) Radiotracer measurement 

In contrast to the time series measurements, the radiotracer experiments revealed substantial SR 

activity. Except for PC06, SR rates of PC12=10 cmbsf, PC13= 32 cmbsf and MC10=2-16 cmbsf were all in 

the same range from 0 nmol cm-3 d-1 to values of ~ 1000 nmol cm-3 d-1 (Fig. 3A-C). In PC06, SR rates 

ranged only between 0 and 1 nmol cm-3 d-1, three orders of magnitude lower (Fig. 3D). PC12 displayed 

two temperature optima (=Topt) where high SR rates were measured: the first maximum was reached at 

0.5 °C (1078 nmol cm-3 d-1) and at 13 °C (188 nmol cm-3 d-1). In PC13, more than one temperature 

optimum was identifiable: at 0.5 °C (1105 nmol cm-3 d-1), at 4 °C (927 nmol cm-3 d-1) and at 13 °C 

(196 nmol cm-3 d-1). MC10 revealed a single temperature optimum at 25 °C (343 nmol cm-3 d-1), whereas 
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Figure 3.1: Sulfide development in sample MC10 from the SR zone, A: at -5, -3, -1, 0.5 and 1.5 °C, B: 4, 6, 13, 25 
and 37 °C; represented are means of triplicates, standard deviation (SD) ranged between 0 - 0.1 (not shown) 
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PC06 showed again two optima at -1 °C (0.28 nmol cm-3 d-1) and 13 °C (1.1 nmol cm-3 d-1). At 37 °C, the 

rate of minimum SR was close to or at zero in all four samples. Generally, robust SR activity was 

detected between -5 °C and 25 °C in PC12, PC13 and MC10. In PC06, SR activity was restricted to a much 

narrower temperature range between -1 and 13 °C.  

 

 

3.1.2 Anaerobic Oxidation of Methane (AOM) 

Two sediment samples from PC12 and two sediment samples from PC13 were examined in the AOM 

zone. Similar to SR rates, two methodical approaches were applied to determine potential AOM activity.  

a) Time series measurement 

In the time series measurement the AOM rate was determined from the increase in sulfide 

concentrations with time. As AOM is coupled to SR, it is possible to determine the SR rate from the 

difference of SR with and without the addition of methane. Trends of sulfide development were very 

similar for all four samples from the AOM zone, therefore only PC13=132 cmbsf is shown as an example. 

In both setups (with and without addition of methane), no sufficient increase in sulfide concentrations 
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Figure 3.2: SR rates determined by radiotracer techniques in samples from the SR zone (A-D) at 10 different 
temperatures; mean of three replicates is shown as solid line; substrate: acetate (10 mM); ordinate as log axis, non-
logarithmic graph see annex, Fig. 1 
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was detected by the Cord-Ruwisch method. Rather, the values revealed fluctuations in measurement 

accuracy as opposed to indicating a real trend (Fig. 3.3).  

 

 

 

b) Radiotracer measurement 

The microbial rate of AOM also was measured by looking at the conversion of the radioactive isotopes 

14CH4 and 35SO4
2-into H14CO3

- and H35S-, respectively, over a specific time period. When determining AOM 

activity, both methane and sulfate turnover should be investigated because AOM is often linked to SR 

(Boetius et al., 2000). 

The two shallow samples from PC12 and PC13 in the AOM zone (PC12=182 cmbsf and PC13=132 cmbsf) 

showed a net increase in SR rates: from -5 °C to a maximum rate at 6 °C in the case of PC12=182 cmbsf 

and at 13 °C in the case of PC13=132 cmbsf (Fig. 3.4). The increase in PC12 was from 1.3 to 18.9 nmol 

cm-3 d-1 and in PC13 from 3.3 to 22.6 nmol cm-3 d-1. At 25°C, both SR rates dropped to zero and slightly 

increased again at 37 °C. These two samples revealed only one Topt, PC12 at 6 °C and PC13 at 13 °C. 

The deeper samples from PC12 and PC13 (PC12=209 cmbsf and PC13=269 cmbsf) showed a slightly 

different pattern. In both samples, two temperature optima were observed: one at -1 °C and another at 
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Figure 3.3: Sulfide development in sample PC13 S6 from the AOM zone, A: sulfide development under a N2/CO2 

atmosphere; B: sulfide development under a methane atmosphere; represented are means of triplicates of time series, 
SD ranged between 0 – 0.2 (not shown) 
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13 °C. For PC12=209 cmbsf, the Topt had values of 7.8 nmol cm-3 d-1 (-1°C) and 15.3 nmol cm-3 d-1 (13 °C). 

In PC13=269 cmbsf, the first Topt had a value of 11.5 nmol cm-3 d-1 (-1°C) and the other 13.4 nmol cm-3 d-1 

(13 °C). Also, in the deeper samples, a drop in SR rates to zero was observed at 25 °C, followed by a 

slight increase at 37 °C. 

In comparison to the SR rates in the SR zone, these rates were up to 10 times smaller.  

 

 

 

All four samples from the AOM zone showed a similar pattern concerning AOM rates and ranged 

between 10 and 100 nmol cm-3 d-1 (Fig. 3.5). They all revealed two temperature optima: one at -3 °C and 

another at 13 °C. In PC12=182 cmbsf, the Topt values were at 68.9 and 75.1 nmol cm-3 d-1 at -1 and 13 °C, 

respectively. In PC12=209 cmbsf, the highest AOM rates were at 48.2 and 82.8 nmol cm-3 d-1. In the 

samples from PC13, the highest AOM rates were at 48.8 and 64.2 nmol cm-3 d-1in 132 cmbsf and at 78.2 

and 90.9 nmol cm-3 d-1 in 269 cmbsf. However, the minimum rate was different between samples from 

PC12 and PC13. In PC12, the minimum rate was observed at 25 °C: 11.1 nmol cm-3 d-1 in 182 cmbsf and 

22.8 nmol cm-3 d-1 in 209 cmbsf. This finding was not the same for PC13, where the minimum AOM rate 

was observed at 37 °C: 8.5 nmol cm-3 d-1 for PC13=132 cmbsf and 7 nmol cm-3 d-1 for PC13=269 cmbsf. In 

0.1

1

10

100

-5 -3 -1 0.5 1.5 4 6 13 25 37

S
R

R
  [

n
m

o
lc

m
-3

d
-1

]

Temperature (°C)

PC12 = 182 cmbsf

0.1

1

10

100

-5 -3 -1 0.5 1.5 4 6 13 25 37

S
R

R
 [

n
m

o
lc

m
-3

d
-1

]

Temperature (°C)

PC12 = 209 cmbsf

0.1

1

10

100

-5 -3 -1 0.5 1.5 4 6 13 25 37

S
R

R
  [

n
m

o
lc

m
-3

d
-1

]

Temperature (°C)

PC13 = 132 cmbsf

0.1

1

10

100

-5 -3 -1 0.5 1.5 4 6 13 25 37

S
R

R
  [

n
m

o
lc

m
-3

d
-1

]

Temperature (°C)

PC13 = 269 cmbsf

A B

Figure 3.4: Sulfate reduction rates determined by radiotracer measurements in the samples from the AOM zone at 10 
different temperatures, A: samples of PC12, B: samples of PC13; mean of three replicates is shown as solid line; ordinate as 
log axis, non-logarithmic graph see annex, Fig. 2 
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summary, in all four samples, the lowest AOM rates were observed at the highest incubation 

temperatures: in PC12 at 25 °C and in PC13 at 37 °C. 

In the case of AOM, there is no decrease to zero seen at 25 °C, although the samples for SR and AOM 

were incubated simultaneously. However, one similarity can be noticed: Tmin for AOM in the samples 

from PC12 was also at 25 °C, as was seen in the SR samples. 

