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Abstract 

Sulfate reduction (SR) is a fundamental process in the global sulfur cycle. SR bacteria use 

sulfate as terminal electron acceptor and can contribute to more than 50% to the organic 

matter degradation in marine benthic environments. Microbial nitrogen (N2) fixation is 

introducing bioavailable nitrogen, in the form of ammonia and ammonium, back into the 

environment. Because bioavailable nitrogen often limits marine productivity, N2 fixation 

plays an important role in the N cycle and in global biogeochemical cycles. SR bacteria, such 

as Desulfovibrio vulgaris, were shown to have the genetic capability to fix nitrogen. 

However, the effect of temperature, as well as organic matter sources, on N2 fixation 

coupled to SR, by SR bacteria, are still poorly understood. A previous study conducted with 

Eckernförde Bay (EFB) sediments, revealed a possible direct correlation between N2 fixation, 

SR rates, as well as temperature. To investigate the effect of temperature and organic 

matter on N2 fixation coupled to SR, sediment samples were taken in EFB and the microbial 

processes of N2 fixation and SR examined, as well as the abundance of D. vulgaris.  

 

Two different experiments were conducted in this master thesis. Experiment 1 was focusing 

on temperature effects on N2 fixation and SR. Sediment from EFB was incubated under two 

different temperature conditions (3° C and 13 °C) and SR rates were determined via 

radiotracer experiments with 35SO4
2-. Nitrogenase activity as a measure of N2 fixation was 

examined by the acetylene reduction assay. The catalyzed reported deposition fluorescence 

in situ hybridization (CARD-FISH) was applied to determine the abundance of D. vulgaris in 

the sediment. In Experiment 2, the effect of organic carbon in respective processes was 

investigated. Sediment slurries were prepared, adding two different organic carbon species 

(phytoplankton and macrofauna material) at two different energy levels. These slurries were 

incubated at 13 °C for 15 days and were than examined for SR and N2 fixation rates. The 

same methods as in Experiment 1 were applied.  

 

Results from Experiment 1 indicated that SR rates were higher at 13 °C than at 3 °C. 

Integrating SR rates over 0 - 15 cm sediment depth, the  13 °C treatment was five times 

higher (1052 nmol SO4
2- cm-2 d-1), than the 3 °C sample (203 nmol SO4

2- cm-2 d-1 ). The 

number of total cells per ml sediment, as well as the number of D. vulgaris, was decreasing 

with increasing sediment depth. Maximum total cell counts were observed in the first cm of 
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sediment (1.97 x 109 ml-1), whereas the same applied for D. vulgaris counts (1.02 x 108 ml-1). 

In Experiment 2, SR rates and nitrogenase activity showed a positive correlation with the 

energy value of added organic carbon. Additionally, phytoplankton samples showed higher 

rates than macrofauna samples. 

 

In conclusion, N2 fixation and SR in EFB sediments were positivly correlated to temperature 

and might be performed by the organism D. vulgaris. Type and energy value of supplied 

organic matter stimulated N2 fixation as well as SR rates. Results indicated that microbial 

processes in EFB are highly influenced by seasonal variations, what was shown in a previous 

study for AOM rates. An increase in temperature could lead to higher N2 fixation and SR 

rates in EFB sediments. However, it is uncertain if increased organic matter in combination 

with higher temperature would lead to even higher rates because highest rates could be 

reached for N2 fixation coupled to SR because bacteria have reached the maximum rate 

(Kmax). But as CARD-FISH examines only the natural abundance, it is important for future 

studies to further focus on the question how much N2 fixation one cell can accomplish and 

conduct nanometer-scale secondary ion mass spectrometry or quantitative real time 

polymerase chain reaction.  
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1. Introduction 

Sulfate reduction (SR) and nitrogen (N2) fixation are fundamental processes in two globally 

important biogeochemical cycles, namely the sulfur and the nitrogen cycles. SR is done by 

sulfate-reducing bacteria, typically in anoxic habitats, where sulfate is used as the terminal 

electron acceptor for the microbial degradation of organic matter, resulting in sulfide as the  

final product (Postgate 1965; Jørgensen 1977; Muyzer & Stams 2008). Microbial N2 fixation is 

defined as the reduction of dinitrogen gas (N2) to ammonia- (Postgate 1982; Brandes et al. 

2007) and may allow for the introduction of bio-available nitrogen into the surrounding 

environment. These two processes, SR and N2 fixation, can occur in both, terrestrial and 

marine environments, including some marine benthic habitats (Capone 1988; Steppe & Paerl 

2002). Various sulfate-reducing bacteria, such as Desulfovibrio vulgaris, have been shown to 

fix nitrogen (Sisler & ZoBell 1951; Riederer-Henderson & Wilson 1970). Additionally, many 

more sulfate-reducing bacteria have been shown to have the genetic capability to fix 

nitrogen (Zehr et al. 1995). Combining the ability to fix nitrogen and the high abundance in 

marine sediments, N2 fixation by D. vulgaris could be an important process, introducing new 

nitrogen back into marine sediments. 

1.1. Microbial degradation process - Sulfate Reduction  

Sulfate reduction (SR) is one of the most important anaerobic microbial degradation 

processes in marine sediments. It is performed for the most part by sulfate-reducing bacteria 

(SR bacteria), which take up sulfate as a nutrient and reduce it to sulfide (Jørgensen 1977; 

Muyzer & Stams 2008). Additionally, there exists one genus of hyperthermophilic archaea 

(Archaeoglobus) that carries out SR (Stetter et al., 1993). Two types of SR can be 

distinguished: (1) assimilatory SR, which is used for building organic sulfur compounds and 

(2) dissimilatory SR, which is required by microbes to gain energy (Kasten & Jørgensen 2000). 

The following research will be focusing on the dissimilatory SR. The overall reaction of the 

bacterial dissimilatory SR is (Eq. 1): 

Eq. 1:  2CH2O + SO4
2-  2HCO3

- + H2S (Kallmeyer et al. 2004) 

Rates can vary eight orders of magnitude (Goldhaber & Kaplan, 1975; Westrich, 1983), 

ranging from 2.8 x 10-1 mol l-1 y-1 measured in laboratory jar experiments for interstitial 

water sediments (Martens & Berner 1974), to 3.7 x 10-2 mol l-1 y-1 in coastal sediments 

(Berner 1972), but reaching as low as 7.3 x 10-8 mol l-1 y-1 when modeled for the deep 
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biosphere (Tsou et al. 1973). SR rates vary depending on location, typically with very high 

rates at continental margins and decreased rates in the basins (Canfield, 1991).  

The microbial degradation of organic matter in marine sediments is stratified vertically (Fig. 

1), such that electron acceptors and corresponding products disappear and appear, 

respectively. This stratification is based on the decreasing energy yield per mol organic 

carbon of the respective oxidant, this process is called ‘redox cascade’ (Jørgensen 1983; 

Iversen & Jørgensen 1985). The redox cascade implies that the major electron acceptor in 

oxic conditions is oxygen, which yields the most energy in aerobic respiration. After all 

oxygen is depleted, nitrate and reactive metals (MnO2, Fe2O3) are reduced next, followed by 

SR (Martens & Berner 1974).  

In most cases, sulfate concentrations in porewater samples result in a concave-down profile 

(SO4
2- in Fig. 1). Concentrations decrease with increasing sediment depth and once the 

sulfate pool is depleted, methane (CH4) accumulates as the end product of anaerobic 

diagenesis via methanogenesis (Martens & Berner 1974; Jørgensen 1983; Martens et al. 

1999).  

 

Fig. 1: Graphs of oxidants and corresponding products in porewater of marine sediments. The 

graphs are nested in each other and the relative depth is shown by the dashed lines. Sulfate 

reduction occurs as the penultimate degradation process, and methanogenesis as last process 

(Jørgensen, 1983).    

 

Principally, SR bacteria use sulfate, which is regarded as the most oxidized form of sulfur, as 

the terminal electron acceptor for the degradation of organic carbon species (Muyzer & 

Stams, 2008). SR bacteria are typically regarded as anaerobic microorganisms and are 

abundant in high numbers in a variety of the worlds’ ecosystems. These bacteria play an 

essential role in the biogeochemical cycling of sulfate in marine sediments (Jørgensen 1977; 
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Plugge et al. 2011). In some benthic environments, SR bacteria can contribute to ≥ 50% of 

the organic carbon degradation (Jørgensen 1982). Because of the low oxygen concentrations 

in the water column (areas with < 22 mol O2 l-1 (Wyrtki 1962; Kamykowski & Zentara 

1990)), due to the aerobic degradation of organic matter and because of the high organic 

carbon content reaching the sediment, upwelling regions, such as off Peru or Namibia, 

typically display high benthic SR rates (Canfield, 1991). SR bacteria have successfully adapted 

to most marine environments, including very extreme environments, such as deep-sea 

hydrothermal vent systems (Jeanthon et al., 2002), deep-sea whale falls (Treude et al. 2009) 

or hydrocarbon seeps, where bacteria are eventually involved in degrading hydrocarbons or 

petroleum byproducts (Barton & Fauque 2009; Orcutt et al. 2010).  

In general, SR bacteria perform two different lifestyles, depending on environmental 

conditions. Ether SR bacteria outcompete methanogens for substrates and perform SR, 

known as a “sulfidogenic lifestyle”, or the bacteria grow in syntrophy with methanogenic 

archaea, using a syntrophic metabolism (e.g. producing hydrogen, which a methanogen 

uses) (Bryant et al. 1977; Muyzer & Stams, 2008).  

Studies also indicate that some SR bacteria have the genetic ability to fix molecular nitrogen 

(Zehr & Paerl 2008). It appeared that these bacteria carry the nifH gene, the gene encoding 

for the nitrogenase enzyme and needed for N2 fixation. This gene was detected in the genera 

Desulfobulbus, Desulfobacter, Desulfotomaculum and Desulfovibrio, with cultures of 

Desulfovibrio gigas and Desulfovibrio vulgaris used in early examinations of N2 fixation by SR 

bacteria (Riederer-Henderson & Wilson, 1970).    

1.2. Nitrogen Fixation  

Nitrogen is a fundamental element in many biogeochemical cycles in marine environments 

and is essential for all living things (Ward & Bronk, 2001). Only 2 % of nitrogen in the 

seawater is available for organisms in the form of Nitrate (NO3
-), whereas much of the 

remaining nitrogen exists as N2. Consequently, a significant limitation of bioavailable 

nitrogen (NO3
- and NH4

+) exists in the oceans (Brandes & Devol, 2002; Gruber, 2008). This 

limitation makes N2 fixation to the dominant source of bioavailable nitrogen in marine 

environments (Falkowski et al. 1998; Strous et al. 1999; Brandes & Devol 2002).  

Biological N2 fixation is defined as the reduction of dinitrogen gas to ammonia and has been 

established as (Eq. 2) (Simpson & Burris 1984; Kim & Rees 1994): 

Eq. 2: N2 + 8H+ + 8e- + 16MgATP   2NH3 + H2 + 16MgADP + 16Pi    
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In general, oceanic nitrogen exists in five forms: (i) Nitrogen gas (N2), which first has to be 

converted into ammonium by nitrogen fixing bacteria or archaea, before other organisms 

can incorporate it into their biomass, (ii) Nitrate (NO3
-), the most oxidized form and the 

dominant form in oxic environments, (iii) Ammonium (NH4
+), the reduced form and the 

dominant form in anoxic systems, (iv) Particulate nitrogen, in the form of organic nitrogen, 

mainly found in sediments or in deep-sea waters, (v) Dissolved organic nitrogen (DON), 

which represents a mixture of compounds (Brandes et al., 2007; McCarthy et al. 1998; Ward 

& Bronk, 2001). 

In a simplified way, the marine nitrogen cycle, including major flux terms, can be 

summarized in six processes: N2 fixation, pelagic- and benthic denitrification (converting 

fixed nitrogen back to N2), river– and atmospheric input, and lastly sediment burial of 

organic matter (Brandes et al., 2007; Brandes & Devol, 2002; Galloway et al., 2004).  

Over the recent years, a complex global nitrogen cycle has emerged, involving N2 fixation, 

denitrification, anaerobic ammonium oxidation, oxygen-limited autotrophic 

nitrification−denitrification (OLAND), chemodenitrification and dissimilatory nitrate 

reduction to ammonium (DNRA) (see Fig. 2) (Brandes et al., 2007).  

New processes, particularly in sediments, were discovered, such as the anaerobic 

ammonium oxidation in 1999 (Strous et al. 1999). Because this process includes the 

conversion of ammonium and nitrite to N2, this was revealed to be a second sink, besides 

denitrification, for bioavailable nitrogen (Brandes et al. 2007). Denitrification in marine 

sediments and in the water column is occurring in a depth of 200 – 700 m and mainly in 

oxygen minimum zones (OMZ = areas with < 22 mol O2 l-1 (Wyrtki 1962; Kamykowski & 

Zentara 1990)). These zones are located in the Arabian Sea, the north and south eastern 

Pacific and at the west coast of South Africa (Brandes & Devol, 2002; Capone & Knapp, 

2007).   

Highest rates for N2 fixation were not, as previously thought, in the Atlantic with its iron-rich 

dust input, but downstream the OMZ in the Pacific Ocean. The Pacific Ocean is depleted in 

iron but high in water column denitrification. Therefore, N2 fixation is closely related to 

nitrogen depleted areas, more precisely to denitrification zones. This finding would lead to 

the conclusion that the nitrogen cycle stabilizes the oceanic nitrogen budgets over time.  

However, the links between the different compounds, as well as the feedbacks, budgets and 

implications of these pathways, still remain unclear.   
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Fig. 2: Today´s global nitrogen cycle including all processes and compounds of each step. OLAND: 

oxygen-limited autotrophic nitrification denitrification; DNRA: dissimilatory nitrate reduction to 

ammonium. Arrows indicate the direction of process. (Brandes et al., 2007) 

 

Estimates of sources and sinks of global nitrogen budgets are still a topic of much debate 

and several estimates exist in the literature. One estimate of sources for global marine N2 

fixation is in a range of 120 ± 50 T g N y-1 (Gruber, 2004), whereas one estimate for total 

global nitrogen sources is at 294 T g N y-1 (Codispoti, 1995). One estimate for global nitrogen 

sinks is 482 T g N y-1 (Codispoti, 1995). In summary, estimated budgets of sinks and sources 

for nitrogen seem to be unbalanced, which means that sources (N2 fixation) do not equal 

sinks (denitrification), and Brandes et al.  (2007) come up with a net budget of up to -200 T g 

N y-1. Consequently, there must be an under- or overestimation of budgets (Brandes 2002; 

Capone & Knapp 2007). However, Gruber (2004) estimated sources to be 265 ± 50 T g N y-1  

and sinks to be 275 ± 50 T g N y-1,  which would result in roughly a balanced budget. 

Nevertheless, there are several estimates present and this estimation is still a topic of much 

debate. 

However, all estimated nitrogen budgets agree that the marine nitrogen cycle is extremely 

dynamic, with the residence time of fixed nitrogen estimated to be only 3,000 years 

(Codispoti, 1995). In comparison, the residence time of nitrogen gas in the ocean is ~ 54,000 
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years (Gruber, 2008). Due to the short turnover time of fixed nitrogen, slight changes in 

sources and sinks could affect the global productivity and also CO2 levels in the atmosphere 

(Ganeshram et al. 2000).   

