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Abstract 
Microbial decomposition of organic matter in aquatic environments plays an important role in 
natural fluxes of methane and carbon dioxide because the gases are end-products in microbial 
energy metabolism of organic matter. Microbial metabolism depends on the use of electron 
donors and electron acceptors in redox reactions that generate energy for growth and 
maintenance. Energy yields can be used to envisage specific patterns of microbial redox 
reactions and these predictions depend on the hypothesis that, in a specified environment, the 
metabolic reaction that yields most energy will dominate over any competing reactions. The 
energy yield hypothesis indicates a sequential order in electron acceptor use by microbes and 
also make it tempting to conclude that degradation rate of organic matter is different 
depending on available electron acceptors. The main purpose of this thesis was to study how 
the presences of different electron acceptors in freshwater sediments influence organic matter 
decomposition. Mineralization rates of organic matter under six different conditions regarding 
the electron acceptor availability were investigated in a river sediment sample from Stångån, 
Sweden, by measuring carbon dioxide and methane production using gas chromatography. 
This was done during a fixed time period, in vials containing a mixture of water, sediment, 
buffer solution and a dominating electron acceptor. Six different metabolic processes; aerobic 
respiration, denitrification, manganese reduction, iron reduction, sulphate reduction and 
methanogenesis were included. The overall result indicates similar mineralization rates in 
both oxic and anoxic treatments. The result also indicates that methane formation was present 
in the iron reduction and methanogenesis treatments and not evident in the oxic treatments. 
Sulphate reduction, denitrification and manganese reduction seems to inhibit methanogenesis, 
but the result also indicates that no significant total mineralization was apparent when NO3

- 
and Mn(IV) were the dominating electron acceptors. The similarities between oxic and anoxic 
mineralization rates indicates that organic matter degradation rates are not dependent on 
available electron acceptors and that degradation rates of organic matter are independent of 
the thermodynamically based energy yield. 
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1 Introduction 
Methane and carbon dioxide are two important greenhouse gases that currently are increasing 
in the atmosphere contributing to global warming (Wuebbles and Hayhoe, 2002). Today, 
intensive research is in progress to delineate both natural and anthropogenic fluxes of 
greenhouse gases. Microbial decomposition of organic matter in aquatic environments plays 
an important role in natural fluxes of methane and carbon dioxide because the gases are end-
products in microbial energy metabolism of organic matter (Zehnder and Stumm, 1988). The 
most extensive degradation of organic matter in aquatic environments take place in the 
sediments (den Heyer and Kalff, 1998) and heterotrophic bacteria (i.e. bacteria that require 
organic compounds as a carbon source) are the main decomposers (Bastviken, 2002).  
Heterotrophic bacteria are more abundant in the sediment than in the equivalent volume of 
overlaying water (den Heyer and Kalff, 1998) and most of the bacteria activity occurs in the 
upper sediment layers (Wetzel, 2001). Bacterial decomposition of organic matter is dependent 
on numerous factors, both biological parameters such as the synthesis of enzymes capable of 
hydrolysing the organic substances and chemical characteristics such as the structure of 
compounds (Wetzel, 2001). However, one of the most important aspects determining how 
heterotrophic microbial metabolism is carried out, i.e. how organic matter is decomposed, is 
the presence of oxygen (Bastviken et al., 2001).  
 
Microbial metabolism depends on the use of electron donors and electron acceptors in redox 
reactions that generate energy for growth and maintenance (Hedin et al., 1998). Different 
combinations of electron acceptors and donors release different quantity of energy which is 
necessary for bacterial growth and potentially also indirectly for degradation rates of organic 
matter (table 1). The redox reactions used in energy metabolism can be expressed according 
to  
 
Ared + Box → Aox + Bred + free energy    (1) 
 
where A red is the electron donor; Box the electron acceptor; Aox the oxidized form of A and B 

red the reduced form of B (Hedin et al., 1998; Bastviken, 2002). 
 
Organic matter is the most frequent electron donor in natural habitats and oxygen is the 
dominating electron acceptor in oxic habitats. Other electron acceptors such as nitrate (NO3

-), 
manganese (Mn(IV)), iron (Fe(III)), sulphate (SO4

2-) and carbon dioxide (CO2) are prominent 
in anoxic habitats (table 1). Energy yields can be used to envisage specific patterns of 
microbial redox reactions in natural environments and these thermodynamically based 
predictions depend on the hypothesis that, in a specified environment, the metabolic reaction 
that yields most energy will dominate over any competing reactions (Hedin et al., 1998). For 
example, in anoxic environments, the electron acceptor NO3

- is more likely to be used for 
microbial growth than CO2 because the reaction involving NO3

- generates more energy 
(Zehnder and Stumm, 1988). This hypothesis indicates a sequential order in electron acceptor 
use by microbes and also make it tempting to conclude that degradation rate of organic matter 
is different depending on available electron acceptors.  
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Table 1: Examples of redox reactions in microbial energy metabolism of organic matter. OM denotes organic 
matter (Bastviken, 2002; Zehnder and Stumm, 1988).  

Metabolic process Substrates End-products Free energy 
 Electron donor 

(Ared)a 
Electron acceptor 

(Box)a  
    

(Aox)a
    

(Bred)a 
∆G° kJ/mole e- 
(Free Energy)a 

Aerobic respiration OM O2 CO2 H2O 125 
Denitrification OM NO3

- CO2 N2 112 
Manganese reduction OM Mn(IV) CO2 Mn(III), Mn(II) 95 

Iron reduction OM Fe(III) CO2 Fe(II) 24 
Sulphate reduction OM SO4

2- CO2 S2
- 18 

Methanogenesis OM, H2 OM, CO2 CO2 CH4 14-28 
a Refers to relation 1 in text. 
 