 

 

3.1.3 Methanogenesis (MG) 

The deepest sediment samples were located within the MG zone, where methane could be measured 

in-situ over the whole sampled depth (Fig. 2.2). During the time series temperature incubations, the 

development of methane content in the incubation vials’ headspace was determined with gas 

chromatographic (GC) measurements (see part a). The rates were then calculated from the linear 

increase in methane content with time. In addition, radiotracer experiments were conducted with the 

same slurries at the end of the time series measurements. The radioactive isotope H14CO3
- was added to 

the slurries and the conversion into 14CH4 was noted. The MG rates determined by the two different 

methods of time series and radiotracer measurements were compared in part b). 

1

10

100

1000

-5 -3 -1 0,5 1,5 4 6 13 25 37

A
O

M
 r

at
e 

 [
n

m
o

lc
m

-3
d

-1
]

Temperature (°C)

PC12 = 182 cmbsf

1

10

100

1000

-5 -3 -1 0,5 1,5 4 6 13 25 37

A
O

M
 r

at
e 

 [
n

m
o

lc
m

-3
d

-1
]

Temperature (°C)

PC12 = 209 cmbsf

1

10

100

1000

-5 -3 -1 0,5 1,5 4 6 13 25 37
A

O
M

 r
at

e 
 [

n
m

o
lc

m
-3

d
-1

]

Temperature (°C)

PC13 = 132 cmbsf

1

10

100

1000

-5 -3 -1 0,5 1,5 4 6 13 25 37

A
O

M
 r

at
e 

 [
n

m
o

lc
m

-3
d

-1
]

Temperature (°C)

PC13 = 269 cmbsf

A B

Figure 3.5: AOM determined by radiotracer measurements in the samples from the AOM zone at 10 different 
temperatures; A: samples of PC12, B: samples of PC13; mean of three replicates is shown as solid line; ordinate as log 
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a) Development of methane content in the headspace 

In all five samples from the MG zone and concerning all temperatures, an increase in methane (=MG 

activity) was observed with time. By looking at the steepness of the increase, the highest temperatures 

of 13 °C, 25 °C and 37 °C showed the highest increase, whereas the lowest increase was observed at         

-5 °C and -3 °C (Fig. 3.6). 

At the high temperatures of 13 °C, 25 °C and 37 °C, the methane increase was linear, reaching a plateau 

after ~ 15 days. At -5 and -3 °C, methane concentrations steadily increased over the course of the 

experiment without reaching a plateau. The curves for -1, 0.5, 1.5, 4 and 6 °C showed a steady methane 

increase until days 20, followed by an amplification of methane increase and reaching a maximum at day 

27.  

The highest methane content was reached at 25 °C in most of the samples, with the exception of 

PC12=513 cmbsf, where it was reached at 37 °C. In PC12=357 cmbsf, the highest methane content was 

reached at 25 °C with 845 ppmv and the lowest methane content at -5 °C with 124 ppmv, both at the 

end of the incubation. In PC12=418 cmbsf, the highest methane content was observed at 25 °C with 

834 ppmv and the lowest methane content at -5 °C with 140 ppmv at the end of the incubation. In 

PC12=513 cmbsf, the highest methane content was reached with 1059 ppmv at 37 °C and the lowest 

methane content with 137 ppmv at -5 °C. In PC13=429 cmbsf, methane content was highest at 25 °C 

with 825 ppmv and lowest at -5 °C with 72 ppmv at the end of the incubation. And in the last sample, 

PC13=417 cmbsf, the highest methane content at the end of the incubation was reached also at 25 °C 

(1208 ppmv) and the lowest at -5 °C (20 ppmv). Thus, the highest ppmv values were reached in the 

deepest samples of PC12 and PC13: in PC12=513 cmbsf (1059 ppmv at 37 °C) and PC13=417 cmbsf 

(1208 ppmv at 25 °C), but at different temperatures. 

 



  Results 

37 
 

 

 

 

 

 

 

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30 35 40

M
e

th
a

n
e

 [
p

p
m

v
]

Time [days]

PC12 = 357 cmbsf

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30 35 40

M
e

th
a

n
e

 [
p

p
m

v
]

Time [days]

PC12 = 418 cmbsf

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30 35 40

M
e

th
a

n
e

 [
p

p
m

v
]

Time [days]

PC12 = 513 cmbsf

A

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30 35 40

M
e

th
a

n
e

 [
p

p
m

v
]

Time [days]

PC13 = 329 cmbsf

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30 35 40

M
e

th
a

n
e

 [
p

p
m

v
]

Time [days]

PC13 = 417 cmbsf

-5°C

-3°C

-1°C

0.5°C

1.5°C

4°C

6°C

13°C

25°C

37°C

B

Figure 3.6: Methane development over time in the samples from the MG zone; for color code see legend; data are 
presented as means of triplicates; SD ranged between 0.07-230 ppmv (not shown) 
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a) Comparison of MG rate determined by radiotracer and time series measurements 

 

 

MG rates, determined from time series measurements, typically were higher than the rates determined 

from the radiotracer measurements (Fig. 3.7). The rates determined by radiotracer experiments ranged 

between 0 and 4.1 nmol cm-3 d-1, whereas the rates determined by time series measurements ranged 

from 0.04 to 16.3 nmol cm-3 d-1.Specifically,at the highest temperatures (25 °C, 37 °C) the rate was up to 

16 times higher than the rate determined by radiotracer measurement. The exceptions were the lowest 

temperatures of -5 and -3 °C, where the rates determined with radiotracer experiments were nearly 

equal to the rates from the time series. Looking at the rates of PC 12 determined by time series 
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measurements, Topt varied between sediment samples: in the shallowest samples(357 and 418 cmbsf) 

Topt was at 25 °C(11.5 and 14.1 nmol cm-3 d-1), whereas in the deepest sample(513 cmbsf), Topt increased 

to 37 °C (16.3 nmol cm-3 d-1). Also, the rates determined with radiotracer experiments showed 

differences in Topt between the different samples. Sample 357 cmbsf revealed two Topt at -3 and 13 °C 

(2.3 and 4.1 nmol cm-3 d-1),in sample 418 cmbsf,Topt were at -3 and 25 °C (2.1 and 2.2 nmol cm-3 d-1) and 

in the deepest sample (513 cmbsf) the two temperature optima were again at -3 °C and 13 °C (1.6 and 

0.9 nmol cm-3 d-1).It is surprising that at 37 °C, no MG rate was detected with radiotracer experiments, 

but very high rates were detected with time series measurements. 

In the samples from PC13, the rates determined by the time series measurement revealed a Topt at 

25 °C. For PC13=329 cmbsf, the maximum rate was 11.5 nmol cm-3 d-1 and for PC13=417 cmbsf, it was 

15.1 nmol cm-3 d-1. In the case of the radiotracer experiments, two temperature optima were observed 

in the two samples: one at -5 °C and the other one at 25 °C. For PC13=329 cmbsf, the rate at -5 °C was 

1.6 nmol cm-3 d-1 and at 25 °C it was 1.2 nmol cm-3 d-1. In sample PC13=429 cmbsf, the rate was 2.2 at       

-5 °C and 1.6 nmol cm-3 d-1 at 25 °C. 

 

3.2 Inhibition experiments 

In-vitro inhibition experiments with sediment slurries were conducted to investigate if AOM, SR and MG 

activity coexisted within the MG zone because depth profiles of ex-situ AOM and SR rates revealed clear 

peaks within the MG zone (Fig. 2.3). To detect these processes, samples from the MG zone were treated 

with two different inhibitors, sodium molybdate (inhibitor for SR) and 2-bromoethanesulfonate (BES; 

inhibitor for MG).  

