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Abstract

Sediments have important roles in the functioning of lake ecosystems. Most research on lake 
sediments has focused on the sediment as one entity that has spatial variations. Relatively few 
research efforts have been conducted to study the depth distribution of the organic carbon 
mineralization. Most of the activity is assumed to occur in the surface layers and at the water-
sediment interface. However, the organic matter can be continuously transformed in the deeper 
layers but their contribution to the measured mineralization rates is not entirely clear. This 
study aimed to investigate how the organic carbon mineralization varies with sediment depth 
and to what extent the mineralization is influenced by the re-exposure of the deeper sediment 
layers to oxic conditions. Intact sediment layers from different sediment depths were incubated 
in closed systems containing only sediment and aerated water. The mineralization rate was 
measured as the rate of DIC production in the water phase, assuming movement of DIC to the 
water phase by diffusion. Surface sediment layers were found to contribute most to the 
measured DIC production in the water. Between 50 and 70 per cent of the mineralization of 0-
35 cm sediment could be accounted to the 0-1 cm layer. However, when exposing deep sub-
surface sediments to oxic conditions, they proved to have the same mineralization rate as 
surface sediments. Deep sediment mineralization cannot be disregarded since other electron 
acceptors than oxygen may be important. Equal mineralization rates in deep sediments as in 
surface sediments when exposing them to oxic environment could in this case be explained 
partly by the release of DIC that has been stored in sediment during long-term mineralization 
and partly by the degradation of the organic mater during the incubation time. 
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Introduction

Role of sediments in lake ecology

Lake sediments have been early recognized as final sites of organic matter deposition and 
decomposition. Lake sediments are highly alive and serve as important interactive links in the 
cycling of both minor and major chemical constituents of the lake water. Lake sediments are 
habitats of well established and diverse community of bacteria, macro and micro invertebrates 
and benthic algae. The biotic community in the sediment serves as a source of food for the 
biotic community in the pelagic (and vice versa), which tightly connects the sediments with the 
pelagic food-web (Lindeman, 1942). However, lake sediments and their role in the functioning 
of lake ecosystems as a whole has been largely neglected within the limnological research field
(Vadeboncoeur et al., 2002). 

Bacteria in the sediments are one of the most, if not the most important component of the biotic 
community in the lake ecosystem. When considering the density of active bacteria in shallow 
surface sediments one can see a remarkable contrast to the bacterial densities of the overlying 
water. Values range from 109 to 1010 cells per cm3 of sediment (Rublee 1982; McDaniel and 
Capone 1985) compared to about 106 cells per cm3 of water (Daley & Hobbie, 1975). An 
important fraction of the sediment biomass is made up of bacteria. den Heyer & Kalff (1998) 
and Pace & Prairie (2004) also estimated that the bacterial biomass is about two to three orders 
of magnitude higher in sediment compared to the same equivalent volume of overlying water. 

Many chemical processes occur in the sediment. Bacteria in the sediments are degrading much 
of the organic matter originating in the pelagic or imported from the drainage area and thereby 
making nutrients available for production of new biomass in the pelagic food-web. The 
bacterial communities in the sediment have crucial roles in the dynamics of different nitrogen 
and phosphorus species within sediments and over the sediment/water interface. Processes as 
nitrification, de-nitrification (e.g. Blackburn, 1988; Wetzel, 2001) and internal loading of 
phosphorus into the water column (e.g. Pettersson, 1998; Wetzel, 2001) are extensively 
governed by bacterial activity in the sediment. Most microbial activities consume large 
quantities of oxygen which directly affect organisms living in the sediment, but also organisms 
living in the pelagic. 