Experiential measurements with natural organic matter, performed mainly in marine 
environments, yields a more complex image than this energy yield hypothesis (i.e. that 
mineralization rates correspond to the energy yield). Some of the experiments support the 
view that oxic degradation is faster than anoxic (Harvey et al., 1995; Sun et al., 1997) and 
others indicates that there is little or no difference between oxic and anoxic decomposition 
rates (Gong and Hollander, 1997; Lee, 1992). These contradictions findings have maintained 
an ongoing debate regarding oxic and anoxic degradation in marine environments (Hedges 
and Keil, 1995).  
 
As an explanation for these contradictions it has been hypothesized that the organic matter 
degradation could be independent of the energy yield, i.e. which electron acceptor is in use 
(Bastviken et al., 2003). The hypothesis, referred to as the primary substrate attack, implies 
that the initial degradation step is the rate limiting step in overall organic matter degradation. 
The initial step for microbial decomposition of organic matter is the extracellular degradation 
steps preceding bacterial uptake of organic substrates into the cell. Organic matter in aquatic 
environments is primarily supplied to the sediments in a particulate form and is essentially 
made of large and complex macromolecules. Such compounds cannot be directly taken up by 
bacteria, and must first be hydrolysed into smaller units, such as amino-acids (Billen, 1982). 
Bacteria rely on extracellular enzymes (i.e. compounds that catalyze chemical reactions in 
living organisms) to perform this primary attack and the enzymes are either linked to the 
bacteria cell surface or excreted into the surrounding water (Bastviken, 2002). When these 
low molecular weight directly usable compounds are produced they are rapidly taken up and 
metabolized by heterotrophic bacteria (Billen, 1982). An intracellular primary attack can also 
be needed to make transferred substrates metabolically available (Bastviken, 2002). Since the 
primary substrate attack hypothesis state that the mineralization rate of organic matter is 
controlled by the first degradation step, it also implies that mineralization rates primarily 
depend on the enzymatic capacity of the microorganisms.   
 
As outlined above, the marine environments have been in focused when investigating 
degradation rates of organic matter. Studies of freshwater environments are rare and have 
primarily been performed in lakes (Bastviken, 2002). To further investigate degradation rates, 
and indirectly the production of greenhouse gases, studies in freshwater environments may 
therefore contribute to a broader understanding of metabolic processes in aquatic systems and 
of natural fluxes of methane and carbon dioxide. In addition, the energy yield hypothesis and 
the primary substrate attack hypothesis does not seem to have been tested experimentally in 
freshwaters using natural bacterial communities and natural organic matter prior to this study. 
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The main purpose of this thesis is to study how the presences of different electron acceptors in 
freshwater sediments influence organic matter decomposition. The key question addressed is; 

- Are the mineralization rates of organic matter different when bacterial community has 
access to different electron acceptors?   

2 Method 
Mineralization rates of organic matter under six different conditions regarding the electron 
acceptor availability were investigated in a river sediment sample by measuring carbon 
dioxide and methane production using gas chromatography. This was done during a fixed 
time period, in vials containing a mixture of water, sediment, buffer solution and a 
dominating electron acceptor.  
 
A pre-experiment was conducted before the actual experiment to amongst other things obtain 
a comprehension of carbon dioxide- and methane concentrations produced in the vials and to 
acquire knowledge and experience of the experiment setup. The pre-experiment was designed 
to include only two terminal metabolic processes, aerobic respiration and methanogenesis. 
The actual experiment was based on the results of the pre-experiment and was quite similar to 
this except for a few things. The main difference is that the actual experiment was designed to 
include not only two terminal metabolic processes, as in the pre-experiment, but six different 
metabolic processes; aerobic respiration (O2), denitrification (NO3

-), manganese reduction 
(Mn(IV)), iron reduction (Fe(III)), sulphate reduction (SO4

2-) and methanogenesis (organic 
matter or CO2).  
  
In this thesis, organic matter degradation only includes carbon mineralization i.e. the sum of 
carbon dioxide and methane production. Bacterial growth is excluded. The group of microbes 
addressed are heterotrophic bacteria because they are the main decomposer of organic matter 
in sediments in aquatic environments (Bastviken, 2002).     

2.1 Study and sampling site 
The studied river Stångån, located in north-eastern Götaland, Sweden is 185 km long and 
discharges into the lake Roxen at the Linköping municipality. The drainage basin is 2440 
km2. Stångån receive treated waste waters from the waste water treatment plant Nykvarn in 
Linköping and is also a recipient for multiple industries that amongst other things releases 
metals (Fejes et al., 2002). The water has a high buffer capacity and neutral pH-values (Fejes 
et al., 2002). Sediment- and water samples were collected in central Linköping (58°23,778´N, 
15°40,898´E). To prevent possible high amounts of electron acceptors, such as nitrate and 
iron, the sampling site was located up-stream of the waste water treatment plant Nykvarn. The 
sample site surroundings closest were dominated by agricultural land with grass and reed 
elements.   

2.2 Sampling 
Surficial sediment- and water samples were collected at two occasions, in the beginning (pre- 
experiment) and in the end (actual experiment) of Mars 2004. At the first sampling occasion 
the sediment sample was taken with a spade at a water depth of approximately 50 centimetres 
and then transferred to a 10 litre plastic bucket. Other sample instruments such as the Ekman 
grab sampler or a coring sampler could not be used because of the fact that the sediment were 
solid and was therefore very hard to penetrate. The sediment sample at the second sampling 
occasion was taken with an Ekman grab sampler at a water depth of approximately 70 
centimetres and then transferred to a 10 litre plastic bucket. Three additional sediment 
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samples were taken with a core sampler (Wetzel and Likens, 1991) to characterize the 
sediment visually. A water sample was collected right above the sediment in a 10 litre plastic 
bottle. pH was measured in situ with a portable pH electrode (PHM 202, Radiometer 
Copenhagen). The air temperature as well as the water- and sediment temperature was also 
measured in situ. pH in the water was 7.49 at the first sampling occasion and 7.27 at the 
second. The water temperature as well as the sediment temperature was 3°C and the air 
temperature was 5°C at the first sampling occasion. At the second sampling occasion the 
water temperature was 5°C, the sediment temperature was 6°C and the air temperature was 
8°C. Upon return to the laboratory the samples were stored in a refrigerator for later use, 
except for a small amount of sediment sample that was stored in a plastic bag in a freezer for 
later analysis of dry matter, water -and organic carbon content. Two sediment samples, 250 g 
each, were transferred from the plastic bucket to two plastic cups and immediately sent to 
Alcontrol Laboratories in Linköping for analysis of total nitrogen, total manganese, total iron 
and total sulphur. 