3.2.1 Addition of molybdate 

The first experiment was carried out with sodium molybdate, a substance that inhibits the metabolism 

of sulfate reducers (Oremland & Capone, 1988). Sodium molybdate was added to a final concentration 

of 22 mM to the five samples from the MG zone. SR and AOM were then measured in replicates with 

the radioactive isotopes 35SO4
2- and 14CH4, respectively, following an incubation time of ~ three days at 

13 °C. The inhibition effect of sodium molybdate on SR was significant (two-tailed t-test, p<0.05); no SR 

was detected when sodium molybdate was added (Fig. 3.8A).Without the addition of sodium 

molybdate, SR rates were similar in magnitude with those measured in the AOM zone at 13 °C (in the 

range of 4-20 nmol cm-3 d-1). Highest SR rates were detected in the shallowest samples of PC12 and PC13 
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(17.4 and 5.9 nmol cm-3 d-1). In the deeper sections of PC12 and PC13 SR rates were 3 to 2 times smaller, 

respectively. 

AOM was not inhibited by the addition of sodium molybdate (Fig. 3.8B). Differences in AOM rates with 

and without sodium molybdate addition were not significant (two-tailed t-test, p-value>0.05). AOM 

rates without inhibitor were lower in the deeper section of PC12 (0.5 nmol cm-3 d-1) than in the 

shallower ones of 357 and 418 cmbsf (1.9 and 2.2 nmol cm-3 d-1).In PC13, the AOM rates without 

inhibitor were equal at both depths (around 2.6 nmol cm-3 d-1). 

AOM rates with inhibitor decreased in the deeper sections of PC12 from 3.4 to 0.2 nmol cm-3 d-1, but 

were similar at both depths in PC13 (around 2 nmol cm-3 d-1). 
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Figure 3.8: SR (A) and AOM (B) rates determined by radiotracer measurements in samples from the MG zone with and 
without addition of molybdate (22mM), ), represented are means of triplicates with SD, duplicates are shown as single 
bars 
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3.2.2 Addition of BES 

The second experiment was conducted with the inhibitor BES, which is an analogue of co-enzyme Min 

the metabolism of methanogenic archaea (Oremland & Capone, 1988). As microbes mediating AOM also 

possess an analog of this enzyme, BES usually has an inhibition effect on them as well (Hoehler et al., 

1994; Krüger et al., 2005).  

In all five samples from the MG zone, a significant boosting effect of BES on the SR rate was noted, i.e. 

SR rates were higher with than without the addition of BES (two-tailed t-test, p<0.05, Fig. 3.9A). Without 

the addition of BES, SR rates decreased in the deepest section of PC12 from ~25 to 16.4 nmol cm-3 d-1. 

With the addition of inhibitor, SR rates were higher in the shallower section of PC12 (51.7 nmol cm-3 d-1) 

and nearly equal in the deeper ones (418 and 513 cmbsf, around 32 nmol cm-3 d-1). 
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In PC13, SR rates at 329 cmbsf were higher in both cases (with and without addition of BES) than in the 

deeper section (417 cmbsf). In the case of without inhibitor, the SR rate at 329 cmbsf was ~13 times 

higher than at 417 cmbsf and with inhibitor the rate at 329 cmbsf was ~7.5 times higher than at 

417 cmbsf. In clear contrast to first inhibition experiment (Fig. 3.8), SR rates without inhibitor in the 

second inhibition experiment (Fig. 3.9) were nearly 6 times higher in magnitude (5 nmol cm-3 d-1 versus 

30 nmol cm-3 d-1). 

AOM rates with and without the addition of BES were typically equal in the different samples from PC12 

and PC13 (Fig. 3.9B). PC13 418 cmbsf was the only sample showing a significant fueling effect of BES 

(two-tailed t-test, p-value<0.05), meaning that the AOM rate with inhibitor was significantly higher than 

the rate without the addition of inhibitor. For PC12=357 cmbsf, only two samples were available, 

meaning that single rates are presented instead of mean with standard deviation. 

AOM rates without inhibitor were smaller in the deepest section of PC12 than at 418 cmbsf (1.7 nmol 

cm-3 d-1at 513 cmbsf and 2.9 nmol cm-3 d-1 at 418 cmbsf). The rates from the shallowest section of PC12 

were not taken into account because of the high variability between values. The AOM rates in PC12 with 

inhibitor were equal at 418 and 513 cmbsf. In PC13, AOM rates without inhibitor were also smaller in 

the deepest section than at 457 cmbsf: 3.3 nmol cm-3 d-1 at 357 cmbsf and 1.5 nmol cm-3 d-1 at 

457 cmbsf. But AOM rates with inhibitor were nearly equal in all sections. 

3.3 Catalyzed reporter deposition fluorescence in situ hybridization (CARD-

FISH) 

CARD-FISH was applied to determine the proportion of bacteria and archaea in the sediment samples. 

Because time was limited, only one sample per zone was examined. These samples were: (1) the 

shallowest sample from the SR zone (PC12=12 cmbsf, PC13=10 cmbsf), (2) a medium-depth sample from 

the AOM zone (PC12= 159 cmbsf, PC13=173 cmbsf), and the deepest sample from the MG zone 

(PC12=319 cmbsf, PC13=326 cmbsf). 

Target organisms were stained and counted using an epi-flourescence microscope. For the total 

number, the cells were stained with the fluorescent dye SYBR Green I (Fig. 3.10). Bacteria and archaea 

were stained with the fluorescent dye Alexa 546, followed by SYBR Green I as a control staining (Fig. 

3.11+3.12). Because the photographic results from PC12 and PC13 were very similar, only pictures from 

PC13 are presented.  
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Figure 3.10: Total cells stained with Sybr Green I, sample: PC 13, 
34 cm, dilution 1:4000 

Figure 3.11: Bacteria stained with Alexa 546 (A) and Sybr Green I (B); A: filter Y3, B: filter L5, stained cells marked with 
arrows; sample: PC 13, 173 cmbsf, dilution 1:4000; 

A B 

Figure 3.12: Archaea stained with Alexa 546 (A) and Sybr Green I (B); A: filter Y3, B: filter L5, stained cells marked with 
arrows; sample: PC 13, 173 cmbsf, dilution 1:4000;  
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Total cell numbers in both cores were in the range from 4 – 6.5 x 109 cells ml-1 sediment (Fig. 3.13). In 

PC12, highest cell numbers were reached in the AOM zone (6.5 x 109 cells ml-1 sediment) and in PC13, in 

the SR zone (5.9 x 109 cells ml-1 sediment). The lowest cell number was reached in the MG zone in PC12 

(4.3 x 109 cells ml-1) and also in PC13 (4.1 x 109 cells ml-1). 

In PC12, the cell numbers for bacteria were in the range of 1.5 - 3x109 cells ml-1 sediment and archaea 

were in the range of 2 - 3.5 109 cells ml-1 sediment. In the shallowest depth of 12 cmbsf, bacteria 

contributed more than 50% of SYBR-Green-stained cells, but the fraction of archaea increased in deeper 

sections. A clear dominance of archaea was found in the MG zone, although the highest absolute 

number of archaea was found in the AOM zone (3.5 x 109 cells ml-1). 

The cell number of bacteria was nearly equal in the SR and AOM zone, with around 3 x 109 cells ml-1. 

However, in the MG zone, the cell number of bacteria was only half as high. 

In PC13, the range of bacterial numbers was slightly higher with 2-3.5 x 109 cells ml-1 sediment and a 

range for archaea of around 2 - 2.5 x 109 cells ml-1 sediment. In all sediment samples of PC13, bacteria 

made up at least 50 % of SYBR-Green-stained cells. These results indicate that bacteria were the 

dominant domain, even though the total number of cells decreased with deeper sections. Only in the 

MG zone, numbers of bacteria and archaea nearly equaled. Similar to PC12, the highest number of 

archaea was detected in the AOM zone (2.7 x 109 cells ml-1), whereas the highest number of bacteria 

was observed at 34 cmbsf (3.6 x 109 cells ml-1). 
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Bacteria and Archaea with Alexa 546 and SYBR Green I 



  Discussion 

45 
 

4. Discussion 

Mainly as a consequence of increasing greenhouse gas concentrations in the atmosphere, the modern 

global climate is changing (IPCC, 2007). Besides indirect effects, such as ice melting of both sea ice and 

land ice and sea level rise, temperature rise is one of the most direct effects (IPCC, 2007). The 

temperature increase is detectable worldwide, not only on land, but also in the ocean up to depths of 

3000 m, as observations since 1961 are showing (Levitus et al., 2000). But the temperature rise is 

greater in the Northern Latitudes. Here, temperatures increased about 2 °C between 1970-2004 (IPCC, 

2007) and future models predict a continuous increase of 2.5°C in regions north of 60° N by the mid 21th 

century (Kattsov et al., 2005). In the same time period, models predict an increase of "only" 1.4 °C for 

the global mean temperature by IPCC SRES (Special Report on Emissions Scenarios; IPCC, 2001). 