Microorganisms capable of N2 fixation are termed diazotrophs. These microbes are 

categorized either as free-living diazotrophs, which include e.g. Desulfovibrio spp and 

Trichodesmium spp (Capone et al. 1997) or as symbiotic diazotrophs that live in symbiosis 

with other organisms, such as the cyanobacterium Anabaena azollae, which is the 

endosymbiont of the aquatic fern Azolla (Wagner, 1997). Diazotrophs have an extremely 

oxygen sensitive molybdenum-iron-, iron- (Kim & Rees, 1994) or vanadium- (Robsen et al., 

1986) enzyme complex, referred to as nitrogenase. Nitrogenase breaks the triple bonds in 

nitrogen gas to form bioavailable nitrogen  (Capone 1988; Brandes et al. 2007). Three genes 

(nifH, nifD and nifK) encode for nitrogenase, with nifH often used for phylogenetic studies 

among the diazotrophs. Amazingly, nitrogenase enzymes from various organisms show a 

remarkable homology (Ruvkun & Ausubel 1980; Zehr & Paerl 2008). Nitrogenase is able to 

reduce a broad range of analogous molecules besides nitrogen gas (Lockshin & Burris 1965), 

such as acetylene (Dilworth, 1966). This ability can be used to determine nitrogenase activity 

(NA)  via the acetylene reduction assay (Capone, 1988). The acetylene reduction assay is an 

in situ method to detect NA in a sample, based on the reduction of acetylene (C2H2) to 

ethylene (C2H4) by the nitrogen-fixing complex. The temporal increase of ethylene in 

samples can be measured by flame ionization gas chromatography (Hardy et al. 1968; 

Stewart et al. 1967). Thereby, the amount of acetylene reduced to ethylene serves as an 

indication for N2 fixation rates. The application of acetylene reduction assay is sensitive, cost 

effective and a simple method to determine NA (Capone, 1993). Therefore, this method has 

several advantages compared to other methods, such as the δ15N2, what was revealed to 

underestimate N2 fixation rates when δ15N2 was injected as gas bubble (Mohr et al. 2010). 

The reaction for C2H2 reduction is (Eq. 3):  

Eq. 3  C2H2 + 2H+ + 2e-  C2H4 (Capone, 1988) 

To convert from C2H4 to N2, a ratio of 3:1 is appropriate for benthic samples, whereas a 4:1 

ratio gave good agreements with δ15N2 results for planktonic samples (Capone, 1993).    

However, still a lot of unanswered questions remain, concerning the benthic and pelagic 

marine N2 fixation, including trace elements, nutrients, temperature, organic carbon 

availability and also anthropogenic effects (Sohm et al., 2011). 
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1.3. Marine benthic nitrogen fixation by sulfate-reducing bacteria 

Certain species of SR bacteria have shown evidence of the ability to fix molecular nitrogen. 

This possibility was discovered more than 60 years ago, when a survey nitrogen/argon ratios 

examined (Sisler & ZoBell, 1951). More recent work has shown that many additional SR 

bacteria have the genetic ability to fix molecular nitrogen (Zehr et al. 1995). However, the 

role of SR bacteria in the global nitrogen cycle is not yet fully understood. 

Most of the previous research has focused on pelagic N2 fixation, but benthic N2 fixation can 

also occur. This occurrence has been investigated in recent years, with many scientists 

concentrating on microbial mats and plant rhizospheres (Herbert 1975; Steppe & Paerl 

2002). Productive coastal sea-grass rhizosphere sediments show very high rates of SR and N2 

fixation due to the high input of organic matter from the sea-grass roots. The high input of 

organics results in high microbial activities in the surrounding sediment and, consequently, 

to high rates of SR and N2 fixation (Herbert, 1975). Calculations show that the amount of 

bacterial N2 fixation in benthic rhizosphere systems accounts for 10 – 50% of the total 

nitrogen requirement for photosynthetic sea-grass growth, making N2 fixation by SR bacteria 

a fundamental process in marine rhizosphere-systems (Capone 1988).   

One important remaining question is whether SR bacteria also considerably contribute to 

nitrogen cycling in other marine benthic systems. 

In coastal waters, burrowing ghost shrimps were found that create a three dimensional 

zonation pattern in the sediment. This zonation pattern was created via the processes of 

bioturbation and bioirrigation, that supported increased rates of SR and N2 fixation (Bertics 

et al. 2010b). Bioturbation and bioirrigation introduced organic matter deeper into the 

sediment, which led to N2 fixation by SR bacteria that resulted in new bioavailable nitrogen 

in marine sediments.   

In conclusion, N2 fixation by SR bacteria could be an important process, introducing new 

nitrogen back into marine sediments. Still, there are many debates about N2 fixation 

mediated by SR bacteria, or benthic bacteria in general, and their contribution to the 

nitrogen cycle. However, the global volume of bioturbated sediment was suggested to be > 

20 700 km³ (Teal et al. 2008), given this number, benthic N2 fixation by SR bacteria may play 

an important role in the global marine nitrogen cycle. Up to now, not much research has 

been devoted to this question. 
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1.4. The sulfate-reducing bacterium Desulfovibrio vulgaris  

The sulfate-reducing bacterium Desulfovibrio vulgaris is found in marine benthic 

environments (Mussmann et al. 2005; Muyzer & Stams 2008). D. vulgaris carries the nifH 

gene, which encodes for the nitrogenase enzyme, needed to fix N2 and previous work has 

shown that it is capable of fixing molecular N2 when in culture (Riederer-Henderson & 

Wilson, 1970). Given these features, the current study will be focussing on D.  vulgaris.  

D. vulgaris is a nonsporulating, gram-negative bacteria with single polar flagella. Mainly 

found in soils, aquatic environments and animal intestines. It is curved rod-shaped and can 

use acetate, pyruvate, formate and some primary alcohols as a carbon source (Postgate 

1965; Postgate & Campbell 1966).  

The genus Desulfovibrio belongs to the Phylum Proteobacteria. The associated order 

Desulfovibrionales is known to use SR as the respiratory dissimilatory process and typically 

grows anaerobically (Fig. 3 and Fig. 4).  

 

 
Fig. 3: Phylogenetic tree of Bacteria, Archaea and Eukarya. The genus Desulfovibrio belongs to the 

phylum of the Proteobacteria that are highlighted. Source: www.textbookofbacteriology.net/ 

themicrobialworld/tree.jpeg 

 

It has been demonstrated that D. vulgaris can live in syntrophy with the methanogen 

Methanobacterium formicicum. In the absence of sulfate and the presence of the respective 

methanogen, D. vulgaris produces hydrogen that the methanogen uses for growth. Because 

D. vulgaris can live in association with the methanogen, it is possible for the bacterium to be 
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metabolically active in environments where sulfate is depleted (Bryant et al., 1977). D.  

vulgaris, is even capable of respiring oxygen (Cypionka, 2000). 

 

 
Fig. 4: Phylogenetic tree of Proteobacteria. The genus Desulfovibrio belongs to the delta-domain and 

is highlighted. Source: www.biomedcentral.com/content/figures/1471-2148-5-34-2-I.jpg 

 

Desulfovibrio species are able to use a various number of electron acceptors, such as sulfate, 

thiosulfate, nitrate and nitrite for respiration and growth (Postgate 1979). In addition to the 

above electron acceptors, these bacteria have been shown to enzymatically reduce several 

forms of metals, for instance manganese (IV), iron (III) (Coleman et al. 1993) and chromium 

(VI) (Lovley, 1993). In particular, some strains of D. vulgaris are capable of reducing  uranium 

(VI) (Lovley & Phillips, 1992). Reducing the soluble oxidized form of uranium (VI) to insoluble 

uranium (IV) might have an important influence on the geochemistry of contaminated 

environments. Therefore, one could use D. vulgaris, to remove uranium from contaminated 

waters, or in combination with an extraction technique, D. vulgaris could be used to remove 

uranium from soils. Previous studies show that the enzyme that is responsible for this 

reaction is the cytochrome c3 reductase and the electron donor is either hydrogen (Lovley et 

al. 1993) or lactate, with pyruvate as the electron source (Payne et al. 2002).  
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In summary, the genus Desulfovibrio lives in different environmental conditions and is 

capable of different types of metabolism, making these bacteria extremely fascinating when 

studying activity rates and metabolism potentials. 

 

1.5. Study site - Characteristics Eckernförde Bay 

Eckernförde Bay (EFB) is located in the western Baltic Sea (54° 30’ N, 10° 02’ E), which is one 

of the largest brackish water systems on earth. EFB is a semi-enclosed bay with a maximum 

water depth of ~ 28 m and has a total length of 19 km and a width of 9 km (Fig. 5) (Bange 

2010). The eastern area is divided into two troughs by the moraine remnant “Mittelgrund”, 

where the water depth is only 10 m (Schlüter et al. 2004).  

 

Fig. 5: Study area of Eckernförde Bay (54° 30’ N, 10° 02’ E) in the western Baltic Sea. (Schlüter et al., 

2004) 

 

Because the inflow of North Sea water into the Baltic Sea solely occurs through the Kattegat 

(depth ca. 20 m) and the Great Belt, EFB as a semi-enclosed area, can be considered as a 

representative for the southwest Baltic Sea.  

Pelagic N2 fixation rates in the Baltic Sea indicate high seasonal variability. Values range from 

20 µmol N m-2 d-1 during winter, whereas extensive heterocystous cyanobacterial blooms 

during summer result in values up to 2500 µmol N m-2 d-1 (Bianchi et al., 2000; Sohm et al., 

2011; Wasmund et al. 2001). 

Due to the high freshwater inflow, the salinity of the Baltic Sea is, on average, lower than the 

worlds’ oceans (which averages around a salinity of 35) and varies in value depending on 
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location site. At Kattegat, the salinity is 21 in the surface layer and 31.6 in the deep layer, 

whereas the average Baltic Sea salinity was determined to be 7.2 in the surface layer and 

12.3 at 200 m water depth (Winsor, Rodhe, & Omstedt, 2001). Due to the inflow of more 

saline water from the North Sea, that leads to stratification of the water column, a 

pycnocline at about 15 m water depth forms during March to September. This stratification 

results in slow inert water exchange that prevents oxygen renewal in bottom waters.  

Consequentially, a temporal oxygen minimum zone (OMZ) develops in some parts of the 

Baltic Sea (Orsi et al. 1996; Bange 2010). In general, shallow coastal waters are heavily 

influenced by hypoxia (O2 < 63 µmol L–1) and anoxia (O2 = 0 µmol L–1). Previous studies 

suggested that OMZs are increasing all over the world (Diaz, 2001; Diaz & Rosenberg, 1995; 

Stramma et al. 2008). This observation is also true for EFB, where anoxic events have been 

increasing over the last 25 years (Bange et al. 2011). The time series station at Boknis Eck in 

EFB has been monitoring oxygen levels over the past 55 years and recorded just one anoxic 

event from 1957 - 1983, whereas from 1986 – 2011, ten anoxic events occurred (Bange et 

al., 2011). Hypoxic and anoxic conditions occur seasonally in EFB, influencing the ecological 

and biogeochemical cycles year round (Bange, 2010; Orsi et al., 1996). Because of high 

organic matter degradation in the water column, which is using all the oxygen, in 

combination with phytoplankton blooms, anoxic events mostly occur in summer bottom 

water (Graf et al. 1983; Meyer-Reil, 1983).  

The composition of benthic macrofauna in EFB sediments is linked to seasonal oxygen 

availability in bottom waters. Hypoxic and anoxic conditions result in regular disturbances of 

the benthic community, which control the complexity of benthic organisms. Therefore, the 

benthic community in EFB is composed of low-level organisms. The benthic fauna is 

dominated by surface deposition feeders, such as polychaetes (Polydora ciliata), whereas 

oligochaetes (Tubificid spp) are primarily responsible for mixing the top 0.5 – 1 cm of the 

sediment in a rapid time scale of < 14 days (D’Andrea et al. 1996).         

Phytoplankton blooms in EFB occur mainly in autumn (Sep. – Nov.) and in spring (Feb. - 

March) (Bange et al. 2011). A third smaller bloom can be observed during summer, 

depending on environmental conditions, such as temperature and water column mixing. The 

daily carbon flow to the seafloor was calculated to be 0.2 g C m-2 d-1 for winter, representing 

the lowest value, and 1.4 g C m-2 d-1 for spring  and autumn, representing the highest value 

(Fig. 6) (Graf et al. 1983).  
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The surface sediments of EFB (upper 2 m) are characterized by a high organic carbon content 

(4 – 5 wt%) (Orsi et al., 1996), and consequentially has a high oxygen demand (Whiticar, 

2002).   

 

Fig. 6: Daily carbon flow (g C m-2 d-1) during different periods of the year and in diverse sediment 

depths with the highest value of 1.4 g C m-2 d-1 during spring/breakup and the lowest rate of be 0.2 g 

C m-2 d-1 for the winter input (modified from Graf et al. 1983). 

 

A trend towards warmer sea surface temperatures was observed in EFB over the last 

decades (Bange et al. 2011). This increase is supported by the fact that cold events, with a 

temperature of 0 °C in the water surface, did not occur in the last 14 years.    

The amount of total dissolved inorganic nitrogen (tDIN = NH4
+ + NO2

- + NO3
-) in the EFB water 

column started decreasing from a value of about 12 µmol L-1 in 1980 to a level of 3 µmol L-1 

in 2010 (Bange et al. 2011). A rate for nitrogen loss processes, such as denitrification and 

anaerobic ammonium oxidation is estimated to be 0.08 mmol m-2 d-1 N2 for EFB (Dale et al., 

2011), which is low compared to rates between 0.15 – 0.65 mmol m-2 d-1 N2 calculated for 

the Baltic Sea (Tuominen et al. 1998). Nevertheless, due to bioirrigation in the sediment, EFB 

seems to be a net source of DIN during winter (Dale et al., 2011). 

Methane (CH4) flux to the atmosphere shows strong seasonal variation, with highest 

numbers in winter between 200 – 400 µmol m-² d-1 and lowest numbers of about 1 µmol m-² 

d-1  during spring (Bussmann & Suess, 1998). Additionally, rates for microbial SR and 

anaerobic oxidation of methane (AOM) in EFB vary seasonally (Treude et al. 2005).  
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Sediments of EFB are known to recycle inorganic nutrients efficiently (Fig. 7, Bange et al., 

2011; Dale et al., 2011). Because EFB is regarded as a muddy coastal sediment rich in organic 

matter that is degraded in the upper sediment surface, oxygen typically only penetrates a 

few mm into the sediment (Revsbech et al., 1980; Gundersen & Jørgensen, 1990; Bange et 

al., 2011). The only processes that are known to transport oxygen deeper into the sediment 

is either through bioturbation/bioirrigation or by winter storm mixing (Orsi et al., 1996; 

Bange et al., 2011; Dale et al., 2011).  

 

 

Fig. 7: Porewater concentrations of Boknis Eck sediments during winter 2010. Electron acceptors O2, 

NO3
- and SO42

- plus reduced products NH4+, H2S and TCO2 (total carbon dioxide) over a depth of 60 

cm. Lines = modelled response, points = measured values (Bange et al. 2011; Dale et al. 2011). 

 

Porewater concentrations of EFB sediments (Fig. 7) show that electron acceptors NO3
- and 

SO4
2- decrease with sediment depth and SO4

2- shows a concave-down profile due to SR 

bacteria oxidizing organic matter in the sediment. This pattern implies that sediments of EFB 

are a sink for these compounds via aerobic and anaerobic microbial respiration. 

Simultaneously, the concentration of reduced compounds, such as NH4
+, H2S, and total 

carbon dioxide (TCO2), is increasing with increasing sediment depth. Therefore, these 
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compounds must be either diffusing upwards to the surface and released into the water 

column, or are consumed by microbes in the sediment (Bange et al. 2011).  

In summary, the above mentioned features make EFB an ideal place to study microbial 

degradation and element cycling in sediments below a seasonally hypoxic water column. 

 

1.6. Aim of this thesis 

Our knowledge surrounding SR bacteria, including budgets and implications, has improved 

during the last decades (Jørgensen 2008; Plugge et al. 2011). Nevertheless, many questions 

remain that are worth investigating. The ability of SR bacteria to fix N2 make these microbes 

even more interesting in terms of estimating global sinks and sources of nitrogen. 

Furthermore, there is little data available on the effect of environmental factors, such as 

temperature and organic matter availability, on N2 fixation mediated by SR bacteria.  