2.3 Sediment characteristics  
The collected sediment had a very dark brown colour and this together with the characteristic 
smell of hydrogen sulphide that was slightly evident suggests an absence of oxygen below the 
sediment surface (figure 1). The dominating sediment type were sand consisting of larger 
particles with elements of gyttja consisting of finer particles (Wetzel, 2001). The sediment 
contained a large amount of reeds and leaves as well as larger stones. The sediments dry 
matter, water -and organic carbon content were calculated according to SS 02 81 13 (SIS, 
1981). The sediment sample collected in the beginning of Mars had a water content of 35.6 % 
and the organic matter content was 2.6 % of the dry sediment. For the sediment sample 
collected in the end of Mars the dry matter, water -and organic carbon content were analysed 
on two different occasions dependent on which day the experiment started. The sediment had 
a water content of 35.7 % and 36.2 % and the organic matter content was 2.8 % and 3.1 % of 
the dry sediment.  
 
 

                              
Figure 1: Reference sediment collected in the end of Mars 2004 from the river Stångån in Linköping.  
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2.4 Buffer solution 
Oxic and anoxic microbial processes affect pH values in two different ways (Bastviken et al., 
2003). Oxic conditions can lead to decreased pH-values because of the carbon dioxide 
formation and reoxidation of reduced iron, manganese or sulphur compounds. Under anoxic 
conditions the effect on pH by carbon dioxide formation is counteracted by microbial 
processes such as reduction of iron, sulphur and manganese compounds, leading to increased 
pH-values. To obtain a stable pH-value in both the oxic and anoxic conditions, assuring 
equivalent conditions during the experiment period, a phosphate buffer solution (Beynon and 
Easterby, 1996) was added to the sediment slurries.  
 
The buffer solution was prepared as follows: A stock solution A was prepared by adding 
31.91 g NaH2PO4·H2O to 1000 ml distilled water and another stock solution B was prepared 
by adding 35.62 g Na2HPO4·2H2O to 1000 ml distilled water. The wanted pH was preferred to 
bee as close to the water pH-value as possible, i.e. between 7.3 and 7.5. To achieve this pH-
value in the buffer solution 19.0 ml of solution A and 81.0 ml of solution B were mixed and 
then diluted with distilled water to the total volume 200 ml.     

2.5 Preparation of sediment slurries 
The treatments for oxic respiration and methanogenesis were prepared separately from the 
four conditions were electron acceptors were added to favour the other degradation processes. 
The experiment length was 240 hours, i.e. 10 days, and for each day three replicates were 
prepared for the six metabolic processes which give a total number of 180 sediment slurries 
(only 20 sediment slurries were prepared in the pre-experiment, 10 for oxic respiration and 
methanogenesis respectively). The experimental setup is illustrated in figure 2. 

2.5.1 Oxic respiration and methanogenesis treatments 
The sediment sample was thouroughly mixed before the preparation of the sediment slurries. 
Sub-samples of 10 ml of the sediment were transferred using a spatula into 20 vials in the pre- 
experiment and into 60 vials in the experiment (118 ml total vial volume). The vials were 
weighed prior and after the adding of sub-samples of sediment to ensure that equivalent 
amount of sediment were present in all the vials. Slurries with a 1:3 ratio of sediment to water 
were created by the addition of 30 ml river water to each vial. In addition, 10 ml of buffer 
solution, described in section 2.4, was added to all vials.  
 
The slurries, representing oxic respiration, were capped immediately with rubber stoppers and 
secured with aluminium caps to create a closed oxic system. The remaining slurries, 
representing methanogenesis, were made anoxic by first purging with N2 during 30 minutes 
up to an hour prior capping the vials with rubber stoppers and securing the rubber stoppers 
with aluminium caps, and then second, to remove potential remaining traces of O2, by 
evacuating and refilling the vials with N2 nine times during gently stirring. After this 
procedure the pressure in the anoxic vials was adjusted to atmospheric pressure by puncturing 
the rubber stopper with a needle (BD Plastipak, Microlance 3) thus discharging the 
overpressure. Three oxic and three anoxic vials (only one of each in the pre-experiment) were 
immediately preserved by adding 1.0 ml 5 M sulphuric acid to assure a pH-value under 2 and 
then shaken vigorously. pH-values under 2 prevent most bacterial activity thereby stopping 
the carbon dioxide and methane production. The vials preserved immediately correspond to 
experiment day 0. The vials were incubated in a dark climate room at a temperature of 16°C 
to prevent photosynthesis and to facilitate the degradation process by keeping the bacteria in a 
warmer climate then their actually natural environment (i.e. warmer climate speeds up the 
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bacterial activity). The barometric pressure and the laboratory temperature were recorded at 
the time of incubation for later use when calculating the formation of CO2 and CH4. Each day 
three oxic and three anoxic vials (only one of each in the pre-experiment) were preserved as 
described above creating a series of slurries that are incubated 0, 1, 2, 3 and up to 9 days. The 
vials were agitated daily to ensure well-mixed conditions. 