Little is known about microbial processes in arctic sediments and about the effect of changing 

temperatures on these processes. Often, only a few processes have been studied in a small amount of 

locations, e.g. off Svalbard (Robador et al., 2009; Arnosti et al., 1998). The continental margin of the 

Beaufort Sea is an understudied area concerning microbial processes in the sediment. As the 

temperature and pressure conditions are suitable, the continental margin could be a reservoir for 

methane hydrates, as well as for methane-dependent benthic microbial processes. The recent drastic 

decrease in ice-coverage in the Beaufort Sea (Wendler et al., 2010) could be an additional reason beside 

the lack of knowledge concerning the microbial processes in the sediment why such areas are worth 

examination. Environmental conditions, which were stable underneath long-lasting ice coverage, could 

now be disturbed. In order to better understand the microbial processes in arctic sediments from the 

Beaufort Sea, sediment cores from different water depths were collected: PC12 (280 m), PC13 (340 m), 

PC06 (2200 m) and MC10 (36 m). With sediment samples from these cores, the effect of temperature 

and chemical inhibition on microbial degradation processes was examined. These processes included 

sulfate reduction (SR), methanogenesis (MG) and anaerobic oxidation of methane (AOM). The 

temperature experiments were done with the purpose of drawing conclusions on future methane 

emissions (mainly from MG and AOM) from the sediment into the oceans, and perhaps into the 

atmosphere. The inhibition experiments were conducted to reveal any coexistence of microbial 

processes in deeper sediment layers. 
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4.1  Microbial processes in sediments from the Beaufort Sea 

4.1.1 Sulfate reduction (SR) 

Potential SR activity was measured with radiotracer techniques at different temperatures in in-vitro 

incubations with sediment slurries from all samples from the SR zone. In the surface sediment (2-

16 cmbsf), taken by multi corer (MC10) at 36 m water depth without disturbing the surface sediment, SR 

rates were between 10-500 nmol cm-3 d-1. In sediment depths of 10 and 32 cmbsf taken with piston 

corer (PC12+13) at around 300 m water depth, SR rates were between 1- 1000 nmol cm-3 d-1 were 

measured. In the deepest sediment depth of 293 cmbsf (PC06, water depth 2200 m), SR rates were 

10000 times lower than in the surface sediment, reaching only 0.1-1 nmol cm-3 d-1 (Fig. 3.2). The high 

rates in the surface sediment were probably reached due to the addition of the substrate acetate (also 

called ‘spiking’). Similar high SR rates (~800 nmol cm-3 d-1) were measured after spiking with a mixture of 

volatile fatty acids in sediments from the west coast of Svalbard in a water depth of 100-200 m and a 

sediment depth of 2-9 cmbsf (Finke & Jørgensen, 2008). Without spiking, SR rates in surface sediments 

(0-13 cmbsf) from the west coast of Svalbard were found to be around 20 nmol cm-3 d-1 (Robador et al., 

2009).  

Several reasons are conceivable for the low rates in the deepest sediment layer. One reason could be 

that the amount of labile organic matter is usually lower at these sediment depths when compared to 

the sediment surface (Rullkötter, 2000). Anther reason could be the water depth (> 2000 m) of the 

deepest station. Because of degradation processes in the water column, the amount and freshness of 

organic matter reaching the deeper sea floor could be very little (Suess, 1980), limiting the microbial 

processes in the sediment (Jørgensen, 2000). In ex-situ incubations (30 hrs) of the sediment from 293 

cmbsf depth with radiotracers, no SR activity was detected over the entire core (0-293 cmbsf) (T.Treude 

& S.Krause, unpubl. data). Only in-vitro experiments with sediment slurries (this study) and acetate 

spiking SR rates were stimulated to detectable levels. The above circumstances and observations lead to 

the hypothesis that a community of SR bacteria is present in sediment depths of 293 cmbsf but inactive 

until organic substrates are available. 

Keeping in mind that the amount of organic matter is higher in coastal regions (Suess, 1980), the SR 

rates of the surface sediment taken by the multi corer should have been higher than those from the 

piston corer. The water depth for the multi corer was only 36 m, in contrast to ~ 300 m for the piston 

corer. However, rather smaller rates were observed in the multi corer than higher rates compared to the 

rates measured in the sediment from the piston corer (annex, Fig.1). 

Tina Treude
Comment on Text
All SRR sediments were spiked with acetate, so this is no argument.
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The temperature optima were different in the surface sediment compared to the deeper layers of the 

sediment. In the undisturbed surface sediment (2-16 cmbsf) the Topt was 25 °C, which was in the 

mesophilic range for bacteria (Isaksen & Jørgensen, 1996). There was also SR activity measured below 

0 °C (Fig. 3.2). However, mesophilic bacteria generally do not grow at temperatures below 0 °C (Morita 

1975). Sagemann et al., (1998) suggested that this type of bacteria may be called cold-adapted 

mesophiles. It is also possible that the microbial community was a mix of psychrophilic and mesophilic 

microbes. 

SR rates measured in the surface sediments from the piston corer showed more than one Topt: at 

10 cmbsf Topt was at 0.5, 13 and 25 °C. The Topt at 0.5 and 13 °C are hints for a psychrophilic metabolism, 

but at 25 °C, would also imply that mesophilic microbes are present. In previous studies, Topt of SR 

bacteria in arctic sediment at similar sediment depths were also found to be around 20 °C, i.e. above the 

in-situ temperature, and closer to the mesophilic range (Robador et al., 2009; Finke & Jørgensen, 2008; 

Sagemann et al., 1998). 

At 32 cmbsf, there were also three Topt: one at 0.5 °C, one at 4 °C and the last one 13 °C. All of these Topt 

remained within the range of a psychrophilic metabolism (Knoblauch & Jørgensen, 1999). In the deepest 

sediment layer of 293 cmbsf, Topt were at -1 and 13 °C, which were also in the psychrophilic range for 

bacteria. As there was no activity at 25 °C and 37 °C, existence of mesophilic microbes at this sediment 

depth can be excluded.  

A possible reason for the clear mesophilic Topt in 2-16 cmbsf sediment depth could be the water depth of 

the multi core (MC10). With 36 m water depth, it was the shallowest location and thus the sample 

exposed to the highest temperature variability because of the low distance between the sea water 

surface and the sea floor. At the Mackenzie Shelf in the southeastern Beaufort Sea, a change of around 

6°C was documented between fall 2003 (~-1 °C) and summer 2004 (~5°C) (Mucci et al., 2010), suggesting 

a similar temperature variation applies for the southwestern Beaufort Sea, from which the samples in 

this study came. Primarily as the sea ice coverage is decreasing in the Southern Beaufort Sea (Wendler 

et al., 2010) and more solar radiation can reach the ocean surface, a heating of the water is likely. 

In contrast to the multi core sediment sample, the deepest sediment sample of 293 cmbsf was probably 

the one with the lowest temperature variations. 

In total, the before mentioned observations lead to the hypothesis that there is a change in the 

microbial community composition in the deeper sections: at the surface sediment, both psychrophilic 

and mesophilic microbes belong to the microbial community, but in the deep sediment layer of 

293 cmbsf, only psychrophilic microbes are present. A warming of arctic sediment could lead to a 
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positive selection of mesophilic sulfate reducing bacteria (SRB) in the surface sediment or psychrophilic 

SRB could be displaced. 