 

A time series, which was conducted over almost one year, revealed that there seems to be a 

direct correlation of peaks between N2 fixation, SR rates and temperature (Fig. 8) (Bertics et 

al. 2012). The trend in decreasing nitrogen and SR rates along with decreasing temperature 

is obvious between October and February. This decrease could be coupled either directly to 

temperature, or indirectly to the input of organic matter from the water column, e.g. via 

phytoplankton blooms. In this scenario, the particulate organic matter sinks onto the 

seafloor, is buried by transport mechanisms, such as mixing or bioturbation, and can then be 

degraded by microbes. The degradation of organic matter eventually would result in higher 

N2 fixation and SR rates. 
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Fig. 8: Time series of integrated sulfate reduction (x 25 nmol SO4
2- cm-2d-1, red bars) and nitrogen 

fixation (nmol N cm-2d-1, grey bars)  in EFB sediment from April 2010 to February 2011, including 

oxygen (µm, blue curve) and temperature (°C, red curve) in bottom water. Error bars indicate 

standard deviation (Bertics et al. 2012). 

 

The present study is part of a larger project within the research group of T. Treude, where V. 

Bertics was analyzing N2 fixation rates coupled to SR in EFB sediments over the course of one 

year.  

One major aim of my study was to investigate if there is a direct correlation between SR, N2 

fixation rates and temperature in EFB sediment. Therefore, my work concentrated on the 

comparison of SR rates and N2 fixation (the latter parameter was determined by V. Bertics) 

at two different temperatures, i.e. the highest and lowest bottom water temperature 

detected in EFB over the course of year, which occurred in February 2011 (3°C) and October 

2010 (13°C), respectively.  

It appeared that the SR bacterium D. vulgaris, which carries the nifH gene, the gene 

encoding for the nitrogenase enzyme needed for N2 fixation, is abundant in EFB (Bertics et 

al. 2012). Therefore, this species was selected as the study organism and quantified, 

together with the total number of cells, within the sediment via Catalyzed Reporter 

Deposition Fluorescence in Situ Hybridization (CARD-FISH).   
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My hypotheses were: 

 SR and N2 fixation activity in sediments of EFB is correlated to temperature. 

 The abundance of D. vulgaris, a SR bacterium capable of mediating N2 fixation in the 

sediment, is correlated with the activity of SR and N2 fixation.  

 

The second major aim of my study was to investigate the correlation between organic 

matter availability and N2 fixation, as well as SR. In this experiment, EFB sediment was mixed 

with two types of organic carbon (phytoplankton and macrofauna carbon source) at two 

different energy levels (0.5194 kJ and 3.6361 kJ).  

 

My hypotheses were: 

 SR and N2 fixation rates are positively correlated to the energy value of added organic 

carbon material.  

 Addition of phytoplankton organic matter results in higher SR and N2 fixation rates, 

compared to the addition of macrofaunal organic matter.  
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2. Materials & Methods  

Two different experiments were performed for this master thesis. Experiment 1 was 

focusing on temperature effects, where microbes were incubated under two different 

temperature conditions (3° C and 13 °C). To get an insight into the sulfate reduction (SR) 

rates, radiotracer experiments with 35SO4
2- were carried out, using the whole-core-injection 

method (Jørgensen 1978; Fossing & Jørgensen 1989). Moreover, Catalyzed Reported 

Deposition Fluorescence in Situ Hybridization (CARD-FISH) was performed (Pernthaler et al. 

2002; Ishii et al. 2004), to determine microbial abundance of the SR bacterium Desulfovibrio 

vulgaris in sediment layers. This experiment is described in the first section of the Materials 

and Methods (2.1.).  

In Experiment 2, organic carbon was investigated as a changing variable. Sediment slurries 

were prepared using two different organic carbon species (phytoplankton and macrofauna 

material) at two different energy levels. Beforehand, the energy values for both specimens 

were determined by bomb calorimetry. The slurries were incubated under the same 

temperature condition (13 °C) and were examined for SR and nitrogen (N2) fixation rates. 

The aim of this experiment was to determine how the organic carbon source drives N2 

fixation and coupled SR. Experiment 2 is described in the second section of the Materials and 

Methods (2.2.).   

2.1. Impact of Temperature (Experiment 1): 

2.1.1. Sampling 

Samples were taken during a one-day cruise with the GEOMAR RC “Littorina” in Eckernförde 

Bay (Boknis Eck Station, 54°31.823 N, 10°02.764 E) on the 4th of October 2011. The sampling 

site had a water depth of approximately 28 m and a bottom water temperature of 12.7 °C. 

A CTD (Hydro-Bios, Kiel, Germany) with an attached oxygen sensor was used to measure 

conductivity, temperature and density. Based on these parameters, salinity was calculated 

(OceanLab 3 software). Sediment samples were taken with a miniaturized Multicorer (Mini-

Muc) (Fig. 9a), which takes four parallel sediment push cores simultaneously (Barnett et al. 

1986). These cores were 60 cm in length with an inner diameter of 10 cm. Sub-sampling of 

sediment push cores was done onboard with small core liners of 20 cm length and 26 mm 

inner diameter. The 60 cm cores were placed on an extruder and pushed down until the top 

area of the sediment reached the upper edge of the core liner (Fig. 9b). Then, the small cores 
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were pushed into the sediment and closed with rubber stoppers on both sides. Cores and 

subsamples were stored at in situ temperature before further processing in the laboratory.  

 

Fig. 9: Sampling on board. a): Mini-Muc, which samples four sediment corer tubes simultaneously, 

on the rack. b) Sediment core (60 cm) on an extruder prepared for subsampling with small push 

cores. 

 

2.1.2. Whole-core injection method 

SR rates were determined using the 

whole-core injection method with  six 

replicate- and one control push core 

(length 30 cm, inner diameter 26 mm) 

(Jørgensen 1978; Fossing & Jørgensen 

1989).  In the laboratory, carrier-free 

radioactive sulfate 35SO4
2- (injection 

volume 6µl, 200kBq, and specific activity 

37 TBq mmol-1) was injected in 1 cm 

intervals into the small push corers.  

Three replicates of radio-labeled cores 

were incubated at 3°C and three other 

replicates at 13°C, all for 24 hours in the 

dark. After incubation, cores were 

sectioned in 1 cm increments and 

transferred into 50 ml plastic centrifuge Fig. 10: Cold distillation apparatus to determine the 

sulfate reduction rates (Kallmeyer et al., 2004). 
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vials filled with zinc acetate (20%). One control core served as a blank value, with no 

injection of radiotracer. 

SR analyses were done, using the cold single-step chromium distillation method (Fig. 10) 

(Kallmeyer et al. 2004). This method can detect very small amounts of reduced sulfur species 

and needs less radiotracer, than the hot single-step chromium reduction method of Fossing 

and Jørgensen (1989). Aerosols, including 35SO4
2-, were filtered into a citrate trap and 

released sulfide was filtered into a zinc acetate trap, producing zinc sulfide. Finally, SR rates 

were determined by scintillation counting and calculated according to Kallmeyer et al. (2004) 

(Eq. 4). For porosity, existing values were used (Bertics et al. 2012). 

 

Eq. 4:  

                        [   ]         
     

    
  

 

 
             

     

SO4
 = Porewater sulfate concentration (mmol L-1)  

    PSED = porosity of sediment (mL porewater cm-3 sediment) 

    aTRIS = Radioactivity of TRIS (counts per minute) 

    aTOT = total radioactivity used (counts per minute) 

t = incubation time (d) 

1.06 = Correction factor (Jørgensen & Fenchel, 1974) 

 

2.1.3. Identification and quantification of microorganisms by Catalyzed Reported Deposition 

Fluorescence In Situ Hybridization (CARD-FISH) 

For identification and quantification of microorganisms in environmental samples, the CARD-

FISH method (Fig. 11) was applied. In FISH, a rRNA-targeted probe, which is combined with a 

fluorescently-labeled oligonucleotide, allows the identification of specific microbes through 

epifluorescent microscope techniques (Amann et al. 1990). Signals of FISH in aquatic 

samples were often below the detection limit but can be enhanced by catalyzed reporter 

deposition (CARD). The CARD part is a further development of FISH, particularly suitable for 

aquatic habitats, with small, slowly growing, starving bacteria with low rRNA content, based 

on the tyramide signal amplification (Bobrow et al. 1989). The CARD-FISH protocol applied in 

the present study, represents a modification of two protocols (Pernthaler et al., 2002; Ishii et 

al., 2004). Therefore, every step will be described below (for additional details and recipes of 

reagents - see appendix (1)).  
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One sediment core (length 60 cm, inner diameter 10 cm) from Eckernförde Bay was 

sectioned in 1 cm intervals in the uppermost layers (0 – 10 cm) and in 2 cm intervals below 

(10 – 16 cm). Subsamples of 0.5 ml from each sediment depth were fixed with 1.5 ml 4% 

formalin/phosphate buffered saline (PBS) solution, for 2 – 4 h at 4 °C. After three washing 

steps with 1xPBS, each followed by centrifugation (1400 g, 10 min, 4 °C), sediment was 

finally stored in 1.5 ml 1xPBS/EtOH (50:50) at -20 °C in 2ml cryovials.  

 

Fig. 11: Principle of CARD-FISH (Source: http://www.arb-silva.de/fish-probes/fish-protocols/). 

  

A 1:40 working dilution of the sediment was prepared using cell saver tips that have an 

extra-large tip orifice to ensure the transfer of cells and bigger sediment particles. Sediment 

dilutions were sonicated (Type Bandelin Sonoplus GM 200, 2 cycles: 20 sec, 20% intensity, 

cycle 20) in an ice bath (Fig. 12a and b). Sonication was applied to separate bacteria from 

sediment particles.  

Further sediment dilutions were applied to the respective samples because microbial 

abundance in sediments may vary depending on sampling site and depth. The optimum cell 

density was < 30 cells per microscopic view. A pilot study with sediment from the same area 

was carried out beforehand (testing dilutions between 1:500 and 1:4000), resulting in an 

optimal final dilution of 1:3000 for sediment between 0 and 10 cm depth, and 1:2000 for 

sediment between 10 and 16 cm depth. 
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Fig. 12: Principle of sonication and filtration for CARD-FISH. a) Sonicator including a box of iced 

water with a soft rack on top. b) Close-up image from the inner part of the sonicator. Samples are 

positioned inside the soft rack and the sonicator tip is inside the iced water. c) Filtration apparatus 

including filtration tower, filter, claw, drain and flask plus vacuum system.  

 

For filtration (Fig. 12c), a Whatman Glass Microfibre Filter (GF/A 25 mm) was placed on the 

filtration device, with a Whatman Nuclepore Track-Etch Membrane Filter (0.2 µm, 25 mm ID) 

“shiny side up”, placed on top. Afterwards, 10 ml of 1xPBS were pipetted onto the filter, 1 ml 

vortexed sample was added, and the entire liquid was evacuated with -500 mbar. The 

filtration tower was removed and the filter dried on Whatman Chromatography paper. 

For the inactivation of endogenous peroxidases, only a small piece of filter was required. 

Therefore, the filter was sectioned with a sterile knife into four parts and further analyses 

were performed on individual sections. Each section was labeled with a pencil and the rest 

of the filter was stored in the freezer. From here on, the filter was always placed shiny side 

down into petri dishes. The filter was incubated in 0.1 M TRIS HCl for 60 sec, washed shortly 

in 1xPBS and incubated in 3% H2O2 for 10 min. Afterwards, the filter was shortly washed in 

sterile Milli-Q, then shortly in 96 % ethanol, and finally dried on Whatman paper. 

For the permeabilization of target cells, the filter was incubated in fresh Lysozyme solution 

(50 mg Lysozyme + 4 ml sterile Milli-Q + 500 µl 0.5 M EDTA + 500 µl 1 M TRIS HCl) under 

rotation (10 rpm) at a temperature of 36 °C for 1 h. Pre-hybridization was done in 35 % 

hybridization buffer under rotation at 46 °C for 1 h after shortly washing the filter first in 

Milli-Q and then in ethanol. 
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Hybridization was done with the DSV 698 probe (Probe sequence: GTT CCT CCA GAT ATC 

TAC GG, Formamide concentration: 35% (Manz et al., 1998)), which labels the target 

organisms of this study (Desulfovibrio spp). The sample was stored in a reaction vial with a 

1:150 dilution of hybridization buffer and DSV 698 probe, and incubated at 46 °C overnight.  

 

Afterwards, the filter was washed in 2x saline-sodium citrate (SSC) and stored in 100 µl 

blocking reagent (Invitrogen TSA Kit) for 30 min. After storage in the blocking reagent, the 

filter was incubated for 30 min in a Streptavidin - Horse Radish Peroxidase (HRP) mixture 

(1:100, 3 µl HRP + 297 µl blocking regent). HRP is a marker enzyme that attaches to the 

probe and facilitates the coupling of tyramide and microbes. Finally, the filter was washed in 

1xPBS for 10 min.  

Due to the dye´s sensitivity to light, the following steps were conducted under low-light 

conditions. During the CARD-part of the protocol, fluorescent-labeled tyramide (either Alexa 

488 (stains green) or Alexa 546 (stains red), based solely on availability, results were the 

same with either) was used to stain Desulfovibrio vulgaris specimens. For this step, 300 µl of 

amplification buffer were mixed with 1 µl of 30% H2O2 and 3 µl of the fluorescent-labeled 

tyramide. The filter was incubated in this mixture for 15 min at 46 °C and following, was 

washed in 1xPBS for 10 min.  

The filter was stored in 0.01 M TRIS HCl for 10 min, to inactivate the HRP and avoid 

unspecific binding. Afterwards, three short washing steps followed- 1xPBS, Milli-Q, and 96% 

Ethanol – and the filter was dried on Whatman paper. 

Every filter was counter-stained with “4'.6-diamidino-2-phenylindole” (DAPI) to cross-check 

whether CARD-FISH stained objects were related to actual cells and to quantify total cell 

numbers of the sample. For staining, 50 µl of DAPI (1mg/l) were pipetted on a petri dish and 

each filter was stored upside down on the drop for 10 min, followed by washing in Milli-Q 

for 5 min, in 96% ethanol for 1 min and drying on Whatman paper for 30 sec. For 

microscopy, one drop of Citifluor (Citifluor Ltd., Glycerol/PBS solution) was added on a glass 

slide. The filter was placed on the drop (“shiny side up”) and another drop of Citifluor was 

added on top of the filter. A cover slide was placed on top, and then the slide was labeled 

and placed in the freezer (-20 °C) until further investigation. 

The complete above procedure was repeated with a plain filter (i.e. free of sediment), which 

served as a control against false positives of signals.  
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Epi-fluorescence microscopy (Leitz Aristoplan) counts of DAPI and CARD-FISH stained cells 

were done by switching between appropriate filter cubes, depending on dye (A for DAPI, L5 

for Alexa 488, Y3 for Alexa 546; details in Tab. 1). Counts were done either until a cell 

number of 500 or 70 randomly chosen views were reached. Counting was done using a 100x 

(oil objective) –magnification. The area counted per grid was 0.0121 mm2.  

 

Tab. 1: Filter cubes of the microscope for epi-fluorescent microscopy, including details of excitation 

range, excitation – and suppression filter, dichromatic mirror and corresponding dye for cell 

detection. BP = bandpass filter. (Source: Leica brochure - Leica Microsystems Fluorescence 

Microscopy) 

Filter 
Excitation range 

[nm] 
Excitation filter 

[nm] 
Dichromatic 

mirror 
Suppression filter 

[nm] 
Dye 

A UV BP 340-380 400 LP 425 DAPI 

L5 Blue BP 480/40 505 BP 527/30 
Alexa 

488 

Y3 CY3 green BP 535/50 565 BP 610/75 
Alexa 

546 

 

Mean values of total cells and hybridized cells were calculated according to the following 

equation (Eq. 5): 

Eq. 5  Bacterial number/ml sediment = (             ) 

   CC: Average cell number/view 

   BC: Blank filter 

   GF: Size of counting grid (mm²) 

FF: Filter area (in mm² by measuring the inner diameter of the filtration tower Π*r²) 

MF: Microscope factor MF = FF/GF 

DF: Dilution factor 
 

2.1.4. Porewater analysis and sediment properties 

After returning from field sampling, samples for pore-water analysis of ammonium, sulfate 

and sulfide concentrations were collected, using anaerobic Rhizon soil moisture samplers 

(Rhizosphere Research Comp., Wageningen, The Netherlands) (Seeberg-Elverfeldt et al., 

2005). Cores were sampled in 1 cm intervals to a depth of 10 cm and in 3 cm intervals up to 

a maximum depth of 30 cm. Samples were sterile filtered with a 0.2 µm filter into plastic 

vials and analyzed with a Hitachi UV/VIS spectrophotometer following standard photometric 
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procedures (Grasshoff & Kremlingl, 1999). Sulfate was analyzed using ion chromatography 

(Metrohm ion-chromatograph with anion-exchange column, using carbonate-bicarbonate 

solution as eluent) with the IAPSO seawater standard for calibration (for results of 

porewater analysis see Appendix Tab. 4). 