 
Figure 2: Illustration of the experimental setup. For each treatment 30 methanogenesis (grey), 30 oxic (white), 
30 nitrate (striped), 30 manganese (striped), 30 iron (striped) and 30 sulphate (striped) vials were prepared. For 
the oxic and methanogenesis treatments the incubation period was 240 hours and each day during this period 
three oxic and three anoxic vials were preserved. The four treatments of nitrate, manganese, iron and sulphate 
reduction had first a pre-incubation period of 72 hours before the experiment started. At day 0, NO3

- or Mn(IV) 
or Fe(III) or SO4

2-, depending on which electron acceptor that was designed to dominate in the slurry, were 
added. Each day three nitrate, three manganese, three iron and three sulphate vials were preserved.   

2.5.2 Nitrate, manganese, iron and sulphate treatments 
The four treatments designed to favour nitrate, manganese, iron and sulphate reduction were 
prepared in the same way as the oxic and anoxic condition described in section 2.5.1. 120 
vials with sediment slurries (30 slurries for each treatment) were made anoxic according to 
above and stored for three days before the experiment started, to allow the microbial activity 
to reduce the original amounts of O2, NO3

-, Mn(IV), Fe(III) and SO4
2-, in an attempt to make 

future added electron acceptors the only dominating electron acceptor in the slurry. The 
headspace methane concentration was analysed in a subset of the vials during this pre-

Days 

72 hours 240 hours- 3 0 10

Experiment 

Methanogenesis 
treatment 

Oxic 
treatment  

30  

30  

3  3 3 3 3 3 3  3  3 3 

Nitrate, manganese, iron and 
sulphate treatments 3 3 3 3 3 3 3  3  3 

Total 120  

Adding of 1.0 ml 5 M H2SO4
-

3 

NO3
- or Mn(IV) or Fe(III) or SO4

2- 

Pre-incubation 

Adding of electron acceptors  

  30 
NO3

-  
      30      
Mn(IV)  

  30 
Fe(III) 

  30  
SO4

2- 

3 3 3 3 3 3 3  3  3 
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incubation to assure that methane was produced in the vials before the experiment was started 
by the addition of electron acceptors.  
 
The results from Alcontrol Laboratories showed that the sediment content of total nitrogen 
was 0.735 ± 0.02 g/kg wet sediment. The sediment content of total manganese was 160 ± 14.1 
mg/kg dry matter. The content of total iron was 11.5 ± 0.71 g/kg dry matter and finally the 
sediment content of total sulphur was 2300 ± 141.4 mg/kg dry matter. For further information 
about the methods used to measure these substances, see appendix A. In order to provide 
excess of the added electron acceptor in each treatment, taking into account that some of the 
added electron acceptors could be consumed in chemical reoxidation processes, and at the 
same time minimize the additions and the subsequent change of the conditions, it was 
concluded that 1.5 times the amount of electron acceptors, reported by Alcontrol laboratories, 
was sufficient.  
 
The nitrate solution was prepared by taking 10.99 g NaNO3 to 175 ml distilled water, 18.21 g 
MnO2 to 175 distilled water for the manganese solution, 24.87 g Fe2O3 to 175 distilled water 
for the iron solution and finally the sulphate solution was prepared by taking 7.17 g Na2SO4 to 
175 distilled water. MnO2 and Fe2O3 were both sparingly soluble resulting in suspensions 
instead of solutions. The electron acceptor solutions/suspensions were purged with N2 for 30 
minutes up to two hours before and also during addition to remove O2. 5 ml of the 
solutions/suspensions was added with a syringe (BD Plastipak, Microlance 3) into each 
corresponding sediment slurry. After gently stirring of all the vials three sediment slurries of 
each electron acceptor conditions were immediately preserved by adding 1.0 ml 5 M 
sulphuric acid and then shaken vigorously. The vials preserved immediately correspond to 
experiment day 0. The vials were incubated in a dark climate room at a temperature of 16°C. 
The barometric pressure and the laboratory temperature were recorded at the time of 
incubation for later use when calculating the formation of CO2 and CH4. Each day three 
nitrate, three manganese, three iron and three sulphate vials were preserved as described 
above creating a series of slurries that are incubated 0, 1, 2, 3 and up to 9 days. The vials were 
agitated daily to ensure well-mixed conditions. 

2.6 Analysis of methane and carbon dioxide concentrations 
Carbon dioxide formation in all vials was analyzed by the withdrawal of 1.0 ml of the 
headspace gas with a syringe (BD Plastipak, Microlance 3) and then injected twice into the 
gas chromatograph (Shimadzu, GC-8A). Methane formation in all vials was analyzed by dual 
injections of 0.5 ml of the headspace gas into the gas chromatograph (Chrompack, CP 9001). 
Two standards with a known concentration (one low and one high) were analysed at the same 
time as the slurries. A linear equation was estimated from the standards and a graph was 
produced. This equation was then used to calculate the partial pressures of carbon dioxide and 
methane vial headspace.      

2.7 Amount carbon dioxide and methane in the gas and water phase 
To obtain the total amount of carbon dioxide and methane produced in the sediment slurries 
the amount of these gases were first calculated in the headspace of the vials and then in the 
water phase. To calculate the amount of carbon dioxide and methane in the headspace the 
following relation was used which is called The Ideal Gas Law formula (Ekblom, 1989); 
 
p·V = n·R·T      (2) 
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Where p is the partial pressure (Pa); V is the headspace volume in the vial (m3); n is the 
amount (mol); R is the ideal gas law constant which is 8.314 (J/mol·K) and T is the 
temperature (K). 
 
Henry’s Law was used to calculate the amount of carbon dioxide and methane in the water 
phase. According to Henry’s law the amount of gas dissolved in water is proportional to the 
partial pressure of gas acting upon water (Kutílek, 2003). The following relation gives 
Henry’s Law; 
 
C(aq) = Kh·p      (3) 
 
Where C(aq) is the concentration of the gas dissolved in water (mol/l); Kh is a constant which 
is dependent on given gas and temperature and p is the partial pressure of gas (atm). Kh for 
CO2 was obtained according to Butler (1992) and Kh for CH4 was obtained according to 
Wiesenburg and Guinasso (1979).   