 

4.1.2 Anaerobic Oxidation of Methane (AOM) 

In this section, AOM rates determined within the AOM zone of PC12 and PC13 will be discussed. AOM 

measured in the deeper MG zone will be discussed in section 4.1.4 ‘Coexistence of SR, AOM and MG’. 

With radiotracer measurements, potential AOM activity was detected at different temperatures in in-

vitro incubations with sediment slurries from both sediment cores. Concurrently, SR activity was 

examined because AOM is usually coupled to SR (Hoehler et al., 1994; Nauhaus et al., 2002). 

The magnitude of AOM in sediments from the Beaufort Sea was similar to that measured in-vitro in 

gassy sediments from Eckernförde Bay, German Baltic (Treude et al., 2005a), despite the higher in-situ 

temperature at the stations in Eckernförde (11 °C in September and 4 °C in March) in contrast to 0.5 °C 

at the locations in the Beaufort Sea (Fig. 3.5). The sediments of Eckernförde Bay were rich in organic 

matter and exhibited high methane concentrations that resulted in gas-bubble development (Whiticar, 

1978). 

Another location is the upwelling region off the Chilean coast (Treude et al., 2005b). The AOM rates 

measured at this location were similar to those rates measured in sediments in the Beaufort Sea, 

ranging from 0-50 nmol cm-3 d-1 at an in-situ temperature of 4 °C. Here, diffusive transport of methane 

could be observed in the organic rich sediments. In the two described locations, the methane was 

produced during the degradation of organic matter in the sediment by methanogenic archaea. Likewise, 

this scenario is probably the case for the arctic sediments. 

 

In PC12 (182 and 209 cmbsf), Topt were at -3 and 13 °C for AOM. In the case of SR in the shallowest 

sample of PC12 (182 cmbsf), Topt was at 6°C (Fig. 3.5). In the deeper sediment sample of PC12, two Topt 

were at      -1 °C and at 13 °C. These temperature optima indicate a psychrophilic microbial metabolism. 

The same applies for PC13: Topt was -3 and 13 °C for AOM and for SR it was 13 °C in the shallower 

sediment sample (132 cmbsf) and -1 and 13 °C in the deeper sediment sample (269 cmbsf). Methane 

depending sulfate reduction above a marine gas hydrate area was also in the psychrophilic range with 

highest rates between 4 to 16 °C, with an in-situ temperature of 4 °C (Nauhaus et al., 2002). Also, at 

25 °C SR activity was measured. To be still active at temperatures of 25 °C and higher, the authors made 

the conclusion that it would be a mixed community of psychrophilic and mesophilic microbes (Nauhaus 

et al., 2002).  
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The activity measured at 25 °C and 37 °C (Fig. 3.5), in the case of AOM, leads to the hypothesis that 

mesophilic microbes also belong to the microbial community. For SR, zero activity was measured at 

25 °C, which normally would be a favored temperature for mesophilic microbes (Fig. 3.4). So for SRB, the 

occurrence of a mesophilic metabolism is not likely. A systematic error can be excluded, as the samples 

for AOM and SR were incubated at the specific temperature at the same time, and the samples for AOM 

did not show this break to zero activity at 25 °C. Therefore, there must be a difference in temperature 

adaptability between the microbes mediating AOM and SR. Due to the SR activity measured at 37 °C, 

probably not mesophilic, but thermophilic SRB, inhabit the sediment, with a Topt between 25 and 37 °C 

or even higher. Thermophilic SRB also were found in sediments from Svalbard with a Topt at 56 °C 

(Hubert et al., 2009). In this study, it was proposed that these bacteria form endospores, which only 

germinate after heating. Perhaps in sediments from the Beaufort Sea, endospores of thermophilic 

bacteria also could be found. 

Different temperature induced behaviors could lead to the question of whether the processes of AOM 

and SR in the AOM zone are really coupled. AOM is reportedly mediated by a syntrophic consortium 

consisting of methane-oxidizing archaea and sulfate-reducing bacteria (Hoehler et al., 1994, Boetius et 

al., 2000). However, despite the possibility that SRB were dead at 25 °C, AOM activity still was measured 

(Fig. 3.4+3.5).  

During AOM, equimolar amounts of methane and sulfate react (Eq.2). The rates of AOM and SR 

measured in-situ revealed the proposed stoichiometry (Fig. 2.2), but this was not the case for the rates 

measured in-vitro. Here, AOM rates were almost always higher than SR rates (Fig. 3.4+3.5), i.e. the 

observed stoichiometry was in conflict with that proposed for the process. In sediments from the 

Chilean continental margin, higher AOM rates than SR rates also were measured in the sulfate-methane-

transition-zone (SMTZ), but lower ones were determined for calculated methane and sulfate fluxes 

(Treude et al., 2005b). 

This inconsistency in in-situ and in-vitro AOM and SR rates could lead to the hypothesis that during in-

situ conditions, it was favorable to live in a consortium. During in-vitro conditions, the needed substrates 

(methane and sulfate) were available in sufficient amounts, and so perhaps the need for a synthrophic 

partner was not required. 

Sulfide determination according to Cord-Ruwisch (1985) 

Both AOM and SR rates were measured in two ways. One method was to calculate the rates by the 

linear increase in sulfide concentrations. Sulfide concentration was determined colorimetrically using 

Tina Treude
Comment on Text
But this is not the in-situ situation, where temperatures are around 0°C The consortium never has to face this temperature "problem".
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the formation of colloidal copper sulfide (Cord-Ruwisch, 1985). The second method was the 

determination of rates via the conversion of radioactive isotopes (35SO4
2- and 14CH4, respectively) over a 

specific time period. No AOM and SR activity was detected via the first method because no sulfide 

increase was detected, but rather a decrease (Fig. 3.1+3.3). Only the radiotracer method was sensitive 

enough to detect AOM and SR activity. The next section will have a critical look at the first method. 

The method according to Cord-Ruwisch is detecting free sulfide in the supernatant of the sediment 

slurries in the incubation vials. The dissolved sulfide is proved rapidly by its colloidal precipitation as CuS 

in a copper sulfate reagent (Cord-Ruwisch, 1985): 

CuSO4 + H2S  CuS + H2SO4        Eq. 4 

However, the method has its limitations as a tool for determining SR rates in time-series, when sulfide 

precipitates as metal sulfides or is re-oxidized to sulfate in the incubation vessel (Kasten & Jørgensen, 

2000; Jørgensen, 2000): 

Precipitation as pyrite in two steps: 

1) Fe2+ + H2S  FeS (mackinawite) + H2       Eq. 5 

2) FeS + S0  FeS2 (pyrite)        Eq. 6 

Re-oxidation to sulfate 

1) With oxygen: HS- + 2 O2  SO4
2- + H+      Eq. 7 

2) With nitrate: HS- + NO3
- + H+ + H2O  SO4

2- + NH4
+     Eq. 8 

In this case, a decrease rather than an increase in sulfide concentration would be observed. There are 

different reactants for sulfide: oxygen (O2), nitrate (NO3
-) or metals like iron (Fe). In the present study, 

the decrease in sulfide concentration could be explained by the presence of O2, which would oxidize 

sulfide (S2-) to sulfate (SO4
2-; Eq. 7). To detect the presence of O2, the indicator resazurin was added to 

the medium, turning pink in the presence of O2. In the present study no color shift was seen. But if the 

O2 was used up immediately by sulfide then no color shift of resazurin would be seen neither.  

As a second possibility, sulfide can be re-oxidized with nitrate by sulfide oxidizers in an anaerobic 

environment (Eq.8). In this experiment, it cannot be excluded that nitrate was present in the sediment. 