For determination of the porosity, a known volume of wet sediment was dried at 60 °C for 

48 h. After drying, the sample was weighted again and from the difference of these two 

weights and the known volume, porosity was calculated.   

 

2.2. Impact of Organic Carbon (Experiment 2): 

2.2.1. Sampling 

Samples for Experiment 2 were taken during a one-day cruise with the GEOMAR RC 

“Littorina” on the 13th of April 2012, at the same position as in Experiment 1. Sediment 

samples were  taken with a Mini-Muc (see chapter 2.1.1.). All sediment cores were stored in 

the 10°C cold room for later laboratory experiments. 

2.2.2. Preparation of organic matter samples  

Two types of organic matter were used for this experiment: (1) algal material (DT´s Blend 

Premium alive Phytoplankton), which included the species Nannochloropsis oculata, 

Phaedactylum tricornutum and Chlorella, and (2) macrofaunal material from the sludge 

worm Tubifex tubifex (JBL Novo Fex Tubifex cubes), an oligochaete, belonging to the family 

Tubificidae. 

In order to determine the energy value of the two organic carbon sources, measurements 

with a bomb calorimeter were performed (Linde, 2007; Pinhack, 2002). 

Because it was not possible to combust the phytoplankton in the bomb calorimeter in the 

liquid stage, it needed to be freeze-dried before. This procedure freezes material and then 

reduces the pressure in order to let the frozen water sublimate. Freeze-drying was done at 

the “Institut für Polarökologie” in the laboratory of M. Bölter´s research group. An undefined 

amount of Phytoplankton was filled into 10 ml glass vials, which were incubated in the 

freeze-dryer (Christ ALPHA) for 24 h at -60 °C. Tubifex material was purchased in the freeze-

dried.  
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2.2.3. Bomb calorimetry 

Bomb calorimetry (IKA Kalorimetersystem 200) was done in the “Institut für Tierernährung 

und Stoffwechselphysiologie” at the Christian-Albrechts-University Kiel in the laboratory of 

S. Wolfram. Bomb calorimetry determines the heat created by a sample when burning under 

an oxygen-rich atmosphere (~99.95%). From this generated heat, the sample´s energy value 

can be calculated. The phytoplankton sample had seven replicates- and macrofauna three 

replicates. The different amount of replicates is due to the fact that macrofauna replicates 

resulted in a high standard deviation following three measurements and therefore, a higher 

number of replicates was measured for statistical reasons. Each replicate was weighted and 

inserted into the combustible crucible with an underlying cotton thread (Fig. 13a, b, c). The 

decomposition vessel was closed and an oxygen rich atmosphere was created by flushing the 

vessel for 30 sec with pure oxygen (99.95%) (Fig. 13d). Afterwards the tank in the bomb 

calorimeter was filled with water, the vessel was placed inside, and the bomb calorimeter 

was closed (Fig. 13e). Finally, the cotton thread started the combustion of the sample inside 

the crucible. 
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Fig. 13: Measurements with the bomb calorimeter. a) Combustible crucible including a Tubifex 

sample and hanging below the composition vessel. b) Close-up of the combustible crucible with 

sample and cotton threat. c) Scheme of combustible crucible and composition vessel © by IKA C 200 

bomb calorimeter. d) Oxygen station to create an oxygen rich atmosphere. e) Bomb calorimeter “IKA 

C 200”. 

  

After 10 min the first burning took place and after another 10 min the second one. The 

values, which the instrument displayed at the end, were the temperature differences (in K) 

in the water tank, before and after burning. From the difference of the two temperatures 

and the initial weight of each replicate, the energy value was calculated according to the 

formula in the “IKA C 200” protocol. Afterwards, mean values were calculated. 

The only differences between phytoplankton and macrofauna were (1) phytoplankton were 

freeze-dried beforehand (see chapter 2.2.2.) and (2) the phytoplankton sample was filled 

into an Acetobutyrat capsule for better burning, because after freeze-drying, it was a fine 

powder that was not combustible. The value of this capsule was subtracted in the formula.  
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2.2.4. Artificial seawater medium for sulfate-reducing bacteria (modified by Widdel & Bak 

1992) 

Artificial seawater medium for SR bacteria was prepared. The artificial seawater had a 

salinity of 23 and therefore, it was suitable for bacteria, living in the Baltic Sea. This 

preparation was done according to the protocol (Widdel & Bak, 1992) and used to create the 

1:1 medium:sediment slurry used in Experiment 2 (see 2.2.5.) (composition of all reagents 

see appendix (2) and Tab. 5). After all salts were dissolved in a 1 L measuring cylinder, that 

included a magnetic stir bar, 1 ml Resazurin was added, which turns pink color when in 

contact with oxygen. The solution was transferred into a glass bottle equipped with a 

septum stopper and autoclaved for 35 min at 121°C. After the autoclave cooled down to 85 

– 90 °C, the bottle was removed and stored in iced water. After purging with N2 (5 min, 0.2 

bar) and N2/CO2 (15 min, 0.2 bar, 80:20), 1 ml/l of the following solutions were added 

through a 0.2 µm PES filter under constant stirring (for details see Appendix (2)): 

 6 Vitamin solution  

 Thiamine solution  

 Cyanocobalamine solution 

 Riboflavin solution 

 Selenite/Tungstate solution 

 Trace elements solution   

 Na2S solution (0.5 M)  
 

Flushing with N2/CO2 continued until the medium became clear again, indicating the 

medium was anoxic. The pH was adjusted (pH meter: Schott Instruments, Lab 850) with 

NaOH (0.1 M and 10 M) or HCl (6.5%) to 7.5. 

2.2.5. Experimental design  

The upper 0 – 5 cm of two sediment cores (Fig. 14) were sliced and transferred into a 1 L 

glass vial so that the bottle was filled with roughly 500 ml sediment followed by the addition 

of 500 ml of medium. The slurry (1:1 mixture sediment:medium) was flushed with N2, sealed 

with a rubber stopper and screw cap and incubated at 13 °C overnight.   
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Fig. 14: Sediment cores for the organic matter experiment. a) and b) Cores  that were sliced (0 – 5 

cm) for the slurry. c) Core that served as control and was sampled 15 days after core a and b. All 

three cores had a core length of approximately 30 cm.  

 

The next day, the 200 ml slurries for the organic matter experiment were prepared (dilution 

1:1 with artificial seawater) (see Fig. 15).  

In order to add reasonable amounts of carbon to the sediments, reflecting the natural 

organic matter input to the sediments used in this study, values reported by Graf et al. 

(1983) served as orientation. Graf et al. (1983) estimated that the daily carbon flow to the 

sediments in the Western Baltic Sea was 0.2 g C m-2 d-1 during winter, representing the 

lowest value and 1.4 g C m-2 d-1 in spring, representing the highest value.  

These minimum and maximum values were extrapolated to a time interval of 3 weeks and 

reduced to the surface area of the sediment core, resulting in the amount of 0.042 g 

phytoplankton in the low concentration scenario and 0.294 g phytoplankton in the high-

concentration scenario (Tab. 2). Based on these amounts, the corresponding energy value 

for the two phytoplankton concentrations was calculated to be 0.5194 kJ and 3.6361 kJ for 

the low- and high concentration scenarios, respectively. Because the same energy should be 

added for macrofauna as was added for phytoplankton, the values were converted by 

defining the corresponding concentration of macrofauna in gram to the above mentioned 

energy values. The amount of added macrofauna resulted in 0.0079 g for the low- and 0.055 

g for the high concentration scenarios. 
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Tab. 2: Overview of the type and amount (g) of organic matter added to each 200 ml 1:1 

sediment:media slurry. Shown is also the corresponding energy value (kJ) for each carbon species in 

the high and low amount based on amounts calculated for the Western Baltic Sea, extrapolated to 

three weeks and the sediment core area.  

 

 

Before mixing with the sediment slurries, the organic carbon material (freeze-dried 

phytoplankton and macrofauna) was grinded, weighted and sonicated (Bandelin Sonoplus 

GM 200) in order to disrupt the material, in Eppendorf caps on a low frequency (2 cycles: 10 

sec, 20% intensity, cycle 10). Finally, the proper amount of each carbon material (Tab. 2) was 

transferred into a 250 ml glass vial that was then sealed with a rubber stopper and screw 

cap. All bottles were then flushed with N2 for 5 min to remove oxygen and finally 200 ml of 

the slurry was added. Bottles were shaken well and incubated horizontally for 15 d at 13 °C. 

Every second to third day the slurries were shaken gently and on day 14 of the incubation, 

bottles were arranged upright to have a clear supernatant for sulfide measurements on the 

following day. For a detailed experimental setup, see Fig. 15.       

After 15 days of incubation at 13 °C, serum vials for SR rates and for nitrogenase activity 

determination, according to the experimental setup (Fig. 15 – “serum vials”), were prepared. 

For investigation of SR rates, 20 ml of each 200 ml slurries were extracted and injected into 

40 ml serum vials (see “SRR serum vials” in Fig. 15). Because more headspace was needed 

for measurements with the gas chromatograph, the vials for nitrogenase activity had a 

volume of 60 ml, and included 20 ml sample, as well (see “NA serum vials” in Fig. 15). Serum 

vials for nitrogenase activity were acid washed and combusted at 450 °C for 24 h in the 

combustion oven (Nabertherm B 150) prior to use, to remove all metals and organic 

particles, respectively.    

Three samples with three replicates each, were extracted from the control slurry without 

organic material (20 ml for (i) SRR, (ii) NA (nitrogenase activity), (iii) killed NA with 4 ml 

Formalin) and transferred into 40 ml (SR) and 60 ml (NA) serum vials.      

Organic matter type Concentration (g) Energy value (kJ) 

Phytoplankton (low) 0.042 0.5194 

Phytoplankton (high) 0.294 3.6361 

Macrofauna (low) 0.0079 0.5194 

Macrofauna (high) 0.055 3.6361 
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A third sediment core (Fig. 14c and Fig. 15 “Control core”) was sampled on the same day 

that the incubations were terminated. This sampling was done in order to have control 

samples, without organic carbon material. The top 5 cm of the core were sampled, 

transferred into a beaker, and mixed to create a homogenous mixture.  

For SR rates, the control core was sampled with cut-off syringes and about ~ 20 ml sediment 

was transferred into 40 ml serum vials (see control core “SRR serum vials” in Fig. 15). The 

controls for SR rates were (i) no media and no organic carbon, (ii) no media, no organic 

carbon, including ZnAc (40 ml), whereas the latter represented the killed control.  

For nitrogenase activity determination, the control core was sampled in the same way as for 

SR rates, but sediment was transferred into 60 ml serum vials (see control core “NA serum 

vials” in Fig. 15). The controls for nitrogenase activity were (i) no media and no organic 

carbon, (ii) no media, no organic carbon and no acetylene injection, (iii) a killed control 

including Formalin (2 ml) with no media and no organic carbon. 

 

Finally, control core- and slurry serum vials were sealed with a rubber stopper and a crimp 

seal. To create an anoxic atmosphere, the vials were flushed with N2. Afterwards, SR rates 

were determined using the radiotracer technique (2.2.7.) and nitrogenase activity was 

measured with the acetylene reduction assay (2.2.8.).  
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Fig. 15: Setup of the organic matter experiment (Experiment 2) with four different slurry setups 

(dilution of sediment 1:1 with artificial seawater): phytoplankton low, phytoplankton high, 

macrofauna low and macrofauna high (for amounts added see Tab. 2). One slurry without (Ø) organic 

matter served as control (Ø Corg), whereas one “control core” served as control without organic 

carbon and without media (ØCorg ØMedia). After 15 days of incubation, “serum vials” were prepared 

for determination of sulfate reduction (SR) rates and nitrogenase activity (NA).     

 

2.2.6. Radiotracer injection to determine sulfate reduction rates 

SR rates were determined by injecting the radioactive tracer 35SO4
2- (6µl, 200kBq, incubation 

time 19.5 h) into samples (Jørgensen, 1978) and by the cold single-step chromium distillation 

procedure (Kallmeyer et al. 2004). For details refer back to chapter 2.1.2. 

The total number of samples, including controls, was seven- with three replicates each (for 

sample details see Fig. 15 “SRR”). 

2.2.7. Measuring nitrogenase activity by the acetylene reduction assay 

To quantify nitrogenase activity, the acetylene reduction assay was applied (Capone, 1993). 

This method is based on the reduction of acetylene (C2H2) to ethylene (C2H4) by the enzyme 

nitrogenase, which can be measured by gas chromatography (see also section 1.2.).   
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The total number of samples was nine, with three replicates each. Five ml of C2H2 were 

injected into serum vials via a syringe to saturate the nitrogenase enzyme, whereas one 

sample from the control core (without organic carbon and without medium) served as 

control without any injection of C2H2 (for sample details see Fig. 15 “NA”).  

Before and after every measurement, an ethylene standard (Matheson Tri-Gas Micro Mat 

14, 100 ppm) was measured twice on a gas chromatograph (Carrier gas: Helium, Air: 20 % O2 

in N2, Temperature column: 75 °C, Temperature detector: 160 °C) with a flame ionization 

detector. Injections were done with a 100 µl gas tight syringe.  

One hour after injection of C2H2, the first measurement (t0) was done. From each serum vial, 

a 100 µl sample from the headspace was extracted and injected into the gas chromatograph. 

Three samples were injected consecutively (0, 0.4 and 0.8 min), with no overlap in peaks. 

The first peak of each injection was the nitrogen peak, the second was methane, the third 

one the ethylene peak and the last one the acetylene peak (Fig. 16). 

 
Fig. 16: Chromatogram in the program HP ChemStations. X-axis illustrates time (min) and y-axis 

displays the counts. For each sample: 1st peak = Nitrogen, 2nd = Methane, 3rd = Ethylene and 4th = 

Acetylene.  

 

After each measurement, the gas chromatograph-program (HP ChemStations) displayed the 

peak area and the time of injection. Measurements were done at a total of six time points (t0 

– t5) including time zero. During and between each measurement, all serum vials were 

stored in the dark and at in situ temperature (13 °C).  

C2H4 production was calculated by the following equation (Capone, 1988): 
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Eq. 6  nmol C2H4 =  
           

           
 [   ]              

   (pk area, unk) = Peak area response for C2H4 for 100 µl of sample 
   (pk area, std) = Peak area response for C2H4 for 100 µl standard 
   [std] = concentration C2H4 standard in nmol ml-1 
   (GPV) = Gas phase volume 
   (SC) = Solubility correction for C2H4 in aqueous phase  

 

The solubility correction (SC) takes C2H4 into account, formed in the aqueous phase of the 

sample and was calculated according to the equation (Flett et al. 1976):  

Eq. 7  SC =          
 

 
  

   α = Bunsen coefficient for C2H4 at appropriate temperature and salinity 
   A = Volume of aqueous phase 
   B = Volume of gas phase (GPV) 

The Bunsencoefficient was defined to be 0.133 according to 12°C and a salinity of 23 

(Breitbarth et al. 2004).  