2.8 pH, amount mineralized organic carbon and oxygen consumption  
To confirm that the buffer solution added to the sediment slurries prevented changes in pH-
values during the incubation, pH were measured (PHM 93, Reference PH METER, 
Radiometer Copenhagen), day 0 and day 9 in extra vials, one for each treatment, prepared 
especially for this. The amount mineralized organic carbon was calculated and then compared 
to the content of organic carbon in the sediment slurries at the beginning of the pre- 
experiment and experiment to assure that the bacteria had access to organic matter throughout 
the whole incubation period. To assure that oxygen was present in the oxic treatments and that 
total absence of oxygen prevailed in the anoxic conditions during the whole pre-experiment 
and experiment, oxygen consumption were estimated from the formation of CO2 and CH4 as 
well as analyzed in a gas chromatograph (Shimadzu, GC-8A) and compared to the amount of 
oxygen present in the headspace at the beginning of the pre-experiment and experiment.  

2.9 Statistical analyses 
To test for a statistically significant relationship between mineralization of organic matter or 
the production of carbon dioxide and methane for each treatment tested and the incubation 
time regression analyses were performed. The confidence intervals for the regression slopes, 
representing the mineralization rates, were compared to investigate if there were statistically 
significant differences between the six different treatments (Schenker and Gentleman, 2001). 
Before the regression analysis was performed, the data series were plotted in SPSS 11.5 for 
Windows to estimate if the relationship was linear or not. All potential relationships between 
mineralization of organic matter or the production of carbon dioxide and methane for each 
treatment and incubation time appeared to be linear, thus a linear regression was used. A 
significance level at 5 % has been chosen. 
 
The regression line is often very sensitive to the presence of outliers, i.e. extremes, and if such 
values are included in the regression analysis, a misleading result can be obtained (Helsel and 
Hirsch, 1992). Thus, extremes that varied to a great extent compared to their replicates were 
excluded in the statistical analysis. Altogether, four extremes were excluded, all found in the 
formation of carbon dioxide. 
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3 Results 

3.1 Pre-experiment 
Production of carbon dioxide could be detected in both the oxic, representing oxic respiration, 
and the anoxic, representing methanogenesis, condition (figure 3). The production of methane 
was evident in the anoxic but not in the oxic treatment. Carbon dioxide by far dominated over 
methane as a mineralization product.  
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Figure 3: Carbon dioxide and methane concentration in sediment slurries from the pre-experiment taken from 
the river Stångån. Triangles indicate oxic conditions and squares denote anoxic treatment. The Y-axis label 
denotes CO2 and CH4, respectively.  

3.1.1 Regression analysis 
The regression analysis indicates that there was a significant mineralization (table 2) in both 
the anoxic and the oxic condition for CO2 production (p < 0.001; p = 0.015) and for the total 
mineralization, i.e. sum of CO2 and CH4 production (p < 0.001; p = 0.003). The confidence 
intervals for the two treatments overlap which means that there was no significant difference 
between the carbon dioxide production or the mineralization rates in the oxic and anoxic 
condition. In addition, the regression analysis indicates that there was no methane production 
in the oxic condition (p = 0.230) in contrast to in the anoxic treatment (p < 0.001).  

 
Table 2: Results from regression analysis of carbon dioxide and methane production as well as total 
mineralization (sum of CO2 and CH4) in the oxic (oxic respiration) and the anoxic (methanogenesis) condition, 
pre-experiment, day 0-9 (independent variable = day). R2 denote the regression coefficient. The slope 
corresponds to the mineralization rate (µmol L slurry-1day-1). Bold figure denote significant p-values.      

Condition N R2 P-value Slope  95 % Confidence Interval of the slope 
CO2 production    k Lower Bound Upper Bound 

Oxic 10 0.83 <0.001 173.7 109.7 237.7 
Anoxic 10 0.54 0.015 103.0 25.9 180.1 

CH4 production       
Oxic 10 0.17 0.230 -0.3 -0.9 0.2 

Anoxic 10 0.86 <0.001 42.0  27.9 56.0 
Mineralization       

Oxic 10 0.83 <0.001 173.4 109.5 237.2 
Anoxic 10 0.69 0.003 144.9 65.9 224.0 



Catrin Samuelsson  2004-06-10 
    

12 

3.1.2 pH, amount mineralized organic carbon and oxygen consumption 
The initial pH in the sediment slurries was 7.44 and final pH was 7.27 and 7.37 in the oxic 
and anoxic treatments, respectively. Approximately 0.7 % of the content of organic carbon in 
the sediment slurries had been mineralized after 10 days and approximately 12 % of the 
oxygen present in the oxic condition had been consumed after 10 days.  

3.2 Experiment 
Formation of carbon dioxide was particularly evident in three out of six metabolic processes; 
oxic respiration, sulphate reduction and methanogenesis (figure 4). Moreover, the addition of 
SO4

2- seemed to accelerate carbon dioxide production in the sediment slurries. In contrast the 
addition of NO3

-, Mn(IV) and Fe(III) appeared to inhibit, to some extent, the formation of 
carbon dioxide. 
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Sulphate reduction

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

-5 0 5 10

Day

µm
ol

 C
O

2 L
 s

lu
rr

y-1
Methanogenesis

0

500

1000

1500

2000

2500

0 2 4 6 8 10

Day

µm
ol

 C
O

2 L
 s

lu
rr

y-1

 
Figure 4: Carbon dioxide concentration in sediment slurries taken from the river Stångån when different 
terminal degradation processes dominate. Open points denote extremes values which were excluded from the 
regression analysis. Day -3 to 0 represents the pre-incubation. 