A last explanation would be that sulfide could precipitate as metal sulfides, e.g. FeS or FeS2 (Eq. 5+6). For 

the formation of metal sulfides the presence of metals like iron is needed, which was added to the 
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medium and was present in the pore water of sediment cores PC12 and PC13 (optical ICP measurement 

by Regina Surberg, data not shown). In coastal sediments, the concentration of iron is higher than in 

sediments from deeper regions because of iron input from dust and rivers (Boyd & Ellwood, 2010). 

Another critical point is the sensitivity of the method, which has a detection limit of 0.1 mM (Cord-

Ruwisch, 1985). This limit means every shift of concentration below this threshold cannot be monitored. 

Additionally, via the radiotracer method, AOM and SR could be detected, indicating that the method 

according to Cord-Ruwisch was not sensitive enough to detect any changes in the sulfide concentration 

in these experiments. However, an AOM rate of 100 nmol cm-3 d-1 would be enough to get a sufficient 

increase in sulfide as the following calculation will show: 

An AOM rate of 10 nmol cm-3 d-1 in a consortium would mean that the SR rate is also 

100 nmol cm-3 d-1. That means, 0.1 µmol cm-3 sulfate per day will be oxidized into the 

same amount of sulfide. Converted into the concentration unit of mmol/L, it would 

mean that 0.1 mmol/L would be produced per day. As 0.1 mM is the detection limit, an 

increase in sulfide should be seen, mainly if measurements were done once per week. 

An AOM rate of around 100 nmol cm-3 d-1 was measured in-vitro in the AOM zone, but no increase in 

dissolved sulfide was measured in the supernatant. The most likely reason would be that the sulfide 

could not be detected because it was bound as metal sulfides, like pyrite. The method according to 

Cord-Ruwisch is not able to detect gross sulfide production, but only the dissolved product in the 

supernatant. If this product reacts further and precipitates, it cannot be detected. 

The radiotracer technique is not dependent on free sulfide but can detect it in every form. So this 

technique is therefore the more sensitive method to detect even minor rates of AOM and SR. In the 

future, it should be thought of as an alternative to the method of Cord-Ruwisch, so that sulfide 

consumption by metals also can be detected. 

 

4.1.3 Methanogenesis (MG) 

Methane production did occur in all samples of the MG zone. To fuel MG and not SR, the concentration 

of sulfate in the medium was similar to the in-situ concentration, with 0.5 mM compared to 0.3-0.6 mM 

in the sediment pore water of PC12 and PC13. The measured MG rates were similar in magnitude to in-

vitro rates measured in sediments (0-40 cmbsf) from Eckernförde Bay (German Baltic), which is an area 

with high organic input and high methane concentrations resulting in gas bubble development (Treude 
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et al., 2005a). The MG rates from Eckernförde were between 0-10 nmol cm-3 d-1 in early September and 

between 0 and 30 nmol cm-3 d-1 in March (Treude et al., 2005a). In-vitro temperature was 12 °C, which 

was close to 13 °C in the temperature incubation from the present study. However, in-situ temperature 

was higher in Eckerförde than in the Beaufort Sea: 11 °C in September and 4 °C in March compared to 

0.5 °C in the Beaufort Sea. 

In PC12, Topt changed from 25 °C at 357 and 418 cmbsf to 37 °C in the deepest sample (513 cmbsf) in the 

case of rates determined by time series measurements (Fig. 3.7). But in the case of the radiotracer 

measurements, two Topt were seen in each of the three sediment depths: at 357 cmbsf Topt were at -3 

and 13 °C, at 418 cmbsf Topt were at -3 and 25 °C and in the deepest sediment layer Topt were again at -3 

and 13 °C (Fig. 3.7). 

At both depths (329 and 417 cmbsf) of PC 13, the Topt was at 25 °C in rates determined by time series 

measurements, but additionally at -5 and 25 °C in rates determined by radiotracer experiments (Fig. 

3.7). According to the Topt revealed by the time series measurements, probably mesophilic archaea 

belong to the microbial community who were still active at temperatures below 0 °C. According to the 

radiotracer measurements, both psychrophilic and mesophilic metabolism is possible. These findings 

lead to the hypothesis that it is a mixed microbial community of psychrophilic and mesophilic archaea 

mediating MG.  

 

A Topt that is much higher than the in-situ temperature was also found in the permanently cold 

sediments of Lake Constance, where in-situ temperature was 4 °C and Topt was around 40 °C (Schulz et 

al., 1997). This finding was explained by large catabolic adaptability, even if temperature changes are 

highly unlikely, such as in permanently cold sediment. 

Interesting are the high MG rates at the lowest temperatures -5 °C and -3 °C in the present study. 

Mesophilic microbes would normally not be active at temperatures below 0 °C, which led Sagemann et 

al., (1998) to the classification of ‘cold-adapted’ mesophils. But there is also the possibility of a mixed 

community of psychrophilic and mesophilic microbes, just that the mesophilic are more active at the 

warmer temperatures and vice versa. Sediments from deep stratified lakes also contained different 

microorganisms, including psychrophilic, mesophilic and thermophilic bacteria (Nozhevnikova et al., 

1997). 

 

Comparing the Topt determined by the two different methods in PC12 and PC13, the radiotracer method 

was the only one with additional Topt in the psychrophilic range. The radiotracer method is more 
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sensitive than the time series method and can reveal even slight activity in the sediment due to 

detection of conversion of radioactive isotopes (H14CO3
- to 14CH4). With the time series method, only the 

methane content in the headspace is measured, and this content could be affected by different factors, 

like out-gassing or methane oxidation. On the other hand, one has to keep in mind that the radiotracer 

experiments were carried out at the end of the 35-days long time series incubations. After this long 

time, the substrates could be used up in the sediment or the microbes could be exposed to thermal 

stress due to the long incubation period at the high temperatures. SRB in arctic sediments off Svalbard 

could maintain high activity at the highest temperatures only for a limited time, but were not able to 

keep this high activity due to thermal stress (Finke & Jørgensen, 2008). Perhaps the methanogens also 

could stand the thermal stress only for a limited time period. At the lowest temperatures, metabolism is 

the slowest and substrates should be still available.  

Methane production was also detected in permafrost soils at -3 °C and -6 °C after spiking with acetate 

and hydrogen (Wagner et al., 2007). But in permafrost soils, the in-situ temperature is -6 °C and not 

0.5 °C, as in the present study, i.e. the microbes are probably preconditioned to these low temperatures.  

 

In addition to the slightly different Topt, the rates determined by the two different methods differ in 

another point: the rates determined by time series measurements were nearly always higher than the 

rate determined by radiotracer experiments (Fig.8). One explanation could be that the rate determined 

by radiotracer measurements could only detect MG on the basis of bicarbonate (H14CO3
-), meaning on 

the basis of the reduction of CO2 with hydrogen (Eq. 3). But methanogens can utilize many other 

substrates such as acetate, methanol, methylamines, and methyl sulfides (Fuchs, 2007). Usually the 

main electron acceptor in marine systems is CO2 (reaction with H2; Jørgensen, 2000) and in freshwater 

systems is acetate (Nozhevnikova et al., 1997). The time series measurements, on the other hand, 

detect the total methane production from all substrates available in the sediment resulting in much 

higher MG rates. 

 

4.1.4 Coexistence of AOM, SR and MG 

Ex-situ (Treude & Krause, unpubl. data), as well as in-vitro (this study) experiments revealed potential SR 

and AOM activity within the MG zone of both cores PC12 and PC13. The in-vitro rates of SR were of the 

same magnitude as the SR rates in the AOM zone in the first inhibition experiment, but 3 times higher in 

the second inhibition experiment. The in-vitro rates of AOM were one order of magnitude lower than 
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the rate in the AOM zone. Results of the inhibition experiments pose two questions: 1) Was AOM 

coupled to SR, and 2) could AOM be only the back reaction of MG? 