Afterwards, values for C2H4 production versus incubation time were graphed in a scatter 

plot. Rates were determined by linear regression analysis and were averaged per sample. To 

get an estimate of how much nitrogen was fixed, the rate of C2H4 production was converted 

to a rate of N2 fixation based on a proper ratio, which is defined to be 3 C2H4 : 1 N2 

(O´Donohue et al. 1991; Orcutt et al. 2001). 

 

2.2.8. Sulfide measurement according to Cord-Ruwisch 

After 15 d of incubation, sulfide concentrations were measured in the clear supernatant of 

the 200 ml slurries using a photometer (Shimadzu spectrophotometer, UV mini-1240), 

following the method according to Cord-Ruwisch (1985). Previously, a sulfide concentration 

of 16 mmol/l was found to slow down and even inhibit the growth of pure cultured SR 

bacteria (Reis et al. 1992).  

In short, 100 µl of supernatant was injected into a glass vial containing 4 ml copper sulfate 

solution (Recipe see Appendix (3)) and then transferred into a 4.5 ml quartz cuvette. 

Absorption of the formed copper sulfide precipitate was measured at a wavelength of 480 

nm  

The corresponding reaction is (Eq. 8):  

Eq. 8   CuSO4 + H2S  CuS + H2SO4 (Cord-Ruwisch & Hugo, 1985) 
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Final sulfide concentrations were determined using a calibration line from 0.5 – 20 mM 

sulfide. The starting sulfide concentration for the slurries was at 0.415 mmol/l and reached 

1.998 mmol/l, which is still in the lower range of values compared to 16 mmol/l that could 

inhibit SR (results see appendix Tab. 6).  

 

2.2.9. Sediment properties 

To determine the initial sulfate concentration in each 200 ml slurry prior to 15 d incubation, 

3 ml of each sample supernatant were extracted and filtered through a 0.2 µm PES filter into 

cryovials. These samples were stored in the fridge for later analysis via ion chromatography 

(Metrohm ion-chromatograph with anion-exchange column, using carbonate-bicarbonate 

solution as eluent) with the IAPSO seawater standard for calibration.    

2.791 g sediment from the control core was extracted and stored in a plastic vial in the fridge 

for later CNS analyses.   

Porosity for the 1:1 sediment:media slurries was calculated based on the average sediment 

porosity in the upper 0 – 5 cm depth (0.89) and the proportion of media. Then, one had 

volume of water divided by total volume.       

 

2.3. Statistical analysis 

Statistical analysis, such as determination of normal distribution by the Shapiro-Wilk 

normality test, produce Box-Whisker-Plots and test the significance between samples, was 

performed by using the software program “R” (version 2.15.0., The R Foundation for 

Statistical Computing). One-factorial analysis of variance (1-way ANOVA) with subsequent 

Post-Hoc-Test (TukeyHSD-Test) was used to analyze differences between three or more 

samples. Differences between two samples were tested using the Student t-test. The level of 

significance was 5% (p-value < 0.05).   
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3. Results 

The focus of this thesis was to study the effect of temperature and organic matter on 

nitrogen (N2) fixation coupled with sulfate reduction (SR) by the SR bacterium Desulfovibrio 

vulgaris. Not much research has been done concerning these effects and to get an insight, SR 

and N2 fixation rates were examined. In the first experiment, the variable parameter was 

temperature (chapter 3.2.). In the second investigation, the variable parameter was the type 

and the energy level of added organic matter (chapter 3.3.).   

3.1. Sediment parameters  

Sediment porosity for the surface was in the range of ~ 0.93 for each experiment. It 

continuously decreased with increasing sediment depth and reached the lowest value of ~ 

0.85 within 15 cm depth (data not shown). The 1:1 sediment slurries with artificial seawater 

had a porosity of 0.95 that was calculated based on the average porosity in the upper 0 – 5 

cm depth (0.89) and the water percentage. Porosity was used for formula calculation of SR 

rates and N2 fixation.    

3.2. Impact of Temperature – Experiment 1 

3.2.1. Sulfate reduction rates  

 

Results indicated that SR rates were greater at higher temperature (13°C) than at lower 

temperature (3 °C) (Fig. 17). SR rates for the 3 °C incubation showed highest values in the 

upper parts of the sediment (0 – 5 cm) and decreased with increasing sediment depth. The 

maximum SR rate was 60 nmol SO4
2- cm-3 d-1 at 2 – 3 cm sediment depths, whereas the 

lowest SR rate was located at 14 – 15 cm (8 nmol SO4
2- cm-3 d-1). The blue trend line in Fig. 17 

illustrates the average rates that stayed constant at ~ 20 nmol SO4
2- cm-3 d-1 from top until 7 

cm sediment depth. After this depth, rates were decreasing and remained constant at ~ 10 

nmol SO4
2- cm-3 d-1 until the bottom of the core (15 cm).   

The 13 °C sample had much higher rates of SR, compared to the 3°C sample. In the surface 

sediment (0 – 4 cm), rates were decreasing with increasing sediment depth, but after 12 – 13 

cm depth, rates were increasing again. The maximum rate was located at 0 – 2 cm (325 nmol 

SO4
2- cm-3 d-1), which was more than 5 times higher compared to the upper sediment (0 – 5 

cm) of the 3 °C incubation. The lowest value (13.5 nmol SO4
2- cm-3 d-1) was found at 12 – 13 

cm, below which the rates increased again to levels more than one order of magnitude 
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higher (154 nmol SO4
2- cm-3 d-1 at 14 – 15 cm). The red trend line in Fig. 17 illustrates the 

average rates. 

  

Integrating SR rates over 0 - 15 cm sediment depth, rates in the 3 °C (203 nmol SO4
2- cm-2 d-1) 

treatment were five times higher than rates in the 13 °C treatment (1052 nmol SO4
2- cm-2 d-

1).  

The Student t-test revealed a significant difference between integrated rates of the two 

treatments (p = 0.0002).  

The comparison between SR rates and the results of the corresponding nitrogenase activity, 

that V. Bertics analyzed, will be reviewed in the discussion.  

 

 

Fig. 17: Sulfate reduction rates of the temperature experiment, determined by the whole core 

injection method. Displayed on the x-axis are the SR rates (nmol SO4
2- cm-3 d-1) and on the y-axis the 

sediment depth (cm). Blue symbols illustrate the 3 °C incubation while the red symbols signify the 13 

°C incubation (three replicates each). Lines represent the averages of respective replicates.   
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3.2.2. Catalyzed Reported Deposition Fluorescence In Situ Hybridization (CARD-FISH) 

The catalyzed reported deposition fluorescence in situ hybridization (CARD-FISH) method 

was applied to determine total cell numbers in Eckernförde Bay (EFB) sediment and in 

particular to examine the number of the SR bacteria D. vulgaris (For detailed counts see 

Appendix  

Tab. 3). One sediment core was sectioned into 1 cm (0 – 10 cm) and 2 cm (10 - 16 cm) 

intervals, according to the sectioning for the N2 fixation method. The ideal dilutions of EFB 

sediments are 1:300 for sediment in 0 – 10 cm depth interval and 1:200 between 10 and 16 

cm, resulting in not more than 30 cells per microscopic view.  

Cells were double stained with 4'.6-diamidino-2-phenylindole (DAPI) to see the total number 

of cells per ml EFB sediment (Fig. 18) and a fluorescent-labeled dye (Alexa 488 or Alexa 546 

and a DSV 698 probe) was used to stain Desulfovibrio cells (Fig. 19 B and D).   

Especially in the upper sections, DAPI stained cells were sometimes accumulating in patches 

within sediment grains and therefore, several microscopic planes had to be examined to 

count all the cells (Fig. 18).  

 

Fig. 18: Patch of bacteria in a sediment grain. Total bacteria stained with 4'.6-diamidino-2-

phenylindole (DAPI); microscopic filter A (see tab. 1); magnification 100x; sample: 0 – 1 cm, dilution 

1:3000. 

 

CARD-FISH stained D. vulgaris cells were counted per microscopic view and the DAPI staining 

served as a control to confirm that cells stained with the fluorescent dye (Alexa 488 or Alexa 

546) represented actual cells. Only those cells that were stained by both techniques, were 

regarded as the target bacteria D. vulgaris (As in Fig. 19).  
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Fig. 19: Desulfovibrio vulgaris cells stained with DAPI (A and C) and with Alexa 488 + probe DSV 698 

(B and D). Stained bacteria are marked with an arrow; A and C: microscopic filter A; B and D: 

microscopic filter L5 (microscopic filters see tab. 1); magnification 100x; sample: 0 – 1 cm, dilution 

1:3000. 

 

CARD-FISH results indicated that the number of total cells per ml sediment was decreasing 

with increasing sediment depth (Fig. 20). Maximum numbers were observed in the first cm 

of sediment (1.97 x 109 ml-1), below which numbers decreased, reaching the lowest value in 

14 – 16 cm (5.69 x 108 ml-1), which also represented the lowermost section of the sediment 

core.  
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Fig. 20: Total numbers of DAPI stained cells in the Eckernförde Bay sediment. The x-axis displays the 

number of cells per ml sediment, whereas the y-axis illustrates the sediment depth (0 - 16 cm).  

 

Similar to the total number of bacteria, the number of D. vulgaris was also decreasing with 

increasing sediment depth (Fig. 21). A starting value of 1.02 x 108 target cells per ml 

sediment was observed in 0 – 1 cm sediment depth, and represented the highest number in 

all layers. The lowest value for D. vulgaris represented 9.79 x 106 ml-1, which was calculated 

for the deepest layer in 14 – 16 cm depth.   
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Fig. 21: Number of Desulfovibrio vulgaris cells determined by CARD-FISH in the Eckernförde Bay 

sediment (fluorescent-labeled tyramide Alexa 488/Alexa 546 and a DSV 698 probe). On the x-axis is 

the number of D. vulgaris per ml sediment and on the y-axis the sediment depth (0 - 16 cm). 

 

The relative abundance of D. vulgaris cells was decreasing with increasing sediment depth 

(Fig. 22). In the upper sediment section (0 – 1 cm), D. vulgaris reached 5.15% of the total 

cells and their relative abundance continuously decreased to 1.72% in the deepest section 

(14 – 16 cm).    
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Fig. 22: Abundance of Desulfovibrio vulgaris (fluorescent-labeled tyramide Alexa 488/Alexa 546 and 

DSV 698 probe; x-axis), relative to total cells (100%) (DAPI stained) in each sediment depth (y-axis in 

cm).  
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3.3. Impact of Organic Matter – Experiment 2 

3.3.1. Sulfate reduction rates 

 

SR rates for the organic matter experiment indicated a correlation between the type and the 

energy value of the added organic carbon (Fig. 23). In summary, the phytoplankton samples 

showed higher rates than the macrofauna samples and a positive correlation between 

energy value and measured rates was observed (For details in experimental setup see Fig. 15 

, chapter 2.2.5.). 

 

Unfortunately, one replicate of the macrofauna high sample and one of macrofauna low was 

not available. Consequentially, no averages are presented in these cases, but instead each 

single replicate is shown (Fig. 23).  

 

The phytoplankton low replicates had a high variability and SR values ranged between 7.4 - 

65.3 nmol SO4
2- cm-3 d-1. The second phytoplankton sample, phytoplankton high, had higher 

rates compared to its analogue, ranging between 94.2 - 111.8 nmol SO4
2- cm-3 d-1.  

 

Both macrofauna samples had a wide range of SR rates with very low and high values. Rates 

for macrofauna low were between 4.4 and 41.3 nmol SO4
2- cm-3 d-1, and macrofauna high  

values ranged from 24.6 – 89.5 nmol SO4
2- cm-3 d-1. Interestingly, two of three replicates of 

macrofauna high sample showed values in a similar range as two replicates of the control 

sample ØCorg +Media (Ø = without, + = including).  

 

The control containing ØCorg +Media, resulted in relatively lower rates, which were on 

average at 23.3 ± 11.9 nmol SO4
2- cm-3 d-1.  

The control sample without organic carbon and without media (ØCorg ØMedia), displayed in 

contradiction to all other samples with Corg addition, extremely high rates, with an average 

of 284.2 ± 44.9 nmol SO4
2- cm-3 d-1.  

The reason for such high rates could be due to natural variability, as the sediment came from 

a different core than sediment used for the Corg samples. Furthermore, the core was 

sampled at a different time, i.e. two weeks after sediment was taken for the Corg samples. It 

is possible that Polychaetes and other macrofauna, that were present in the cores on the 

day of recovery, died during the two weeks due to oxygen deficiency and hence provided an 
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additional source of Corg to the microbial community. In conclusion, it was decided that this 

sample could not serve as a control in this experiment, and was therefore excluded from the 

discussion. In a future investigation, the control core ØCorg ØMedia, should been sliced on 

the same day as the cores for the other samples were sliced.  

 

 

Fig. 23: Sulfate reduction rates (nmol SO4
2- cm-3 d-1 on the y-axis) per sample: phytoplankton low, 

phytoplankton high, macrofauna low, macrofauna high, controls ØCorg +Media and control Ø Corg Ø 

Media, with 2 or 3 replicates each. Energy value of Corg added: low = 0.5194 kJ, high = 3.6361 kJ. Grey 

bars represent the averages for samples with three replicates, error bars indicate standard deviation. 

 

One-way ANOVA was applied to examine significant differences between samples. Only 

samples with three replicates were allowed to be tested, i.e., macrofauna high, macrofauna 

low and ØCorg+Media. Significant differences were not found (p-value = 0.593) and 

therefore, the null hypothesis, that all samples are equal, was accepted.  

 

3.3.2. Nitrogen fixation rates 

In general, nitrogenase activity, as a measure for N2 fixation determined by the acetylene 

(C2H2) reduction assay, displayed trends in the Corg samples similar to SR (Fig. 25).  
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Both phytoplankton samples resulted in comparatively high nitrogenase activity rates with 

small standard deviations. The average nitrogenase activity rate for phytoplankton high was 

at 4.101 ± 0.171 nmol C2H4 cm-³ d-1 (C2H4 = Ethylene) and for macrofauna high, it was at 

4.070 ± 0.281 nmol C2H4 cm-³ d-1.  

 

In Box-and-Whisker-plots (Fig. 24), the box diagrams do not look normally distributed; 

however, after applying a Shapiro-Wilk-test for normality, the p-value was above critical (p < 

0.05). Therefore, the null hypothesis, that samples are not normally distributed, was 

rejected. Consequentially, this result allowed performing a 1-way ANOVA. 

 

Fig. 24: Box-and-Whisker-Plot of all nitrogenase activity samples and error bars as standard 

deviation produced by the statistic software program “R”. Thick lines represent the median, top and 

bottom of a box represent the upper and lower quartile, which means 25%  of data are greater or 

less than this value, respectively. Top whiskers indicate maximum - and bottom whiskers minimum 

values. The x-axis shows the respective sample and the y-axis the nitrogenase activity (nmol C2H4cm-

³/d-1). Asterisks indicate significant difference from the control ØCorg +Media (p < 0.05). 

 

By comparing, it was observed that the macrofauna low sample had a lower nitrogenase 

activity rate (3.262 ± 0.248 nmol C2H4 cm-³ d-1), than the macrofauna high sample (4.202 ± 

0.684 nmol C2H4 cm-³ d1). The latter also represented the highest rate detected in all 
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nitrogenase activity samples. Both macrofauna samples were not significantly different from 

each other, when running a 1-way ANOVA (p < 0.05). However, 1-way ANOVA, which tested 

significant differences between samples, resulted in a significance (p = 0.0111) and the 

Tukey HSD post-hoc-test revealed a significant difference (p = 0.036) between sample 

macrofauna high and the control ØCorg +Media. Nevertheless, for all remaining samples, the 

null hypothesis had to be accepted (p < 0.05).   

 

Similar to the SR rates, the control ØCorg ØMedia +C2H2 ØFormalin, which was taken from a 

different core (see 3.1.1), also resulted in extremely high rates (6.612 ± 0.189 nmol C2H4 cm-³ 

d-1). Rates were twice as high as in the control ØCorg +Media. For reasons identical to the SR 

experiment, these control samples will not be further used or discussed.   