 
Formation of methane was mainly evident in two out of six metabolic processes; iron 
reduction and methanogenesis (figure 5). Furthermore, the addition of Fe(III) appeared to 
have no inhibitory effect on the methane production since the amount of methane continued to 
increase after Fe(III) addition. In contrast the addition of NO3

-, Mn(IV) and SO4
2- seemed to 

inhibit, to some extent, the formation of methane. The methane production in the oxic 
condition was very low compared to other anoxic conditions, yet evident. 
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Manganese reduction

0

50

100

150

200

250

300

-5 0 5 10

Day

µm
ol

 C
H 4

 L
 s

lu
rr

y-1
Iron reduction

0

100

200

300

400

500

600

700

800

-5 0 5 10

Day

µm
ol

 C
H 4

 L
 s

lu
rr

y-1

 
Sulphate reduction

0

50

100

150

200

250

300

-5 0 5 10

Day

µm
ol

 C
H 4

 L
 s

lu
rr

y-1

Methanogenesis

0

100

200

300

400

500

600

700

0 2 4 6 8 10

Day

µm
ol

 C
H 4

 L
 s

lu
rr

y-1

 
Figure 5: Methane concentration in sediment slurries taken from the river Stångån when different terminal 
degradation processes dominate. Day -3 to 0 represents the pre-incubation. 

3.2.1 Regression analysis 
The regression analysis indicates that there was a significant mineralization (table 3) in the 
oxic, methanogenesis and the sulphate conditions for CO2 production (p < 0.001). The 
confidence intervals for the oxic and sulphate treatments overlap which means that there was 
not a significant difference in CO2 production between these two conditions. The 
methanogenesis treatment however differed significantly from both the oxic and sulphate 
treatments regarding CO2 production. The only treatment that were not significant for CH4 
production was nitrate (p = 0.101). CH4 production is comparable in the oxic, manganese and 
sulphate treatments (confidence intervals for the slope coefficient overlaps). The CH4 
production was about 10 times higher in the iron and methanogenesis treatment (table 3). The 
total mineralization rate of organic matter in the oxic, iron, and sulphate treatments did not 
differ significantly from each other, but the mineralization rate in the methanogenesis 
treatment were different from the oxic treatment. The regression analysis indicates that there 
was no significant mineralization in the nitrate and manganese treatments (p = 0.094; p = 
0.347) for the total mineralization, i.e. sum of CO2 and CH4 production.  
 
 



Catrin Samuelsson  2004-06-10 
    

15 

Table 3: Results from regression analysis of carbon dioxide and methane production as well as total 
mineralization (sum of CO2 and CH4) in six different treatments, experiment, day 0-9 (independent variable = 
day). R2 denote the regression coefficient. The slope corresponds to the mineralization rate (µmol L slurry-1day-

1). Bold figure denote significant p-values.       

Condition N R2 P-value Slope  95 % Confidence Interval of the slope 
CO2 production    k Lower Bound Upper Bound 

Oxic respiration 30 0.58 <0.001 281.1 189.2 373.0 
Nitrate 28 0.10 0.105 71.5 -16.1 159.0 

Manganese 30 0.03 0.404 33.8 -48.0 115.6 
Iron 29 0.07 0.176 76.5 -36.5 189.5 

Sulphate 30 0.58 <0.001 229.4 153.3 305.6 
Methanogenesis 29 0.83 <0.001 99.2 81.2 117.1 
CH4 production       

Oxic respiration 30 0.25 0.005 5.2 1.7 8.7 
Nitrate 30 0.09 0.101 3.2 -0.7 7.0 

Manganese 30 0.19 0.015 5.2 1.1 9.4 
Iron 30 0.79 <0.001 48.3 36.6 57.9 

Sulphate 30 0.14 0.046 4.5 0.1 8.8 
Methanogenesis 30 0.96 <0.001 55.8 51.1 60.5 
Mineralization       

Oxic respiration 30 0.60 <0.001 286.3 194.8 377.8 
Nitrate 28 0.10 0.094 74.6 -13.6 162.7 

Manganese 30 0.03 0.347 39.0 -44.5 122.6 
Iron 29 0.15 0.035 125.2 9.5 240.8 

Sulphate 30 0.58 <0.001 233.9 157.2 310.6 
Methanogenesis 29 0.91 <0.001 155.4 135.7 175.1 

 

3.2.2 pH, amount mineralized organic carbon and oxygen consumption 
The initial pH in the sediment slurries was 7.37 in the oxic and methanogenesis treatments 
and 7.30 in the treatments were electron acceptors were added. Final pH was 7.36 in the oxic 
condition 7.48 in the methanogenesis condition, 7.37 in the nitrate condition, 7.47 in the 
manganese condition, 7.47 in the iron condition and 7.35 in the sulphate condition. 
Approximately 1.3 % of the content of organic carbon in the sediment slurries had been 
mineralized after 10 days and approximately 23 % of the oxygen present in the oxic condition 
had been consumed after 10 days.   
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4 Discussion 
The main purpose of this thesis was to investigate if mineralization rates of organic matter are 
different when different terminal degradation processes dominate. The overall result indicates 
similar mineralization rates in both oxic and anoxic treatments. The result also indicates that 
methane formation was present in the iron reduction and methanogenesis treatments and not 
clearly evident in the oxic treatments. Sulphate reduction, denitrification and manganese 
reduction seems to inhibit methanogenesis, but the result also indicates that no significant 
total mineralization was apparent when NO3

- and Mn(IV) were the dominating electron 
acceptors in the sediment slurries.  