Carbon cycling in lakes; the importance of sediments

Lakes are only a small part of the total landscape area, but the landscape is organized in 
catchments from which most water in the end enters our lakes. Much of the terrestrial primary 
and secondary production reaches our waterways transported by run-off (allochthonous 
material) (Kortelainen et al., 2006). The organic material reaching the surface waters exist 
either in the forms of coarse or fine particulate organic matter (CPOM or FPOM), or dissolved 
organic matter (DOM, also referred to as dissolved organic carbon – DOC). In a study by 
Jansson et al. (2008) it was estimated that 1.5 – 3.7 % of the material from the net terrestrial 
primary production reaches the lakes, mainly in the form of DOC. DOC are organic substances 
that are sufficiently small to dissolve in water (the definition is basically set by the pore size of 
the filter used to separate DOC from POC. A pore size often used is 0.45 µm). The molecules 
may be remnants from decomposition of larger organic particles, either of terrestrial or aquatic 
origin. DOC may also be formed after photo-degradation of particulate organic matter or 
originate directly from living material from which it becomes exuded or excreted (Wetzel, 



4

2001). Generally, lakes receive several orders of magnitude larger amounts of organic matter 
(mainly in the form of DOC) from the surroundings compared to what is produced within lakes 
during primary production (autochthonous material) (Jansson et al., 2008). If for example, the 
load of terrestrially fixed organic carbon (allochthonous material) increases from 1 % to 2 % (a 
doubling) of the total terrestrial production, it may have drastic effects on the lake. 

On a global perspective, about 40 % of the allochthonous material coming into the lake
ecosystem is processed and mineralized in the pelagic zone and about 12 % of the 
allochthonous material becomes stored in the sediment for either long-term storage or 
subsequent mineralization. About 48 % of the allochthonous material is transported to oceans.
(figure 1) (Cole et al., 2007). Lakes process large quantities of carbon, both autochthonous and 
allochthonous. Figure 1 expresses the global carbon balance of inland waters. From the 
perspective of organic carbon mineralization, lakes with high sediment area-to-water volume
ratio (shallow lakes) are the most important (e.g. den Heyer & Kalff, 1998 ; Duarte et al., 
1988). If one considers that small lakes are the dominant water bodies globally (Downing et al. 
2007) it emerges the view that these lakes represent an important contributor to the global 
carbon cycle.

Figure 1. A simplified schematic view of the role of inland water on the global carbon balance 

where the order of size of the load of carbon to a lake from the surrounding landscape is 1.9

Pg y-1. About 40 % (corresponding to 0.75 Pg y-1) of the carbon is processed in the water and 

emitted as CO2 to the atmosphere. About 12 % (corresponding to 0.23 Pg y-1) ends up in the 

sediment for subsequently being stored or mineralized. The estimate is built on analyses on a 

variety of aquatic systems and the numbers describe the fate of carbon in the average lake.

(From Cole et al. , 2007).

Although many lakes are very productive (acting as net sinks of CO2), many lakes are net 
sources of CO2 to the atmosphere on an annual basis due to load and mineralization of 
allochthonous material (Algesten et al., 2005). Lakes may due to the fact that they process 
large quantities of allochthonous organic matter be an important link in the cycling of carbon 
and maintenance of the carbon balance between terrestrially fixed carbon and atmospheric 
carbon (Kortelainen et al., 2006). 
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A certain fraction of the organic material in the lake, coarse or fine particulate material as well 
as DOC, can undergo bacterial degradation in the pelagic zone (Lindeman, 1942). The 
particulate organic matter that is not processed in the pelagic will eventually settle on to the 
lake bottom. Much of the DOC in the water column reaches the sediments through flocculation 
followed by sedimentation (von Wachenfeldt et al., 2008). This material is what is fuelling the 
bacterial production in the sediment and therefore, the quantity of the load of the organic 
matter and the quality of it might be crucial for many bacteria to be able to use it as substrate 
(den Heyer & Kalff, 1998).

Common knowledge is that organic material with a high C:N ratio reflects a degraded organic 
material as shown by the depletion of nitrogen relative to carbon; the quality of a substrate with 
high C:N ratio is therefore low (Gälman et al., 2008). Much of the organic material with the 
highest quality becomes degraded in the water column. When the material is degraded, the C:N 
ratio increases which reflects the quality of the material and thereby the degradation time of it
increases. Fine organic matter that is not degraded in the water column or in littoral zone, 
possibly due to low quality properties or short residence time, will eventually reach the 
profundal zone sediments (den Heyer & Kallf, 1998) (See figure 1 for distribution and fate of 
the terrestrially fixed carbon within the lake ecosystem).   