 

Three other types of samples served as control in the acetylene reduction assay. Control 

ØCorg ØMedia ØAcetylene ØFormalin, where no acetylene had been injected, and which 

checked for natural ethylene production. Results showed that there was no signal of 

ethylene over the course of time. The same was true for the other two controls, firstly, ØCorg 

ØMedia +C2H2 +Formalin and secondly, ØCorg, +Media +C2H2 +Formalin (Ø = without, + = 

including), which were killed controls. The purpose was to examine if there was C2H4 

production without bacteria. The results for both controls show that there was no C2H4 

produced over the course of time.  
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Fig. 25: Nitrogenase activity on the y-axis (nmol C2H4 cm-³ d-1) for each sample (phytoplankton low, 

phytoplankton high, macrofauna low, macrofauna high, ØCorg +Media, ØCorg Ø Media, ØCorg ØMedia –

C2H2, Ø Corg ØMedia +C2H2 +Formalin, ØCorg +Media +C2H2 +Formalin) with three replicates, on the x-

axis. Grey bars represent averages, brighter bars control sample that was excluded. Error bars are 

included and represent standard deviation; asterisks indicate the significant difference between 

respective samples and control ØCorg +Media. 

  

To conclude, the comparison between SR rates and nitrogenase activity indicated a 

tendency, concerning the energy value, as well as the type of added organic matter (Fig. 26). 

However, these trends were more pronounced for SR than for nitrogenase activity. This 

observation could be due to the fact that N2 fixation is a very energy consuming process for 

organisms and it may be take some time until higher rates are pronounced (see 

stoichiometry Eq. 2 p. 3).  

Phytoplankton low and high energy samples indicated higher rates for SR and N2 fixation, 

than macrofauna low and high energy samples (Fig. 26). Interestingly, highest rates for N2 
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fixation were not observed in the phytoplankton high sample. However, the standard 

deviation of the macrofauna high sample, which displayed the highest nitrogenase rate, was 

the greatest among all N2 fixation samples. Eventually, more replicates in the phytoplankton 

high sample might have resulted also in higher nitrogenase activity in the respective sample.  

  

 
Fig. 26: Comparison of sulfate reduction rate (upper graph, y-axis: nmol SO4

2- cm-3 d-1) and 

nitrogenase activity (bottom graph, y-axis: nmol C2H4 cm-³ d-1) of organic matter experiment. Grey 

bars represent averages and error bars indicate standard deviations. Up to three replicates are 

shown, when available. On the x-axis respective samples are shown: phytoplankton low, 

phytoplankton high, macrofauna low, macrofauna high, controls ØCorg +Media (low energy value: 

0.5194, high energy value: 3.6361, Ø: without, +: including). 
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4. Discussion 

Microbial nitrogen (N2) fixation in the ocean is a fundamental part of the marine nitrogen 

cycle, as it creates and introduces bioavailable nitrogen, in the form of ammonia and 

ammonium, into the environment (Brandes et al., 2007; Ward & Bronk, 2001). Sulfate 

reduction (SR) is a major process in the global sulfur cycle, as SR by sulfate-reducing bacteria 

can contribute to more than 50% of the organic matter mineralization in marine sediments 

(Jørgensen 1982).  

Both processes were found in marine benthic habitats (Capone, 1993; Dale et al., 2011; 

Steppe & Paerl, 2002), where some organisms, such as the SR bacterium Desulfovibrio 

vulgaris, possess the nifH gene, which encodes for the nitrogenase enzyme. Therefore, D. 

vulgaris has the genetic ability to fix nitrogen (Sisler & ZoBell 1951; Riederer-Henderson & 

Wilson 1970; Zehr et al. 1995).  

Little is known about the temperature effects on SR bacteria, mediating N2 fixation. Often, 

only two of these processes were addressed (Nielsen et al., 2001; Sohm et al., 2011). 

Nevertheless, a previous study (Bertics et al. 2012) revealed a possible  direct correlation 

between N2 fixation, SR rates, as well as temperature, in marine sediments (Fig. 8). However, 

to our knowledge, a correlation between organic matter sources and how these sources 

drive N2 fixation and coupled SR, has not been investigated, yet.    

In this study, two main questions concerning N2 fixation coupled to SR in marine sediments 

of Eckernförde Bay (EFB) were addressed. The effect of temperature was investigated in 

Experiment 1. Here, the hypothesis was investigated that N2 fixation activity and SR rates in 

sediments of EFB are correlated with temperature. 

 The abundance of the SR bacterium D. vulgaris in sediment layers was determined using 

catalyzed reported deposition fluorescence in situ hybridization (CARD-FISH) (Pernthaler et 

al. 2002; Ishii et al. 2004). The hypothesis was that the abundance of D. vulgaris would 

correlate with the activity of SR and N2 fixation in EFB sediments.  Results of Experiment 1 

will be discussed in chapter 4.1. 

In Experiment 2, the study focused on the correlation of organic carbon availability with SR 

and N2 fixation activity. Sediment slurries were prepared, mixed with two organic carbon 

species (phytoplankton and macrofauna) in two different energy levels and incubated under 

the same temperature condition (13 °C). Afterwards, SR and N2 fixation rates were examined 

and one attempt was to answer the question if N2 fixation and SR are positively correlated to 
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the energy value of added organic matter. Secondly, the hypothesis was tested that the 

addition of algal- compared to macrofaunal organic matter, result in higher SR and N2 

fixation rates. Results of Experiment 2 will be discussed in chapter 4.2. Possible future 

research is discussed in the last chapters 4.3.  

4.1.1. Impact of Temperature – Experiment 1 

Results of Experiment 1 indicated a direct correlation of N2 fixation and SR, with temperature 

(Fig. 27). The correlation was evident from high SR and N2 fixation rates in the 13 °C 

incubated cores, but low rates in the 3 °C incubated cores. Highest SR rates in the 3 °C 

incubation were in the upper sediments (0 - 5 cm) at 60 nmol SO4
2- cm-3 d-1, whereas the 13 

°C incubation reached maximum SR rates of 325 nmol SO4
2- cm-3 d-1 in surface sediments. In 

addition, the nitrogenase activity for the 3 °C incubation was at about 1 C2H4 cm-3 d-1, and 

the 13 °C sample reached a maximum rates of almost 4 C2H4 cm-3 d-1.  Therefore, the 

hypothesis that N2 fixation and SR are positivly impacted by increases in temperature in EFB 

sediments was suggested to be correct.  

The rates for SR in the 13°C incubation resulted in a concave down profile, which was 

observed for EFB sediments in a previous study (Dale et al., 2011). This profile was the result 

of the relation between downward diffusing sulfate, the uptake of sulfate by microbes and 

the upward diffusion by advection (Jørgensen, 1983). Therefore, it was suggested that more 

microbial degradation by SR bacteria was accomplished in the 13 °C samples, than in the 3 °C 

samples.  

The Student t-test revealed a significant difference between integrated rates of SR in 

temperature incubations (p = 0.0002). Therefore, the hypothesis that SR rates in 

temperature incubated samples are similar was rejected. Integrated rates for nitrogenase 

activity resulted in a significant difference (p = 0.0011). Therefore, the hypothesis that 

nitrogenase activities between integrated rates are similar was rejected.  

Surface sediment in the present study resulted in high SR rates (Fig. 28) (on average 176 

nmol SO4
2- cm-3 d-1), which were decreasing with increasing sediment depth (27 nmol SO4

2- 

cm-3 d-1). Peaks in SR activity in the 13 °C incubation were in good agreement with 

nitrogenase activity measured in parallel (Bertics et al., 2012). Nitrogenase activity was high 

in the surface sediments (~ 3.5 nmol C2H4 cm-3 d-1) (Fig. 27) and low (~0.5 nmol C2H4 cm-3 d-1) 

at 15 cm. In conclusion, the data suggested that both N2 fixation and SR in EFB sediments, 
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are positivly correlated with temperature. Therefore, it was proposed that N2 fixation and SR 

are coupled to temperature and might be performed by the same organism. 

One conceivable reason for low SR and nitrogenase activity in the lowermost sediment 

depth, could be a lower amount of organic matter available in deeper layers, compared to 

the surface sediment (Rullkötter, 2006).   

These results are in good agreement with another experiment carried out with EFB 

sediment. Anaerobic oxidation of methane (AOM) rates were found to be directly correlated 

to temperature and potential AOM rates doubled when increasing temperature from 4 °C to 

12 °C (Treude et al. 2005). The highest values of AOM were found in March and the lowest in 

September. This pattern was seen in the present study as well, where lowest rates were 

observed in the 3 °C incubation (winter/spring scenario) and highest in the 13 °C incubation 

(summer/autumn scenario). Therefore, this results were not surprising since seasonal 

variations in microbial processes were found in EFB, before.        

Jørgensen (1977) proposed that SR rates in marine sediments increased by a factor of three 

for every increase in temperature by 10 °C. This temperature effect was tested in short-term 

radiotracer incubation experiments with sediments from Limfjorden (Denmark). In the 

present study, integrated rates for SR do not agree with this suggestion. SR rates for the 3 °C 

sample were at 203 nmol SO4
2- cm-3 d-1, whereas the 13 °C sample was integrated to 1052 

nmol SO4
2- cm-2 d-1. This resulted in an increase in SR rates by a factor of five, which is higher 

than what Jørgensen proposed. Integrating nitrogenase activity rates for the 3 °C (22 nmol 

C2H4 cm-3 d-1) and 13 °C (11 nmol C2H4 cm-3 d-1) incubations resulted in a factor of two. The 

reason why N2 fixation did not increase the same why as SR, could be either due to  the fact 

that N2 fixation is a very energy consuming process for organisms, requiring large amounts of 

ATP (16MgATP) (see stoichiometry Eq. 2 p. 3). Another reason could be that enough 

bioavailable nitrogen was abundant in sediments and organisms were able to obtain their 

required nitrogen by taking up Nitrate and Ammonium (Postgate, 1982).  

Replicate cores of the 13 °C incubation resulted in high standard deviations, which are at 136 

nmol SO4
2- cm-2 d-1 for the upper sediment layer. The same was true for nitrogenase activity, 

where 0 – 2 cm resulted in high variability (Fig. 27). However, the high standard deviations 

were probably due to the high heterogeneity of EFB sediments. The majority (60 – 80%) of 

global coastal regions were found to exhibit heterogeneity in sediments (Holland & Elmore, 

2008). This heterogeneity found in sediments, could be a result of the patchy distribution of 
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macrofauna in EFB sediments. Processes, such as winter storm mixing could have resulted in 

sediment heterogeneity. But also bioturbation and bioirrigation processes, which were 

performed by macrofaunal organisms, could result in sediment heterogeneity (Dale et al., 

2011; Orsi et al., 1996). The taxonomic composition of EFB sediments showed that, among 

macrofauna, Polychaetes (e.g. Nephtys sp, Polydora ciliate and ScoIopIos armiger) were the 

abundant group. Depth of particle bioturbation in EFB was found to be limited to the top 0.5 

– 1.0 cm sediment depth (D’Andrea et al., 1996). This finding is not totally in accordance 

with the present study, where high heterogeneity was found up to 3 cm sediment depth. In 

conclusion, there must have been other organisms, such as clams or crabs, that mixed the 

sediment up to 3 cm or a storm event occurred before sampling that resulted in sediment 

heterogeneity.    

In the present study, the summer (13 °C) and winter (3 °C) situation resulted in SR rates that 

fluctuated by about one order of magnitude between temperatures. This result is in 

agreement with the finding that SR rates vary between one order of magnitude depending 

on summer or winter temperatures (Westrich & Berner 1988). That study was undertaken 

with sediments from the coastal area near Long Island Sound, south of Connecticut, in a 

water depth between 9 and 17 m and a porosity between 0.65 and 0.91. Because of an 

organic carbon content of up to 3.5 wt% in this previous study, that research is comparable 

with the present study, where EFB sediments resulted in an organic carbon content between 

4 and 5 wt% (Whiticar, 2002). In conclusion, SR rates are in the range than previously 

observed for other organic rich sediments. 
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Fig. 27: Nitrogenase activity (x-axis, nmol C2H4 cm-³ d-1) and sulfate reduction rates (nmol SO4

2- cm-3 

d-1) by SR bacteria over sediment depth (y-axis cm) determined by the acetylene reduction assay 

(from Bertics et al. 2012) and whole core injection, respectively. Three replicates (symbols) and the 

average (solid line) are presented per temperature (3 °C and 13 °C). 

 

The comparison between results of N2 fixation and SR rates measured directly at the 

respective month where temperatures occurred (Bertics et al. 2012), and incubated (3°C and 

13 °C) samples in the present study, indicated for the 13 °C measurements, a similar pattern 

(Fig. 17 and Fig. 28). Some of the cores, which were measured in February directly after 

sampling at in situ temperature (3 °C), resulted in some extremely high rates (Fig. 28, 3 °C) 

(with more than 5000 nmol SO4
2- cm-3 d-1). These high rates were very localized between 5 

and 15 cm depth, what indicated patches of high organic matter input (Bertics et al. 2012). 

These so-called “hot spots” were observed in EFB for winter months and may be the result 

of macrophyte erosion due to winter storms. This organic carbon material would sink to the 

bottom, brought deeper into the sediment by bioturbation or bioirrigation and provide a 

high organic matter input into the sediment, which increased microbial activity (Meyer-Reil, 

1983).   
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The results measured directly in October 2010 (Bertics et al. 2012) were in good agreement 

with the rates measured in the 13 °C incubation of the present study. Both samples 

indicated high SR rates in surface sediments that decreased when reaching deeper sediment 

layers. One replicate core measured directly in October 2010 resulted in a similarly high rate, 

of about 300 nmol SO4
2- cm-3 d-1, as the 13 °C incubation core from the current research. 

These results indicated that sediments of EFB can be variable, depending on location and 

season, and that there are various factors, such as organic matter input and mixing that may 

have a hugh influence on the microbial metabolic activity (Canfield, 1991). However, the 

results of the present study indicated a trend that was correlating with rates measured 

directly in the respective month. Evenutually the other cores for N2 fixation and SR rate 

measuremnts did not hit one of these hot spots and therefore did not result in such high 

microbial rates.  

 

 
Fig. 28: Sulfate reduction depth profiles from sediment cores taken and measured directly in 

February (3 °C) and October (13 °C) (Modified after Bertics et al., 2012) and rates of the current 

temperature incubation experiment (3 °C and 13 °C). Displayed on the x-axis are the sulfate 

reduction rates (nmol SO4
2- cm-3 d-1) and on the y-axis the sediment depth (cm). Three replicates 

(symbols) and the average (solid line) are presented per temperature (3 °C and 13 °C). Note the 

logarithmic scale for February. One replicate core (triangles, previous study) of February samples, 

resulted in 0 nmol SO4
2- cm-3 d-1 , except for three depth intervals and because of the log scale, values 

are not plotted.   
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4.1.2. Abundance of Desulfovibrio vulgaris in Eckernförde Bay sediments 

To examine whether nitrogenase activity and SR rates are correlated with an increase in 

numbers of SR bacteria, total cell counts and Desulfovibrion vulgaris counts were 

accomplished. D. vulgaris was found to be abundant in EFB (Bertics et al. 2012) and carries 

the nifH gene, the gene encoding nitrogenase and needed to fix N2 (Riederer-Henderson & 

Wilson, 1970). Because of the above mentioned features, D. vulgaris was selected as the 

study organism in the present research. The determination of cells and the target bacteria 

was done by staining total cells with DAPI and performing CARD-FISH (Ishii et al. 2004). This 

procedure included a fluorescent labeld dye that labels the target organisms (in this case 

Desulfovibrio spp) (Manz et al., 1998). 