4.1 Method validation 
pH measurements day 0 and day 9 in vials prepared specifically for this confirmed that pH did 
not change dramatically during the incubation. Initial pH ranged between 7.30 and 7.44 and 
final pH ranged between 7.27 and 7.48. Hence, increased or decreased pH-value cannot 
explain the similarities in mineralization rates found in the different terminal degradation 
processes. The amount mineralized organic carbon was 0.7 % and 1.3 % in the pre-
experiment and experiment, respectively, suggesting that the pool of organic carbon was not 
depleted during the incubation. Hence, the mineralization rates in the different metabolic 
processes tested cannot be explained by insufficient supply of organic matter which is the 
main electron donor in natural habitats (Hedin et al., 1998). Methane formation in all anoxic 
treatments indicates that anoxic conditions prevailed. If there were any remnants of O2 in the 
anoxic treatments, despite purging with N2 and evacuating and refilling the vials with N2 nine 
times, it most likely was consumed during the pre-incubation time. Lack of or very low 
methane formation observed in the oxic treatments indicates that oxic conditions prevailed in 
the oxic treatments and the consumption of oxygen was 12 % and 23 % in the pre-experiment 
and experiment, respectively, suggesting that there was enough oxygen available for the 
bacteria to use as their sole electron acceptor throughout the whole experiment. Previous 
studies have suggested that methane is not produced in sediments where oxic conditions 
prevail (Klüber and Conrad, 1998; David Bastviken et al., 2003) and the very low, yet 
evident, formation of methane in the oxic condition in the experiment is somewhat puzzling. 
Methane is not an end-product in aerobic respiration and should therefore not be apparent in 
the oxic treatments. According to Dannenberg et al. (1997) the production of methane in 
slurries is severely inhibited if shaken because it affects the performance of the methanogenic 
microbial community. Therefore the sediment slurries were agitated daily to ensure well 
mixed conditions, but they were not shaken vigorously. The gently agitation of the sediment 
slurries may have prevented the oxygen from penetrating certain areas in the sediment, 
causing anoxic regions to still occur and this could be a possible explanation for the formation 
of methane in the oxic treatments. 
 
Four extremes, all found in the formation of carbon dioxide, were excluded from the 
regression analysis (figure 4) and to exclude certain values that are different than others in a 
data set can be unwarranted, because these values can provide insight to, amongst other 
things, extreme conditions (Helsel and Hirsch, 1992). The results from the regression analysis 
when the four extremes were included are shown in table 4. Besides various changes in 
mineralization rates, only one difference is clearly evident compared to the results from the 
regression analysis when the four extremes were excluded. The difference is that there is no 
significant mineralization in the iron treatment (p = 0.610) for the total mineralization, i.e. 
sum of CO2 and CH4 production (compare table 3). However, it has been concluded that to 
include the extreme value found in the iron treatment, that clearly differs from all other values 
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during the whole incubation period (figure 4), can give misleading results rather than insight 
to possible extreme conditions. 
 
Table 4: Results from regression analysis of carbon dioxide and total mineralization (sum of CO2 and CH4) in 
three different treatments when four carbon dioxide extreme values are included, experiment, day 0-9 
(independent variable = day). R2 denote the regression coefficient. The slope corresponds to the mineralization 
rate (µmol L slurry-1day-1). Bold figure denote significant p-values.       

Condition N R2 P-value Slope  95 % Confidence Interval of the slope 
CO2 production    k Lower Bound Upper Bound 

Nitrate 30 0.02 0.476 84.5 -155.0 324.0 
Iron 30 0.00 0.960 -4.3 -176.8 168.2 

Methanogenesis 30 0.32 0.001 70.6 30.5 110.7 
Mineralization       

Nitrate 30 0.02 0.459 87.6 -151.3 326.6 
Iron 30 0.01 0.610 44.0 -130.6 218.6 

Methanogenesis 30 0.58 <0.001 126.4 85.0 167.7 
 

4.2 Mineralization rates of organic matter 
The mineralization rates, ranging from 63 to143 µg C L slurry-1 h-1 (recalculated for 
comparison purposes) are well within the literature range of 17 – 470 µg C L slurry-1 h-1, in 
both marine and freshwater sediments, reported by den Hayer and Kalff (1998). 
 
The results indicate that nitrate and manganese additions inhibited methanogenesis (figure 5). 
For nitrate this is coherent with previous studies in freshwater wetland sediments and in rice 
field soils (Boon and Mitchell, 1995; Klüber and Conrad, 1998). Earlier studies about how 
manganese reduction effects methanogenesis is scarce, but the most commonly apprehension 
is that manganese reduction occurs before methanogenesis, sulphate reduction and iron 
reduction and after aerobic respiration and denitrification, i.e. coherent to the energy yield 
hypothesis (Bastviken, 2002). However, the result also indicates that nitrate and manganese 
inhibits the carbon dioxide formation resulting in no significant total mineralization in these 
two treatments (table 3) and this is somewhat confusing. The bacteria had sufficient access to 
organic matter, as explained earlier, and should therefore not be an inhibiting factor. 
However, an explanation for this may be too high concentrations of NO3

- and Mn(IV) in the 
nitrate and manganese solutions/suspensions added in the sediment slurries. Too high 
concentrations of substances can according to Everitt et al. (1990) inhibit bacterial growth and 
thus also the production of carbon dioxide and methane, even if the substance is a nutrient 
substance. Another explanation for the absence of mineralization of organic matter in the 
nitrate and manganese treatments could be that the conditions present in the vials were not 
advantageous for denitrification bacteria or manganese reducing bacteria that generally 
manage the degradation of organic matter in denitrification and manganese reduction. 
 