Organic material that originates from terrestrial primary production usually has a higher C:N 
ratio than organic material that originates from primary production in lakes (Schallenberg & 
Kallf, 1993). Substrate of lower quality is more recalcitrant and persist for a longer time in the 
sediment, while substrate with a low C:N ratio is degraded and metabolized faster (Gälman et
al., 2008). This suggests that sediments in productive lakes receive organic matter of higher 
quality (more autochthonous) compared to a less productive lake where the organic matter that 
enters the sediment to larger extent comes from the surrounding land (more allochthonous 
material) (Schallenberg & Kalff, 1993). By looking at the texture and looseness of the 
sediments one can often see a clear distinction between sediments supported mostly by 
autochthonous material and sediments supported mostly by allochthonous material. Dy 
sediments are common in brown water lakes and the sediment type is relatively brown-
coloured and loose in its texture. Gyttja sediments are common in productive, clear water 
lakes, and have a lighter colour and a more rigid texture (Wetzel, 2001). 

Lake ecosystems are tightly connected to terrestrial ecosystems. The influence of catchment 
characteristics and catchment areas on biotic communities and processes in the lake, both in the 
pelagic and in the sediment, is an important issue when considering the food-webs in the lake 
and also the role of the sediment and implicitly the degradation in the sediment (Kortelainen et 
al., 2006).

Microbial activity in the sediment

As mentioned earlier, the sediment contains a large biomass of different bacteria. Except for 
bacteria it contains organic matter of varying age, origin and quality. Bacteria use this substrate 
to aquire energy. Mineralization is degradation of organic material into the single components 
that it is built of. Mineralization is carried out by bacteria and for most processes there is a 
requirement for free oxygen. Some bacteria have the possibility to use other electron acceptors 
than oxygen, for example can nitrate and sulphate work as such. Free oxygen is most often 
only available at or near the sediment surface and deeper in the sediment other electron 
acceptors are needed for bacteria to metabolize organic material. Common for all processes 
(aerobic or anaerobic), independently of which electron acceptor that is used, CO2 (or CH4) is 
formed (den Heyer & Kalff, 1998). Much of the CO2 becomes recycled back to the water above 
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the sediment in the form of dissolved inorganic carbon (DIC). The contribution of sediment 
organic matter mineralization to the total lake mineralization is not entirely clear. Sediment 
mineralization has been shown to account for about 8 % of the total mineralization in a 
eutrophic lake and up to as much as 33 % in an oligotrophic lake (den Heyer & Kalff, 1998;
Algesten et al., 2005). As much as 85 % of the hypolimnetic oxygen consumption in a lake 
may be due to metabolism occurring in the sediment (Cornett & Rigler, 1987). 

Only a small fraction of the bacteria in the sediment is active. The low level of activity in the 
sediment despite relatively high bacterial abundance points at low metabolic specificity among 
the groups of different bacteria (Haglund et al., 2003). The bacterial abundance is highest in 
shallow sediments and decreases with depth. As seen in figure 2(A), Haglund et al. (2003) 
found that the abundance (total counts) of bacteria deeper than 200 mm is only about a fifth of 
the abundance at 0 mm in eutrophic lake. 

Figure 2. The distribution of bacteria (living and dead) following a sediment 

depth profile (0 mm – 250 mm). A) Total bacterial counts (DAPI stained) and 

abundance of nucleoid-containing cells (DAPI-destained). B) Total bacterial counts 

(Live/Dead) and abundance of live and dead cells (From Haglund et al, 2003).

Aims of the investigation

Most research done on sediment mineralization has focused on measuring the mineralization 
rates assuming that only the upper layers contribute the most. A way to account for vertical 
distribution of the sediment mineralization was to measure the diffusive flux of oxygen into the 
sediment by means of oxygen micro-profiling (e.g. Reimers et al., 1986). However, the 
anaerobic contribution to the organic matter mineralization of the deeper layers is not 
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accounted with this technique. Generally, there is a lack of knowledge regarding the variation 
of organic matter mineralization with sediment depth. Therefore we aimed to investigate the 
depth distribution of sediment mineralization in lakes in which DIC was used as the end
detector. 