Highest amounts of total, as well as D. vulgaris cell counts, were detected in EFB surface 

sediments (0 – 3 cm) (Fig. 20, Fig. 21). The relative proportion of D. vulgaris, compared to 

total cells, was highest in the surface layer (0 – 1 cm) with about 5.15% and decreased with 

inceasing sediment depth (1.72 % in 14 – 15 cm) (Fig. 23).    

The fact that there was a high amount of D. vulgaris in the upper sediments, which was 

similar to SR rates and nitrogenase ativity, supports the hypothesis that the abundance of D. 

vulgaris in EFB sediments was correlated with the activity of SR and N2 fixation. Because D. 

vulgaris was found to carry the nifH gene (Riederer-Henderson & Wilson, 1970), it was 

suggested that some of the observed nitrogenase activity in the current research may have 

been carried out by the target bacterium.    

Overall, total cell numbers in the present study ranged between 1.37 and 1.97 x 109 per cm³ 

in the upper 5 cm sediment. These numbers are high compared to another study undertaken 

in EFB (Vardeh, Diploma thesis, 2011), which examined cells by the same method that was 

used in the current study (CARD-FISH). This previous study came up with 6.5 x 108 total cells 

per cm³, however this discrepancy could be due to sampling in a different season. Sediments 

for the Vardeh (2011) study were sampled in April, whereas sediment for CARD-FISH analysis 

in the present study was sampled in October. The different cell numbers might be a result of 

different organic matter availability during that period of the year.  

Total cell numbers are in agreement with previous counts in EFB (Treude et al. 2005). In this 

study, the effect of seasonal changes on anaerobic oxidation of methane (AOM) and the 

abundance of AOM mediating bacteria was examined. DAPI results indicated total cells of 

1.4 x 108  between 24 and 26 cm sediment depth, whereas the current research found 5.69 x 

108 for the deepest section (14 – 16 cm). Although the deepest sediment layer in the 
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previous study was 10 cm below the deepest layer in the present study, results are in the 

same order of magnitude. In the same previous study, the abundance of the SR bacteria 

Desulfococcus and Desulfosarcina in EFB sediments was examined. Results indicated about 

3.4 x 106 bacteria of the branches Desulfococcus and Desulfosarcina in 24 – 26 cm sediment 

depth, whereas the present study resulted in 9.79 x 106 D. vulgaris cells in the lowermost 

section (14 – 16 cm). These numbers are relatively similar,  although there were differences 

between the previous and the present study. In the Treude et al. (2005) study, SR was linked 

to AOM, and moreover, the SR species and the sediment depth were different.  

In conclusion, total cell counts and D. vulgaris counts seemed to be reasonable and the 

hypothesis that the abundance of D. vulgaris was correlated with the activity of SR and N2 

fixation, was strengthened. In order to clarify these results and prove that N2 fixation is 

really done by D. vulgaris, one could perform either qPCR or nanometer-scale secondary ion 

mass spectrometry (NanoSIMS) (Polerecky et al., 2012), which will be discussed in the 

outlook section (4.4.) 

 

4.2. Impact of organic matter – Experiment 2 

In Experiment 2, the impact of the correlation between organic matter availability, SR and N2 

fixation was investigated. Here, EFB sediment was homogenized and made into a slurry, 

after which two types of organic matter were added (phytoplankton and macrofauna 

material), at two different energy values, based on low- and high carbon concentration 

scenarios (Graf et al., 1983) (0.5194 kJ and 3.6361 kJ). SR rates were determined by the 

whole core injection method (Jørgensen 1978; Fossing & Jørgensen 1989) and using the cold 

single-step chromium distillation method (Kallmeyer et al. 2004). Nitrogenase activity, as an 

indication of N2 fixation, was measured via the acetylene reduction assay (Kallmeyer et al., 

2004).  

  

The results of Experiment 2 supported the hypothesis, that rates are positivly correlated 

with energy value (Fig. 26). This result was statistically confirmed only in the nitrogenase 

activity with the macrofauna high sample (1-way ANOVA, p = 0.036). However, a trend that 

support this hypothesis can be observed from the data, suggesting that more replicate cores 

might have been needed for statistical confirmation. Unfortunately, for SR rates one 

replicate of the macrofauna high sample and one of macrofauna low was not available. 
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Consequentially, no statistical test was done to check for significances because at least three 

replicates were required. 

  

Nevertheless, a trend that the energy content of added organic carbon material has a direct 

influence on SR and N2 fixation activity can be observed (Fig. 26). This correlation was found 

for SR rates. Higher SR rates were observed, when a larger amount of organic carbon 

material, i.e. more energy, was added. There was one exception where this correlation could 

not be confirmed and that was with the nitrogenase activity of the phytoplankton sample. 

Here, high and low energy values resulted in simliar nitrogenase activity with small standard 

deviations. This pattern is most likley not due to sediment heterogeneity, as was discussed 

already in section 4.1. (Holland & Elmore, 2008) because for this experiment homogenized 

sediment slurries from the same core were used. This exception could be an indication that a 

low phytoplankton amount was enough, to enhance nitrogenase activities in the same way 

as a high phytoplankton amount.  

 

The trend that the overall rates for SR and nitrogenase activity were higher with 

phytoplankton than with macrofauna, supported the hypothesis that algal organic matter 

resulted in higher N2 fixation rates and SR when compared to macrofaunal organic matter. 

These observations indicated that phytoplankton material was more easily degraded than 

macrofauna material, at least for bacteria in the present study. Present results agreed with 

the previous finding that the composition of organic matter was an important factor, 

influencing microbial degradation rates (Boetius & Lochte 1996). In this past study, sediment 

slurries of the upper 4.5 cm of each sediment core were enriched directly after sampling, 

with equal quantities of different substrates and were then incubated for two months. The 

results of the Boetius and Lochte (1996) study showed that substrate supply, in terms of 

lipids, starch, cellulose, chitin and albumin, strongly influenced microbial degradation 

processes. Moreover, the different substrates resulted in variations in bacterial growth 

rates. This was not tested in the present study but would be worth investigating to and see if 

this pattern is also true for D. vulgaris.     

The results from a different incubation (10 days) study showed that the addition of organic 

carbon material to sediment slurries from Long Island Sound (1 m depth) resulted in 

enhanced bacterial SR rates (Westrich & Berner, 1984). This previous study suggested that 
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SR rates and the amount of added organic carbon material were linearly proportional. This 

correlation was found to be a direct evidence of the validity of the simple G model (Berner, 

1964). This model suggested a correlation between SR and the concentration of organic 

carbon. The previous results of both studies were confirmed in the present study, where a 

positive correlation between amount of added organic carbon and SR rates was observed. 

 

Nevertheless, the Berner (1964) and Westrich and Berner (1984) studies only investigated 

the amount, and not the type, of added organic matter. The investigation of microbial 

degradation of a whale fall, in which anoxic EFB sediment was enriched with whale biomass, 

to study the activity of SR bacteria, revealed that SR connected to the degradation of animal 

carbon was delayed up to 35 days (Verdeh, 2011, Diploma Thesis). The reason for this time 

lag was hypothesized to be the fact that SR bacteria are nottypically capable of degrading 

large organic molecules. Usually, there are aerobic processes that degrade molecules 

beforehand, and because this processes were missing in the previous and in the present 

study, it could be possible that SR bacteria were not able to degrade the animal material 

directly. These results showed that it could take bacteria longer to degrade animal material, 

compared to phytoplankton material. This idea is in agreement with the current research, 

where phytoplankton material resulted in high SR rates and nitrogenase activity, compared 

to macrofauna material. With sufficient time allowed, the macrofauna samples might have 

resulted in higher SR rates in the present study as well.  

 

However, not just the benthic aerobic degradation of molecules is important for SR bacteria; 

also, the degradation in the water column is essential. Organic matter, expected that with a 

benthic origin, is altered in the water column by grazing, microbial degradation or chemical 

processes while it is sinking on the seafloor (Karl et al.  1988). This alteration step was 

missing in the present study and Karl et al. (1988) suggested that bacteria, in general, need 

this aerobic degradation by other organisms, in the water column, to be able to consume 

macrofauna material. Another important step that was missing in the current study, was the 

aerobic degradation of organics on the sediment surface. In an oxic environment, organic 

matter is degraded by aerobic bacteria and by macrofaunal species first, and so both of 

these organisms contribute to the mineralization of organic matter (Lee, 1992; Middelburg 

et al. 1993). Thus, it might be difficult for SR bacteria in the present study to break up the 
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large molecules and degrade the macrofaunal material without aerobic organisms breaking 

up the larger molecules beforehand.     

 

Bioirrigation by benthic organisms, such as polychaetes, was investigated recently in EFB 

sediments (Dale et al. 2012). In this recent study, the bioirrigation coefficient for EFB 

sediments was estimated and resulted in highest values (α = 0.38 d-1) in March (Fig. 29). The 

lack of bioirrigation from September to December, and consequently of organisms 

performing this process, was probably due to decreased bottom water oxygen 

concentrations. These anoxic conditions in EFB have increased in frequency over the last 25 

years (Orsi et al. 1996; Bange et al. 2011). Because bioirrigating organisms need oxygen to 

survive, the absence of oxygen resulted in many dead animals, specifically at the sediment 

surface (V. Bertics, pers. observ.) and therefore, added an additional source of organic 

matter to the sediments (Meyer-Reil, 1983). On the other hand, bioturbation can introduce 

organic matter deeper into the sediment, where it enhances microbial degradation 

processes (Bertics et al., 2010). Organisms increase organic matter availability via burrow 

systems in the sediment either by bioturbation (Aller & Aller, 1986) or by bioirrigation 

(Bertics et al., 2010). The amount of organic matter originating from phytoplankton blooms 

that reaches the seafloor of EFB is varying with season and is dependent on temperature, 

water column mixing and phytoplankton blooms (Graf et al., 1983; Meyer-Reil, 1983). For 

the present study, this seasonality of organic matter availability and bioirrigation would 

imply that high SR and N2 fixation rates are expected in spring and low SR and N2 fixation 

rates in winter.   
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Fig. 29: Bioirrigation coefficient (x-axis: α (d-1)) for EFB sediments with time series starting from 

February 2010 to December 2010 on the y-axis (Bertics et al. 2012; Dale et al. 2012). 

 

In an in situ experiment, the response of a benthic community to a phytodetritus pulse was 

examined (Witte et al., 2003). During this experiment, the response of an abyssal benthic 

community (4800 m) was quantified over a period of 2.5 to 23 days. A benthic chamber was 

used for measurements and for the introduction of freeze-dried 13C labeled algae suspension 

(Thalassiosira rotula). Macrofauna were determined to be very important for initial carbon 

degradation, whereas the bacterial response was delayed. These results are in agreement 

with our study. We showed that in the absence of macrofaunal organisms, large organic 

molecules could not be degraded as well as phytoplankton material. Moreover, Witte et al. 

(2003) found that the microbial degradation of particulate organic carbon was restricted to 

the upper sediment layers (0 – 2 cm). Because the present study revealed the occurrence of 

high SR and N2 fixation rates at sediment depths deeper than 2 cm, the previous result is not 

in agreement with the current research. A reason for different results could be due to the 

fact that Witte et al. (2003) examined deep sea sediment with a low organic carbon content 

(0.4 wt%), whereas EFB sediment is rich in organics (4 – 5 wt%) (Whiticar, 2002). This organic 

matter was brought deeper into the sediment by processes, such as bioirrigation or 

bioturbation, and therefore, enhanced microbial degradation processes, when compared to 

deep-sea sediments. 
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4.3. Conclusion  

Experiment 1 indicated a positive correlation between nitrogen (N2) fixation coupled to 

sulfate reduction (SR) and temperature in Eckernförde Bay (EFB) sediments. The abundance 

of the target bacterium D. vulgaris, was correlated with respective rates in sediments, 

suggesting that these bacteria were performing some of the observed SR and N2 fixation.   

Results of Experiment 2 suggested a trend between the amount of energy added as organic 

material and SR, as well as N2 fixation rates. Therefore, higher energy values resulted in 

higher SR and N2 fixation rates. Moreover, phytoplankton samples showed higher SR and N2 

fixation rates than macrofauna samples. It was suggested that macrofaunal carbon material 

was more difficult to digest for SR bacteria, than phytoplankton carbon material. This 

difficulty could be due to the absence of macrofaunal organisms that would perform aerobic 

degradation beforehand causing anaerobic microbial degradation processes in the 

sediments to possibly slow down.  

In conclusion, the current research revealed that temperature and type of organic matter, as 

well as energy concentration, drove N2 fixation and SR rates in EFB sediments.  

These correlations could be also relevant for organic rich sediments in other marine 

environments. SR bacteria could influence N2 fixation rates in oxygen minimum zones of the 

coast of Peru, which have a high organic carbon content and low oxygen concentrations. 

Rates of N2 fixation coupled to SR rates could be enhanced either following a phytoplankton 

bloom or with higher temperatures.    

Other organisms that carry nif genes, the genes that encode the nitrogenase enzyme, and 

that were found in EFB sediments (Bertics et al. 2012), are SR bacteria of the species 

Desulfonema limicola (Fukui et al. 1999). This organism is also coupled to SR, like 

Desulfovibrio vulgaris, and capable of N2 fixation. This bacterium was identified by 

polymerase chain reaction (PCR) amplification of EFB sediments (Bertics et al. 2012). 

Another organism that was found in EFB by Bertics et al (2012), and that carry the nifH gene, 

is Acrobacter nitrofigilis (McClung et al. 1983). However, this bacterium performs SR and 

fixes N2 under aerobic conditions (facultative anaerobic).  

In conclusion, the correlations found in the present research could be also relevant for other 

marine environments and organisms, making N2 fixation by SR bacteria in marine sediments 

an important but underestimated process. 
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4.4. Outlook 

Although some studies imply that SR bacteria can contribute to N2 fixation in marine 

sediments of EFB (Bertics et al. 2012), this topic still needs future investigation. Results of 

the present study suggested a correlation between N2 fixation, SR rates and temperature in 

benthic environments of EFB. In addition, results indicated that these processes could be 

performed by SR bacteria, possibly by D. vulgaris, but also this needs to be confirmed by 

future studies. Present results showed that organic matter in the form of phytoplankton was 

more easily and faster degraded than organic matter in the form of macrofauna, which was 

confirmed by higher SR and N2 fixation rates. Additionally, the effect of climate change, i.e. 

higher temperatures, and if the type of organic matter present in oxygen minimum zones 

result in higher N2 fixation, coulped to SR, should be investigated. The metabolic capabilities 

of SR bacteria deserve future attention, especially the question concerning why SR bacteria 

fix N2 in sediments when reduced nitrogen species are abundant. Another question that 

remains, is how other processes within the nitrogen cycle are affected by N2 fixation rates by 

SR bacteria. In conlusion, there are several gaps in our knowledge concerning SR, N2 fixation 

and temperature, as well as organic matter. Here, some of these remaining questions are 

addressed in more detail.  

 

Effect of metabolic activities. Catalyzed Reporter Deposition Fluorescence in Situ 

Hybridization (CARD-FISH) has the possibility to examine the natural abundance of a specific 

target organism, in this case D. vulgaris, in marine sediments. It would be interesting to 

know how much N2 fixation one cell can accomplish. Therefore, metabolic activities with the 

analysis of nanometer-scale secondary ion mass spectrometry (NanoSIMS) (Polerecky et al., 

2012) could be performed. This method facilitates the determination of elemental and 

isotopic compositions of cells and the quantification of metabolic activities. Moreover, the 

quantitative real time polymerase chain reaction (qPCR) could be used for investigation. 

Only by these methods, N2 fixation by the SR bacteria D. vulgaris could finally be confirmed. 

 

Effect of Climate Change. Future studies, dealing with sulfate reduction (SR) and nitrogen 

(N2) fixation should also focus on the effects of climate change (IPCC, 2007). Higher water 

temperatures could lead to more stratification and an increase in oxygen minimum zones 

(OMZ) (Diaz, 2001; Stramma et al.2010). Therefore, anaerobic processes, i.e. SR and N2 

fixation, should be examined in OMZs, especially in terms of temperature correlation. A high 
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oxygen concentration would inhibit SR and N2 fixation, but anoxic conditions, such as those 

found in OMZs, could increase SR and N2 fixation rates. In addition, the type of organic 

matter would be interesting to examine in OMZs because these areas are upwelling regions 

high in nutrients. High organic matter concentrations could enhance SR and N2 fixation, as SR 

bacteria need organics for microbial degradation. Another question is, if there will be more 

SR and N2 fixation due to higher temperatures in marine sediments, in general.  