The results indicate that sulphate inhibits methanogenesis (figure 5) and this is coherent with 
previous studies in freshwater wetland sediments (Boon and Mitchell, 1995). This 
corresponds with the energy yield hypothesis suggesting that sulphate reduction should occur 
before methanogenesis because sulphate reaction normally generates slightly more free 
energy. However, sulphate reduction and methanogenesis can have similar energy yields 
(table 1) and the sulphate inhibition of methanogenesis can be the result of other factors and is 
not necessarily explained by the energy yield hypothesis. For example, according to Klüber 
and Conrad (1998) sulphate reducing bacteria, as well as iron reducing bacteria, can compete 
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with methanogens for available H2, which besides organic matter also can be used as an 
electron donor in methanogenesis (table 1), resulting in an inhibition of methanogenesis.  
 
Previous studies of iron reduction in soil slurries taken from rice paddies, in experiments with 
pure cultures of methanogens and in freshwater sediments suggest that Fe(III) reduction 
inhibits methanogenesis (Bodegom et al., 2004; Bodegom and Stams, 1999; Lovley and 
Phillips, 1986). However these findings are the exact opposite of the result in this study, i.e. 
access to Fe(III) did not seem to inhibit CH4 production (figure 5). One explanation for this 
could be that the added form of Fe(III) in the sediment slurries was in an insoluble form and 
according to Kappler et al. (2004) insoluble forms of Fe(III) are reduced more slowly than 
soluble forms of Fe(III) and also that iron reducing bacteria need to be in direct contact with 
the substrate to be able to reduce insoluble forms of Fe(III). It could be possible that the added 
Fe(III) in the sediment slurries did not came into direct contact with iron reducing bacteria 
because of insufficient stirring and this in combination with possible low quantities of iron 
reducing bacteria in the collected sediment sample could explain why other metabolic 
processes, such as methanogenesis could continue parallel to iron reduction. However,       
microbial Fe(III) reduction has not been studied as extensively as other anaerobic processes in 
sediments and the contradicting findings in this study compared to previous studies can 
perhaps be explained by the scarce number of experiments testing Fe(III) reduction in 
freshwater sediments using natural bacterial communities and natural organic matter. The 
formation of methane in the sediment slurries where Fe(III) was added does not seem to 
support the energy yield hypothesis because according to the hypothesis the metabolic redox 
reaction that yields most energy will dominate over competing reactions (Hedin et al., 1998). 
Iron reduction usually generates more energy than methanogenesis and therefore Fe(III) is 
more likely to be used than organic matter or CO2 as electron acceptor (table 1). However, the 
formation of methane implies that CO2 or organic matter was used as the main electron 
acceptor instead of Fe(III) in the treatment designed to favour iron reduction. This despite the 
fact that iron reduction probably yields more energy than methanogenesis. Conversely, it is 
difficult from a practical perspective to clearly separate methanogenesis and iron reduction 
because both redox reactions can have similar energy yields (table 1).     
 
Similar mineralization rates were found in the treatments were O2, Fe(III) and SO4

2- were the 
dominating electron acceptor (table 3) and also the pre-experiment revealed similar 
mineralization rates between oxic and anoxic conditions (table 2) and this is coherent with 
some previous studies (Gong and Hollander, 1997; Lee, 1992). If the energy yield is the 
determining factor for mineralization rates of organic matter, the mineralization should 
always be slower in anoxic environments, i.e. aerobic respiration releases much more free 
energy than methanogenesis, but apparently this was not the case here. An exception was on 
the other hand found in the actual experiment that indicated that there was a significant 
difference between mineralization rates in the oxic and methanogenesis treatments (table 3). 
However, the energy yield hypothesis states that the relative mineralization rate, when 
comparing two different degradation processes, should be proportional to the relative energy 
yield. The methanogenesis mineralization rate was 54 % of the oxic rate, suggesting that the 
energy yield cannot totally explain which electron acceptor is more likely to be used for 
microbial growth and maintenance because the redox reaction in methanogenesis yield 
approximately 11 % to 22 % of the free energy generated by aerobic respiration (table 1).  
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4.3 The energy yield hypothesis 
The similarities between oxic and anoxic mineralization rates, as outlined above, clearly 
indicates that organic matter degradation rates are not dependent on available electron 
acceptors and that degradation rates of organic matter are independent of the 
thermodynamically based energy yield. If the energy yield cannot explain differences or 
similarities in mineralization rates of organic matter when bacterial community has access to 
different electron acceptors, what is then the determining factor? There are certainly many 
factors that can affect mineralization rates of organic matter in aquatic environments due to 
the sediment complexity and associated metabolic processes but an alternative hypothesis to 
the energy yield, namely the primary substrate attack hypothesis, described in the 
introduction, could possibly be the determining factor. The primary substrate attack implies 
that the initial degradation step is the rate limiting step in overall organic matter degradation, 
where bacteria use extracellular enzymes to degrade complex macromolecules to smaller units 
to facilitate uptake. In other words mineralization rates primarily depend on the enzymatic 
capacity of microorganisms. This hypothesis is supported by the results in this thesis. 
According to Bastviken (2002) enzymatic capacity can occasionally be similar in both oxic 
and anoxic conditions, especially during short term experiments like in this thesis and 
especially in freshwater sediments that have fresh organic matter which is more accessible for 
both aerobic and anaerobic bacteria in comparison to old partially degraded organic matter 
were aerobic bacteria may have an advantage.        

Conclusion 
This comparative study of mineralization rates of organic matter in freshwater sediments in 
Stångån, Sweden when terminal degradation steps dominate allows an assessment of electron 
acceptors influence on both oxic and anoxic degradation of organic matter. The most general 
conclusion of this study is that mineralization rates seem independent of the electron 
acceptors used, and that different terminal degradation steps can occur simultaneously, i.e. 
Fe(III) reduction and methanogenesis, in freshwater sediments. In addition, degradation rates 
of organic matter seem independent of the thermodynamically based energy yield. Since 
marine environments have been in focus when investigating degradation rates of organic 
matter and studies of freshwater environments are rare, this thesis hopefully can contribute to 
a broader understanding of metabolic processes in aquatic systems and indirectly of natural 
fluxes of methane and carbon dioxide. 
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