It has been shown that the abundance of active bacteria decreases very fast with depth from the 
sediment surface and downwards (see figure 2). If so, mineralization rates would decrease with 
depth. Moreover, the organic matter accumulated over years in the deeper layers is expected to 
be more and more recalcitrant with time due to bacterial degradation or diagenetic
transformations (e.g. Gälman et al., 2008). Deeper layers would have less abundant active 
bacteria that are metabolizing more recalcitrant organic matter. 

The aim was to investigate the potential for organic matter degradation at different depths in a 
sediment profile in intact sediments when exposing the different sediment layers to an oxic 
environment. 

Another aspect of the investigation was to see if the quality of the organic matter in the 
sediment can alter the sediment mineralization in the depth profile. Two lakes were selected for 
the investigation. One lake could be assessed as more eutrophic regarding nutrients compared 
to the other lake. The other lake has a higher annual DOC-level average (in water) and a higher 
C:N ratio (in the 0-5 cm of sediment) in the sediment which imply that the lake is supported by 
more terrestrial  and more recalcitrant DOC compared to the first lake. With the known C:N 
ratio of the 0-5 cm of sediment as a pre-requisite it was assumed that the mineralization rates in 
the sediments in the two lakes differ as a result of the differences in sediment organic matter 
quality in the surface sediments (reflected by the C:N ratio).  

Material and methods

Lake characteristics – Area description

Two different lakes were objects for the investigation; Lake Lötsjön, located about 20 km east 
from Uppsala and Lake Fälaren, located about 60 km north from Uppsala. The two lakes were 
chosen because of the background data existing. Lake Lötsjön is a clear water lake which is 
surrounded by deciduous forests and agricultural land. The sediment (profundal) type could be 
assessed as gyttja. Lake Fälaren is surrounded mostly by forest mixed of coniferous trees and 
deciduous trees. Lake Fälaren is a brown water lake with a high content of humic acids and the 
sediment type (profundal) could be assessed as dy. Chemical parameters taken into 
consideration in this study are summarized in table 1. (Cristian Gudasz, unpublished data)

Table 1. Chemical parameters for Lake Lötsjön and Lake Fälaren (The data are based on annual averages)

DOC (mg/L) Tot-P (µg/L) C:N ratio (0-5 cm in sed.)

Lake Lötsjön 12.1 28.1 8.3

Lake Fälaren 34.3 20.5 12.0

Sediment sampling and water sampling

Intact sediment cores were sampled at the deepest points using a UWITEC gravity corer. For 
every sampling occasion 40 sediment cores were sampled. The inner diameter of the sediment 
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tubes was 6 cm. In the field, the sampled cores were kept in a special cooling box. In the lab 
the cores were stored over night in a cold room in dark at ±1.5°C of in situ temperatures. 

Bottom lake water was sampled with a 2L Ruttner sampler. The water was stored over night in 
the dark at in situ temperatures. Oxygen and temperature profiles were measured in situ with an 
OxyGuard Handy Delta meter. Regarding the uniform temperature profiles in both lakes 
obtained, they were both circulating at the time of sampling. The bottom water in both lakes 
was saturated with oxygen. The bottom water in Lake Lötsjön (sampling day – the 22nd of 
April) had a temperature of 5.9°C and an oxygen concentration of 12.2 mg/L. The bottom 
water in Lake Fälaren (sampling day – 16 may) had a temperature of 12.6°C and an oxygen 
concentration of 9.5 mg/L. 

During the sampling of Lake Lötsjön on the 27th of May, the lake had started to stratify. The 
temperature decreased from 16°C in the surface water to about 9°C at the deepest point (10m). 
The surface water was at that time saturated (100%) with oxygen (10.8 mg/L). The oxygen 
concentration decreased with depth and was only about 4 mg/L at a depth of 10 m.  