 

Effect of Ammonium. Why SR bacteria would fix N2, when bioavailable nitrogen species are 

abundant, is still a topic of much debate. Although EFB sediment was shown to be rich in 

ammonium (up to 1200 μM) (Bertics et al. 2012) and although ammonium was suggested to 

be an inhibitor of N2 fixation (Postgate, 1982), nitrogenase activity was not inhibited in EFB 

sediment (Bertics et al. 2012). However, it is unclear at which ammonium concentrations N2 

fixation by SR bacteria would be inhibited in EFB sediments. Therefore, it would be 

interesting to conduct an experiment changing ammonium concentrations in sediment 

slurries of EFB and examine respective N2 fixation rates. 

 

Effect of Phytoplankton Blooms. EFB sediments are exposed to heavy phytoplankton 

blooms during spring and autumn (Bange et al. 2011). In the current research, the changing 

parameters were in Experiment 1, temperature and in Experiment 2, organic carbon. Now it 

would be interesting to conduct an experiment focusing on the combined effects of 

temperature and organic carbon material. Higher temperatures in combination with 

phytoplankton organic material could result in even higher rates of SR and N2 fixation than 

found in the present study. However, eventually highest rates, could be reached for N2 

fixation coupled to SR because bacteria have reached the maximum rate (Kmax) and are 

saturated with substrate. 

  

Effect on the Nitrogen Cycle. High N2 fixation rates in sediments should have an influence on 

the other processes within the nitrogen cycle. Processes that would be influenced include, 

for example denitrification, a process that uses nitrate as an electron acceptor and converts 

it to N2. Another sink for bioavailable nitrogen, besides denitrification, was shown to be 

anaerobic ammonium oxidation (anammox) (Strous et al., 1999), which converts nitrite and 

ammonium back to N2. Because these processes are a source for N2, there could be a 
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correlation between denitrification and N2 fixation, as well as anammox and N2 fixation. 

These correlations could be investigated in an experiment similar to the present study, but 

then nitrate, nitrite and ammonium should be measured and examined in respect to N2 

fixation rates.       
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Appendix 

1. Impact of Temperature – Experiment 1  

 

(1) Recipe for CARD-FISH reagents and buffers  
 

10xPBS 
137mM NaCl (MW 58,44)   80g 
2,7mM KCl (MW 74,55)   2g 
10mM Na2HPO4 (MW 141,96)  14,1g  
(17,8g of Na2HPO4*2H2O (MW 178,01)) 
2mM KH2PO4 (MW 136,09)   2,7g 
Solve in 800ml MQ, adjust Ph to 7,3, adjust to 1 L 
Autoclave 
 
1xPBS 
100ml 10xPBS 
900ml sterile MQ 
Sterilize again by filtration (Puradisc Filter 0,2µm) before use 
 
1xPBS/EtOH (1:1) 
25ml 1xPBS 
25ml 96% EtOH 
 
4% Formalin in 1xPBS 
108,1 ml 37% Formalin 
891,9 ml 1xPBS 
Store at 4°C – toxic! Use beaker only for Formalin! 
 
 
5M NaCl 
5M NaCl (MW 58,44)     
Solve  146,1 g NaCl in 500 ml MQ 
Autoclave 
 
H2O2 (store at 4°C) 
General stock solution is 30% H2O2        
3% H2O2 – 30µl 30% H2O2 +270 µl X 
 
10% SDS (sodium dodecyl sulfate)   
10 g SDS      
Adjust volume to 100ml with autoclaved MQ  
Fill it into a autoclaved bottle 
Filtrate with 0,2µm 
 
1M Tris – HCl pH 7,3 
1M Tris (MW 121,14)  121,14g 
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Solve in 800 ml MQ, adjust pH to 7,3 with NaOH pellets, adjust to 1L 
Autoclave 
Filtrate with 0,2µm 
 
0,5M EDTA pH 7,3 
73,06g EDTA (MW 292,24)   
Solve in 500 ml MQ, adjust pH to 7,3 with NaOH pellets 
Autoclave 
Filtrate with 0,2µm 
 
Sterile MQ 
Fill milliQ water into 500ml bottles 
Autoclave 
 
Lysozyme (5mg/ml)– always prepare freshly 
Prepare 10mg (20.000U/µl) in caps and store at -20°C 
For use add 2ml 0,05M EDTA/0,1M Tris-HCl 
(1ml 0,5M EDTA, 1 ml 1M Tris-HCl, 8ml MQ) 
Achromopeptidase buffer  
Solve 3g  Achromopeptidase (1000U/mg) in 1ml MQ 
 
Proteinase K 
15 µg/ml in 0,05M EDTA/0,1M Tris-HCl 
 
Hybridizationbuffer  
5 M NaCl  3,6ml 
1M Tris-HCL  0,4ml 
Blocking Reagent 2,0ml 
10% SDS  20µl 
Formamide   x ml 
MQ   x ml 
35% 7ml Formamide + 7ml MQ 
Add 2g dextran sulfate (Dextran sulfate disodium salt from Leuconostoc spp., Sigma), 
vortex and dissolve dextran at 40-60°C 
 
2x Saline-Sodium Citrate (SSC) 
300mM NaCl (MW 58,44)  17,5g 
34mM Na-Citrat*2H2O (MW 294,1) 10,03g 
Dissolve in 800ml MQ, adjust pH to 7.0 and fill to 1L 
 
Blocking Reagent in 1xPBS 
Dissolve 100 mg Blocking Reagent (from kit) in 10 ml 1xPBS, 
 
Streptavidin-HRP in Blocking Reagent in 1xPBS 
Dissolve Streptavidin-HRP 1:100 in Blocking Reagent in 1xPBS (3µl+297µl), prepare 
fresh. 
 
Tyramide-Solution 
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Add 300 µl Amplification buffer (Kit) , 1µl 0,5% H2O2 (f. 0,0015%) and 3µl 
fluorescently labeled Tyramide (like Alexa488 or Alexa 546), prepare fresh 
 

 

Tab. 3: Results of the DAPI and CARD-FISH stained counts of total bacteria and Desulfovibrio vulgaris. 

Shown is the average cell number per counting grid and the calculated number of bacteria/D.vulgaris 

in each sediment depth (cm).    

 DAPI (total bacteria)  CARD (D. vulgaris)  

Depth (cm) 
Average cell number/ 

field 

Bacterial 
Number/ml 

sediment 

Average cell 
number/field 

Bacterial 
Number/ml 

sediment 

0-1  24.9524 1.97E+09 1.2857 1.02E+08 

1-2 24.6190 1.95E+09 0.8429 6.66E+07 

2-3 23.3913 1.85E+09 0.8571 6.78E+07 

3-4 18.5185 1.46E+09 0.6571 5.20E+07 

4-5 17.3103 1.37E+09 0.5714 4.52E+07 

5-6 17.6552 1.40E+09 0.4714 3.73E+07 

6-7 17.0667 1.35E+09 0.4714 3.73E+07 

7-8 16.3226 1.29E+09 0.4286 3.39E+07 

8-9 13.0000 1.03E+09 0.3429 2.71E+07 

9-10 10.8913 8.61E+08 0.2714 2.15E+07 

10-12 15.6563 8.25E+08 0.3714 1.96E+07 

12-14 13.5946 7.17E+08 0.2571 1.36E+07 

14-16 10.7872 5.69E+08 0.1857 9.79E+06 

 

 

 

Tab. 4: Porewater measurements for samples taken in October 2011, including Chloride (mmol), 

Brom (µmol) and Sulfate (mmol) per sediment depth (cm) 

Depth Cl mmol Br µmol SO4 
mmol 

(cm)    

    

0.00 377.06 578.77 19.211 

0.50 389.61 598.75 19.389 

1.50 338.63 518.85 16.91 

2.50 373.64 584.96 16.94 

3.50 371.32 600.66 15.309 

4.50 364.75 562.51 14.327 

5.50 360.98 547.44 13.625 

6.50 355.02 572.58 13.306 

7.50 355.39 565.26 12.856 

8.50 355.28 562.42 12.415 

9.50 350.05 542.43 12.313 

10.50 353.70 546.072 12.738 

11.50 353.66 549.19 12.355 

12.50 353.66 568.84 11.833 
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13.50 354.57 526.47 11.486 

14.50 349.84 546.57 12.14 

15.50 353.51 500.45 11.316 

16.50 353.41 540.5 10.55 

17.50 324.31 553.6 11.833 

18.50 358.04 545.49 10.261 

19.50 346.72 500.46 9.636 

20.50 334.42 530.5 9.286 
21.50 345.27 515.14 8.793 

22.50 346.22 543.21 8.21 

23.50 347.7 524.99 7.467 

25.50 347.85 558.35 7.23 

26.50 343.98 506.41 7.02 

27.50 347.97 522.61 6.585 

28.50 347.355 514.65 5.806 

29.50 344.64 514.83 5.723 

 

 

 

2. Impact of Organic Matter – Experiment 2  

 

(2) Solution and ingredients and salt recipe for sulfate medium for SR bacteria in the 

Baltic Sea (PSU 23). 

 

 6 – vitamin – solution (filtered sterile): 20 mM NaP-buffer (0.356 g Na2HPO4, 0.27 g 
NaH2PO4; pH 7, 100 ml); 4-aminobenzoate (4 mg); D-(+) biotine (1 mg); nicotinic acid (10 
mg); calcium-d-(+)-panthotheanate (5 mg); pyridoxaminedihydrochloride (15 mg); lipoic 
acid (1.5 mg) 

 

 Thiamine (B1)  (filtered sterile): 10 mg of thiamine in 100 ml of 25 mM NaP-buffer (pH 3.4 
– 3.7, 0.345 g NaH2PO4), filter (sterile) into Eppendorf tubes, store 1  mL aliquots at -20 °C 

 

 Cyanocobalamine (B12) (filtered sterile): 5 mg of cyanocobalamine dissoluted in 100 ml 
of ultra-clean water, filter (sterile) into Eppendorf tubes, store 1  mL aliquots at -20 °C 

 

 Riboflavine (B2) (filtered sterile): 5 mg of ribovlavine dissoluted in 100 ml of acetic acid 
(20 mM), filter (sterile) into Eppendorf tubes, store 1  mL aliquots at -20 °C 

 

 Selenite / wolframate (autoclaved): In 1000 ml of ultra clean water: 400 mg NaOH, 8 mg 
Na2WO2, 6 mg Na2SeO3, filter sterile in glass bottle, autoclave 

 

 Trace elements  (autoclaved):  Add 12.5 ml HCl (37 %, fuming), 2100 mg FeSO4 *7 H2O, 30 
mg H3BO3, 100 mg I2*4H2O, 190 mg CoCl2 * 6 H2O, 24 mg NiCl2*6H2O, 2 mg CuCl2*2H2O, 
144 mg ZnSO4, and 36 mg Na2MoO2 * 2 H2O into a large cylinder and fill it up to 1000 ml 
with ultra-pure water, filter sterile into autoclaved glass bottle 
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 Bicarbonate solution (autoclaved): Milli-Q water (1000 mL) + NaHCO3 (84 g, MW: g). 
Solution with a concentration of 30 mM of NaHCO3, flush with CO2 (5 min), autoclave, 
store 30 mL aliquots at RT 

 

 Nitrogen / phosphate – solution (autoclaved): Milli-Q water (1000 mL) + NH4Cl (5 g, MW: 
g) + KH2PO4 (4 g, MW: 136.09 g) Solution with a concentration of 4.67 mM of NH4Cl and 
1.47 mM of KH2PO4 

 

 6.5 % HCl solution (autoclaved): 25 % HCl solution (26 mL) + Milli-Q water (74 mL), into 
glass bottle and autoclave 

 

 1 M NaOH – solution (autoclaved) 
 

 1 M sulfide solution: Milli-Q water (100 mL) + Na2S*9H20 (24 g, MW: g), in autoclaved 
glass bottle, flush with N2 (5 min), store at 4 °C 

 

 Resazurin (autoclaved): Milli-Q water (100 mL, MW: g ) + Resazurin (100 mg, MW: 251.18 
g); Fill in glass bottle, autoclave, store at RT 

 

Tab. 5: Salts and their concentrations for 1 l sulfate reducing bacteria medium for the Baltic Sea. 

Salts (molecular weight): Concentrations [mM]; g for 1 l medium: 

KBr (119.01 g) 0.4968     mM;                 0.05912 g 

KCl (74.56 g) 5.29          mM;                 0.3944   g 

CaCl22H2O (147.02 g) 6.5714     mM;                 0.9661   g 

MgCl26H2O 18.3277   mM;                 3.7260   g 

MgSO27H2O 18.1371   mM;                 4.4689   g 

NaCl 296.3714 mM;                17.3199 g 

 

 

 

(3) Copper Sulfate Solution (CuSO4) (according to Cord-Ruwisch 1985) 
 1.25 g CuSO4 x 5 H2O was dissolved in ultrapure H20.  

 6.51 mL HCl (26 %) was added and the solution filled up to a total volume of 1 L with 
ultrapure water.  

 

Tab. 6: Sulfide (S2-) measurements (by photometer) of the sediment:medium slurries. Each sample 

and the according sulphide concentration (mM L-1) was measured three times and an average was 

calculated.  

Measure
-ment 

Phyto 
high 

S
2-

 
(mM 
L

-1
) 

Phyto 
low 

S
2-

 
(mM 
L

-1
) 

Macrofa
una high 

S
2-

 
(mM 
L

-1
) 

Macrofa
una low 

S
2-

 
(mM 
L

-1
) 

Control S
2-

 
(mM 
L

-1
) 

1 0.008 0.384 0.041 1.943 0.017 0.815 0.009 0.445 0.015 0.701 

2 0.011 0.517 0.039 1.848 0.022 1.043 0.012 0.569 0.018 0.853 

3 0.007 0.346 0.047 2.204 0.020 0.948 0.010 0.474 0.011 0.521 

Mean 0.009 0.415 0.042 1.998 0.020 0.935 0.010 0.496 0.015 0.692 
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Tab. 7: Porewater measurements for each sample including Chloride (mmol) and Sulfate (mmol) plus 

average and standard deviation. CNS (%) measurements consist of total carbon (TC), N (Nitrogen), S 

(Sulfur) and organic carbon (Corg). 

Treatmet Chlorid mmol Sulfat mmol Sulfat 
averag
e 

Chlorid 
averag
e 

SD 
Sulfat 
mmol 

SD 
Chlorid 
mmol 

CNS 

Phytoplan
kton high 

403 402.3 18.54 18.58 18.56 402.65 0.034 0.495 N 0,623 %  

Phytoplan
kton low 

356.86 367.8 16.38 16.79 16.59 362.33 0.291 7.736 TC 5,507  

Macrofau
na low 

365.5 368 16.65 16.77 16.71 366.75 0.088 1.768 S 1,01 %  

Macrofau
na high 

369.29 368 13.82 13.97 13.90 368.64 0.101 0.912 Corg 5,461 %  

Ø Corg 
+Media 

370.05 370 17.33 17.26 17.30 370.02 0.049 0.035   

Ø Corg 
ØMedia 

313.69 311.62 16.06 15.88 15.97 312.65 0.124 1.464   
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Fig. 30: Plot of the TukeyHSD-test to check for significant differences between samples of 

nitrogenase activity from the organic matter experiment. The x-axis displays the differences in mean 

levels of samples and the y-axis the samples which are tested against one another. Sample 1: 

phytoplankton low, 2: phytoplankton high, 3: macrofauna high, 4: macrofauna low, 5: Control (Ø Corg, 

+Media) 
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