First, the question of coupling will be discussed. Molybdate is an analogue of sulfate and inhibits sulfate 

reduction competitively. It depletes the ATP pool, thus leading to cell death of sulfate reducing bacteria 

(Oremland and Capone, 1988; Jørgensen, 2000). In the present study, SR was completely inhibited by 

molybdate (Fig. 3.8). In contrast, AOM revealed no significant inhibition (Fig. 3.8). In previous studies, 

the inhibition of SR by molybdate caused a decrease of AOM (28 mM molybdate, Orcutt et al., 2008) or 

a complete inhibition of AOM (10 mM molybdate, Nauhaus et al., 2005). A logical explanation for these 

finding is that AOM was directly coupled to SR. If the two processes also were coupled in the present 

study, an inhibition of one of the processes should have led to a (at least partial) inhibition of the other 

process as well, which should have be seen in the magnitude of the rates. However, the results of the 

inhibition with molybdate suggest that AOM and SR in the MG zone were not coupled.  

If AOM was not coupled to SR in the MG zone, then perhaps the observed activity was not "real" AOM 

but just the back reaction of MG. Methanotrophic and methanogenic archaea exhibit related forms of 

the enzyme methyl coenzyme M reductase, which catalyses the last step of MG and the first step during 

AOM (Krüger et al., 2005). As AOM seems to be similar to reverse methanogenesis, it could also be 

possible that methanogens themselves are able to oxidize methane. Zehnder & Brock (1979) found that 

methanogens oxidize a small amount of methane during methanogenesis. According to their studies, 

the back reaction accounts for 0.3 to 0.001 % of the methane production rate. In the present study, 

AOM rates in the MG zone determined at 13 °C were much smaller than the MG rate. However, the 

AOM rate accounted for ~25 % of the MG rate. So the possibility of AOM being the back reaction is 

unlikely. For further support, the results from the second inhibition experiment with BES can be taken. 

BES is a structural analogue to coenzyme M and inhibitor of the methyl-coenzyme M reductase complex 

in methanogenic bacteria (Oremland & Capone, 1988). As mentioned above, there is significant 

evidence that a modified form of methyl coenzyme M reductase catalyses the first step of AOM in 

anaerobic methanotrophic bacteria (ANME), which are phylogenetically related to methanogenic 

archaea (Krüger et al., 2005; Meyerdieks et al., 2005). This evidence suggests that BES should inhibit 

both MG and AOM, primarily if AOM is just the back reaction of MG. 

Results from the inhibition experiment with BES revealed no inhibition effect of BES on AOM (and 

neither on SR, Fig. 3.9). SR rates with BES were significantly higher than without, whereas AOM rates 

were significantly higher only in one sample (PC13=418 cmbsf). These data strengthen the hypothesis 
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that AOM is not the back reaction of MG in the present study. It could be possible that measured AOM 

rates in the MG zone were produced by an unknown organism without a syntrophic partner. Previous 

studies suggested that only archaea could be responsible for AOM (Knittel & Boetius (2009) and 

references therein; Treude et al., 2005a). 

The inhibition effect of BES on AOM has been reported with different success in the literature. In studies 

with sediment from the crest of the Southern Hydrate Ridge (1-4 cmbsf), NE Pacific, 1 mM BES inhibited 

methane-dependent sulfate reduction (Nauhaus et al., 2005), whereas in coastal sediments from Skan 

Bay (Alaska), even 20 mM BES caused no inhibition of AOM (Alperin & Reeburgh, 1985). In experiments 

with sediments from the Gulf of Mexico (up to depth of 15 cmbsf), neither SR nor AOM was inhibited by 

a concentration of 5 mM BES (Orcutt et al., 2008). The authors suggested that the concentration of BES 

was too low for a successful inhibition. In the present study, the applied BES concentration was 12 times 

higher (60 mM). A concentration of 60 mM BES was sufficient to achieve a 76 % inhibition of AOM in 

coastal sediments from Cape Lookout Bight, North Carolina, without any boosting effects (Hoehler et al., 

1994). This study leads to the suggestion that 60 mM BES would be a sufficient concentration at least to 

see some inhibition effect. 

Ungerfeld et al., (2004) proposed that methanogens capable of synthesizing coenzyme-M (CoM) exhibit 

lower rates of transport of external CoM, and also its analogue BES, into the cell, so that they are likely 

to be more resistant to BES. The ruminal methanogen M. ruminantium is one example for requiring CoM 

(Ungerfeld et al., 2004). M. mazei, which can also occur in marine systems, is capable of synthesizing 

CoM. 

But it is not known, if in the sediments of the present study also ANMEs mediating AOM occur, which 

are not able to synthezise CoM on their own. 

It is also possible that the microorganisms mediating AOM in the sediments of the Beaufort Sea were 

insensitive to BES. Studies showed that Methanosarcina mutants exhibit a BES-resistance due to cell wall 

impermeability (Smith & Mah, 1981; Smith 1983). The permeability barrier discriminated among 

analogues of BES on the basis of charged groups opposite the bromo group (Smith 1983). As the order 

Methanosarcinales is closely related to the clusters of ANME 1, 2, and 3, mediating AOM (Knittel & 

Boetius, 2009), it is possible that the characteristic of BES-resistance can occur also in methylotrophs. 

 

The fact that BES did not inhibit SR strengthens the suggestion that AOM and SR were not coupled in the 

MG zone. So the possibility of methane-independent SR in these depths has to be discussed. 
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Generally, methanogens compete with sulfate-reducing bacteria for the substrates acetate and H2, and 

are successfully outcompeted because the bacteria have a much lower threshold for these compounds 

(Oremland & Polcin, 1982). In marine sediments, often there is found a clear separation between these 

two processes (Niewöhner et al., 1998; Treude et al., 2005a): methanogenesis is mainly found below the 

zone of SR in the sediment. In sediments (0-15 cmbsf) from a whale fall in the Santa Cruz Basin, the co-

occurrence of MG and SR was demonstrated because at these depths sulfate was still available (Treude 

et al., 2009). The reason for the co-occurrence was probably the availability of competitive electron 

donors in excess due to whale blubber etc. In addition, non-competitive electron donors like methanol 

or methylamine occurred in these sediments.  

 However, in the present study, the co-existence of MG and SR in the deep arctic sediment could be 

explained by another observation. Sulfate reduction needs the electron donor sulfate. At these 

sediment depths, over two meters, in PC12 and PC13 there is little sulfate left in the pore water (Fig. 

2.2). 

As mentioned at the beginning, S. Krause and T. Treude made the hypothesis that barite could function 

as a sulfate source at depths where pore water sulfate is very low (see 1.4.5). The average seawater 

concentration of barium in shelf regions of the Arctic Ocean is 20-170 nM (Guay& Falkner, 1996). Barium 

concentration in the sediment profile reaches over 10000 nM in PC12 and nearly 8000 nM in PC13, i.e. 

nearly 100 times higher than the average seawater level (Fig. 2.3).  

Bolze et al., (1974) showed that microbial sulfate reduction can mobilize barium where barite is the only 

source of sulfate present. However, a great deal of energy is probably needed to break the bonds 

between the barium and sulfate ions. This energy demand could be the reason why SRB do not 

outcompete the methanogens and co-existence is possible. The boosting of SR by BES can now be 

explained as follows: BES inhibited the methanogens and because of the eliminated competition, the 

SRB could utilize all the available substrates.  

The last point to note is the different magnitudes of SR rates in experiments without inhibitors 

(molybdate and BES, Fig. 3.8+3.9). SR rates without inhibitor in the BES experiment were up to 5 times 

higher than the SR rates in the experiment without molybdate. The most likely reason for this difference 

in rate magnitude is the past temperature history of the sediment used in the inhibition experiments. 

The molybdate experiment was conducted temporally before the one with BES and was done with a 

mixture of the residual sediment slurries from the temperature incubation of -1, 0.5, 1.5, 4 and 6 °C 

because the temperature incubations of -5, -3, 13, 25 and 37 °C were still running. In contrast, the BES 

experiment was conducted afterwards with a mixture of the residual sediment slurries from the 
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temperature incubations of -5, -3, 13, 25 and 37 °C. The incubation temperature of the inhibition 

experiment was 13 °C. Van’t Hoff’s Law indicates that an increase in temperature of 10 °C leads to a 

twofold increase in reaction velocity. Applying this rule to the temperature experiments of this study, 

the microbes in the sediment at 13, 25 and 37 °C had higher process rates than the ones in the 

sediments at colder temperatures. Probably more organic matter was mobilized in the warmer 

sediments due to higher fermentation processes. This higher substrate availability led to higher SR rates. 