Preparation of sediment for incubation

The sediment cores (sampled the 22nd of April in Lake Lötsjön and the 16th of May in Lake 
Fälaren) were sliced with a slicing device adjusted especially for the cores that were used. The 
slicing procedure involved pressing the sampled sediment column into an incubation core (5.7 
cm inner diameter). Once the amount of sediment needed in the incubation core was reached,
the sediment cores were then sliced according to the following layer scheme (used for both 
Lake Lötsjön and Lake Fälaren): 0-1 cm, 0-2 cm, 0-3 cm, 0-4 cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-
12 cm, 0-15 cm, 0-25 cm, 0-35 cm and 0-40 cm, where three replicates in each category were 
sliced for incubation. When slicing the layers between 0 and 5 cm, a thin aluminium plate was 
pressed in into the sediment core to pre-slice the core and thereby avoid some disturbing 
friction forces when transferring the sediment layer into an incubation tube (i.d. 5.3 cm) (figure 
3) secured with a bottom stopper. In this way it was possible to keep the sediment layers intact 
without any major disturbances on the vertical structure of the sediment. Sediment layers 
thicker than 5 cm could be transferred into incubation tubes without any special care. 

Sediment sampled in Lake Lötsjön at the 27th of May was treated in a different way. Instead of 
removing the top layers and incubate only those layers, these top layers were removed from the 
rest of the sediment core before incubation in order to expose deeper sediments to oxygen rich 
water. Layers that were removed from the sediment core were: 0-1 cm, 0-2 cm, 0-3 cm, 0-4 
cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-12 cm and 0-20 cm. For incubation, the cores were prepared so 
that a total of 30 cm sediment was subject for the experiment, which means that when 
removing 0-1 cm, the 29 cm of sediment beneath the first centimetre was kept for incubation. 
Treated similarly, when 20 cm of the upper sediment was removed, the 10 cm of sediment 
beneath was incubated. In the groups of 0-7 cm removal, three replicates of each were prepared 
for incubation. For 0-9 cm up to 0-20 cm, only two replicates were prepared. 

Water sampled in Lake Lötsjön was also incubated to account for the mineralization that 
occurred in the water phase during the incubation of sediment. 

After the tubes were secured with a bottom stopper they were carefully filled up (without 
disturbing the sediment structure) with lake water that had been aerated and saturated with 
oxygen. The incubation tubes were provided with a bottle-magnet stirrer to be able to cease the 
stratification of the water in the incubation tube just before water sampling. Finally, the 
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incubation tubes were sealed with a piston stopper (figure 3) that prevents gas flux from and 
into the incubation tube. The piston stopper had two hoses (provided with taps) piercing 
through the piston lid. This made it possible to let air out of the incubation tube before 
incubation and to sample water from it. The cores were stored in the cold room over night to 
stabilize.

Figure 3. Incubation tube provided with a bottom stopper                        

and a piston stopper with two taps attached to it. About 

15 cm of water was kept above the sediment which was 

expected to provide a sufficient amount of free oxygen 

available for bacterial mineralization and it should also

be an enough small volume to be able to detect evidence 

of mineralization and the coupled increase of the DIC 

concentration.

Analysis of the generated DIC (dissolved inorganic carbon)

Water was sampled from the incubation tubes using a 60 mL syringe which could be adapted 
to the tap attached to the hose, piercing through the piston lid. 10 mL of water was sampled by 
pumping with the piston and samples were put on ice to terminate the microbial processes in 
the water. The water was analyzed for dissolved inorganic carbon (DIC) in a continuous flow 
system using Sievers 900 TOC analyzer. Every sample was running for about 6 minutes in 
order to get a stable reading. Between every fourth sample, a 10 ppm standard, consisting of 
dissolved sodium carbonate was run as a standard to check the consistency of analyzer 
performance.

Water samples were taken to analyze the initial level of DIC in the water phase of the 
incubation core. Thereafter the piston stopper was regulated so that it was approximately 15 cm 
above the sediment surface, leaving the sediment cores with about the same water column 
above (See figure 3) and the cores were incubated in dark for approximately 96 hours before 
DIC analysis was run again. The second incubation of sediment sampled in Lake Lötsjön 
(sampled the 27th of May) lasted only for 67 hours. The incubation temperatures fluctuated 
approximately with ± 1.5°C of in situ temperatures.    
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For Lake Fälaren, the cores were incubated another 96 hours to be able to estimate the delay of 
the DIC generated in deeper sediments, until the DIC possibly reached (simply by diffusion)
the sediment surface and subsequently the overlying water. 

Calculations

The production of DIC during the incubation (mg/L) was calculated subtracting the final DIC 
concentration from the initial. The DIC concentration (mg/L) was then corrected for the 
volume of the water column above (L) that resulted in a total amount of DIC produced (mg).

To integrate over sediment depth, the generated amounts of DIC were divided with the exact 
depth of each sediment layer (division with the sediment depth was supposed to give more 
accurate picture of the deeper layers contribution to the total mineralization rate (see equation 
1).

Furthermore, the amounts of DIC per cm of sediment were transformed to mineralization rates 
by dividing with the exact number of days of incubation and surface area of lake sediment, 
extrapolated to square metres. 

Equation 1 expresses the complete calculation of the mineralization rate: 

Mineralization rate (mg DIC / cm sed. / day / m2) = DIC (mg) / (1)
sediment depth (cm) / time (days) / sediment area (m2) 

In some result presentations there is no attention paid to sediment depth integration. Those 
results are simply built on cumulative (throughout the sediment depth profile) mineralization 
rates, which are expressed as mg DIC / day / m2.   

The obtained data was calculated as mean mineralization rates from the three replicates in each 
sediment depth category (layer).

Results

There has been a significant decrease in mineralization rate per centimetre of sediment during 
the 96 hour incubations (Figure 4 & 5). The incubated cores with sediment from Lake Lötsjön 
generated comparable amount of DIC as the cores incubated with sediment from Lake Fälaren 
(a maximum of 40.8 mg DIC / cm sed. / day / m2 in Lake Lötsjön and 43.6 mg DIC / cm sed. / 
day / m2 in Lake Fälaren for the group of 0-1 cm layers) (See figure 4 & 5). Generally, in the 
sediment above a depth of 10 cm, there seems to be a higher activity in Lake Lötsjön than in 
Lake Fälaren. Noticeable is also that the variation in mineralization rates within single layer 
groups are higher in Lake Lötsjön than in Lake Fälaren
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Figure 4. Mineralization rates per cm of sediment depth, day and m2 of lake bottom (mg DIC / 

cm sed. / day / m2) in Lake Lötsjön (Sampled the 22nd of April). The figure expresses mean rates 

of the three replicates in groups of 0-1 cm, 0-2 cm, 0-3 cm, 0-4 cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-12 

cm, 0-15 cm, 0-25 cm, 0-25 cm and 0-40 cm.  The data is fitted with a standard logarithmic curve.  
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Figure 5.  Mineralization rates per cm of sediment depth, day and m2 of lake bottom (mg DIC / 

cm sed. / day / m2) in Lake Fälaren (Sampled the 16th of May). The figure expresses mean rates of 

the three replicates in groups of 0-1 cm, 0-2 cm, 0-3 cm, 0-4 cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-12 cm, 

0-15 cm, 0-25 cm and 0-35 cm. The data is fitted with a standard logarithmic curve.

When comparing the mineralization rate (mg DIC / day / m2) in the 0-1 cm with the layer of 
the 0-35 cm, the 0-1 cm layer accounts for 71 % of the mineralization rate in the 0-35 cm in 
Lake Lötsjön. For Lake Fälaren, the 0-1 cm layer accounts for 52 % of the mineralization rate 
in the 0-35 cm layer (see figure 6).
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Figure 6.  The contribution of the 0-1 cm layer to the total mineralization rate (mg DIC / day /m2) of the 

0-35 cm layer. Light bars express mineralization rates from Lake Lötsjön (April 22) and dark bars 

express mineralization rates from Lake Fälaren (May 16). 