 

4.1.5 Effect of temperature rise due to climate change on processes of AOM and MG 

Recent climate modeling suggests a temperature increase up to 1.5 °C in the next 100 years along the 

continental slope in the Beaufort Sea (Kretschmer, 2010, unpublished data). By looking at the potential 

AOM rates in the AOM zone measured at 0.5 and 1.5 °C, only the rates of PC13=132 cmbsf measured at 

1.5 °C were significantly higher than the ones at 0.5 °C (t-test, α<0.05)(annex, Fig. 2). It was an increase 

of 33.5 % from 22.1 to 29.5 nmol cm-3 d-1. 

No significant difference in MG rates of radiotracer measurements was detected between 0.5 and 1.5 °C 

(t-test, alpha> 0.05; Fig.3.7). In the case of the rates measured with times series, there was a 

significantly increase detected in both samples of PC13 (417 and 329 cmbsf). The increase was 11.2 % in 

the section of 329 cmbsf and 33.9 % in the section of 417 cmbsf. 

To sum up, an increase in MG of around 45 % was detected in the MG zone of PC 13. Around 74 % of the 

produced methane could be caught by AOM, so that probably around 26 % could bypass the methane 

filter and reach shallower sediment layers or even the hydrosphere. In shallow water depths like coastal 

regions it could be possible that the released methane can reach the atmosphere where it would 

strengthens the greenhouse effect (IPCC, 2007). However, the value of 26 % has to be treated with 

caution because it is known, that the rate of AOM is stimulated with increasing methane partial pressure 

(Nauhaus et al., 2002). Hence, probably even more methane can be caught by AOM than only 74 %. 

Aerobic oxidation of methane was not examined in this study, which is another methane consuming 

process in surface sediments and in the water column. So it is uncertain if the increase in methane 

production really leads to higher methane releases from the sediment, because of 1) simultaneous 

increase of AOM and 2) unknown data of other methane consuming processes like aerobic methane 

oxidation. 
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4.2 Proportion of Bacteria and Archaea in the sediment 

For each sediment zone, one sample of PC12 and PC13 was microscopically investigated using CARD-

FISH and SYBR Green I. Total cell numbers were similar to previous studies with arctic sediments from 

Svalbard (4-6 x 109 cells cm-3; Robador et al., 2009; Ravenschlag et al., 2001), though the cell counts did 

not reach such sediment depths as in the present study (3-19 cmbsf to over 300 cmbsf, respectively). 

The total cell number, as well as the number of bacteria, decreased in the deeper sections (Fig. 3.13). A 

decrease in total cell numbers with depth was also reported by Sahm et al., (1997) within the first 28 cm 

of Svalbard sediments. The most likely reason for the decrease in cell number is the lower availability of 

organic substrates in greater sediment depths (Ravenschlag et al., 2001, Rullkötter, 2000). 

In the shallowest sample from PC12 and PC13 (12 and 34 cmbsf), bacteria were dominating. In this zone, 

high rates of SR were detected, which is mediated by bacteria (Jørgensen, 1982). In the deeper sections, 

the dominance of bacteria was decreasing, most likely because archaeal processes prevail in deeper 

sections, like AOM and MG. In the shallow depths of sediments off Svalbard archaea made up only a 

minor part of the microbial community, where SR was still the main anaerobic process (Ravenschlag et 

al., 2001). Here, Eubacteria accounted for most of the microbial community. On continental shelves, SR 

is considered to be the most important process of organic material degradation (Jørgensen, 1982; 

Canfield, 1993). 

In the present study, archaea made up over 50 % of the community in the two deepest samples from 

PC12 (159 and 31 cmbsf) while it was around 40 % in PC13 (173 and 326 cmbsf) (Fig. 3.13). In both cores, 

a higher number of archaea was measured in the intermediate depth sections (159 and 173 cmbsf), 

which was in accordance with the finding of AOM, which is usually mediated by archaea and bacteria 

(Hoehler et al., 1994, Boetius et al., 2000), at this depth. But there is no counter evidence, that also 

single archaea (or bacteria) could mediate AOM. 

In the deepest section of PC12 and PC13 (319 and 326 cmbsf), archaea dominated in PC12 and equaled 

the number of bacteria in PC13. In this zone, MG, which is mediated only by archaea, was detected. But 

as there was also AOM and SR activity in the MG zone, the occurrence of bacteria cannot be excluded. 

 

4.3 Conclusion and Outlook 

This study revealed that there is a zonation of three main microbial processes in the examined 

sediments from the Beaufort Sea: sulfate reduction (SR) as the main process in the shallower sediment 

depth, anaerobic oxidation of methane (AOM) in the intermediate sediment depth and methanogenesis 
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(MG) as the dominant microbial process in the sediment depths >3 m. Regarding temperature effects, it 

seems as if the processes are mediated by a psychrophilic to mesophilic microbial community. The 

microbes are active at temperatures below 0 °C, as well as at warmer temperatures up to 37 °C. 

A temperature rise would probably lead to a positive selection of mesophilic microbes. The suggested 

temperature rise of 1.5 °C on the continental slope of the Beaufort Sea led to an increase of methane 

production in PC13 of around 45 %, which was nearly compensated by a 33.5 %-increase of AOM. Still, 

~26 % methane can probably bypass the AOM filter and if it would reach the atmosphere, would react 

as a strong greenhouse gas. 

The present study is the first showing that SR and MG can coexist in the MG zone, although sulfate was 

only present in low concentrations. The co-occurrence of SR and MG maybe explained by “weak” sulfate 

reducers, which were not able to outcompete the methanogens. The SRB in the present study probably 

use barite (BaSO4) as an alternative sulfate source. This utilization probably consumes energy, which is 

advantageous for the methanogens in the competition of substrates. Furthermore, the occurrence of 

AOM in the MG zone was found. AOM was not mediated by a consortium of SRB and archaea, but by an 

unknown organism (single bacteria or archaea). 

 

In general more studies with arctic sediments should be done in order to understand the microbial 

processes at the current status and to combine it with effects of possible climate change. Especially 

regions that are now open water areas due to ice melting should be examined, as they would react very 

sensitively to environmental changes. 

The focus should not be only on temperature rise, but also on other effects of climate change, e.g. pH 

decrease or the effect of gas hydrate destabilization, which can also affect microbial processes in the 

sediment. 

Further studies should also focus on the co-existence of SR and MG in depths where sulfate plays a 

minor role in the pore water. Primarily, one should investigate the possibility of AOM mediated only by 

archaea or bacteria. More detailed CARD-FISH investigations may help to identify known archaea or 

bacteria in this zone. To achieve further insight into the microbial community present, metagenomic 

studies are required. 
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6. Annex 

a) SR rate in the SR zone, non-logarithmic version 
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Figure 1: SR rates determined by radiotracer techniques in samples from the SR zone (A-D) at 10 different 
temperatures; mean of three replicates is shown as solid line; substrate: acetate (10mM), please note the different scale 
of PC06 due to the low rates 
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b) SR rate in the AOM zone, non-logarithmic version 
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Figure 2: Sulfate reduction rates determined by radiotracer measurements in the samples from the AOM zone at 10 
different temperatures, A: samples of PC12, B: samples of PC13; mean of three replicates is shown as solid line 
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c) AOM rate in the AOM zone, non-logarithmic version 
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Figure 3: AOM determined by radiotracer measurements in the samples from the AOM zone at 10 different 
temperatures; A: samples of PC12, B: samples of PC13; mean of three replicates is shown as solid line 
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