Mineralization in deeper sediment appears to be more important in Lake Lötsjön than in Lake 
Fälaren. As visualized in figure 7, the mineralization rates in Lake Lötsjön increase with depth 
with the highest rate increase in the span from 4 cm depth and downwards. The rate has almost 
four folded in the 0-12 cm compared to the 0-1 cm of sediment. An outlier is the 0-35 cm 
sediment, which despite the highest incubated volume of sediment only has a mineralization 
rate that is about 30 % of the rate in the 0-1 cm (see also figure 6). However, the standard 
deviations among the three replicates in every depth group tend to be coupled to the 
mineralization rates, with high variation where there is a high mineralization rate. In Lake 
Fälaren (figure 8) the mineralization rates increase only neatly from 0-1 cm to 0-3 cm in the 
sediment. From 3 cm, the mineralization rates do not change with the increased sediment 
depth. The standard deviations within the groups are small throughout the entire sediment 
profile.  
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Figure 7. Mineralization rates (mg DIC / day / m2) in Lake Lötsjön (sampled the 22nd  of April). The 

figure expresses mean rates from three replicates in the depth categories of 0-1 cm, 0-2 cm, 0-3 cm, 0-4 

cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-12 cm, 0-15 cm, 0-25 cm, 0-35 cm.
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Figure 8. Mineralization rates (mg DIC / day / m2) in Lake Fälaren (sampled the 16th of May). The 

figure expresses mean rates from three replicates in the depth categories of 0-1 cm, 0-2 cm, 0-3 cm, 0-4 

cm, 0-5 cm, 0-7 cm, 0-9 cm, 0-12 cm, 0-15 cm, 0-25 cm, 0-35 cm. 

Removal of top sediment layers reveal that the difference in mineralization rates between top 
sediment layers and deeper sediment decreases. The sediment where nothing is removed (0-30 
cm in figure) seems to be quite equal to the mineralization rates where the top 20 centimetres 
(20-30 cm in figure) have been removed (figure 9) although the volume of sediment decreases 
with depth due to the fact that only the upper 30 centimetres of the sediment was subject for the 
investigation. Noticeable is also that for the layers where the mean mineralization rates are the 
lowest, also the standard deviation from the mean rates are low. 
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Figure 9. Mineralization rates (mg DIC / day / m2) in each sediment depth category after removal of 

overlying sediment layers.  The first bar (0-30) represents sediment where nothing was removed and a total 

of 30 cm sediment was incubated.  In the category where 0-20 cm was removed, the 10 centimetres of 

sediment beneath (labelled 20-30 cm) was incubated so that a total of 30 cm was part of the investigation. 

The sediment was sampled in Lake Lötsjön the 27th of May.
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Sediment sampled the 27th of May in Lake Lötsjön was incubated 192 hours (96 h + 96h) to 
possibly be able to account for the delay of the DIC from deeper sediment (assuming 
movement of DIC only by diffusion) until it reaches the water phase. The mineralization rates 
(mg DIC / cm sed. / day / m2) during the first 96 hours are somewhat higher than during the 
following 96 hours (figure 10). The mineralization rates corrected for the depth of the sediment 
reveal that 0-1 cm of the sediment contribute with the highest mineralization activity for both 
0-96 h incubations and 96-192 h incubations. The mineralization rates decrease continuously 
with the sediment depth and there does not seem to be any change in the pattern between the 
two incubation intervals when moving from the 0-1 cm of sediment to the 0-35 cm of 
sediment. 

The oxygen level was measured in the cores were 0-35 cm of the sediment was incubated. In 
all three replicates the oxygen level was > 2 mg/L after 192 h incubation.  
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Figure 10. Mineralization rates (mg DIC / cm sed. / day / m2) in sediment sampled in Lake Fälaren

(May 16). The sediment was incubated 96 hours before measurement of the generated DIC (0-96 h –

Lighter bars) and thereafter incubated another 96 hours and a second measurement of the generated 

DIC (96-192 h – Darker bars). 

Measurement of the generated DIC in the cores containing only lake water from Lake Lötsjön 
(sampled 27th of May) revealed hardly no mineralization at all in the water during the 192 
hours of incubation.

Discussion

It has been shown that the bacterial abundance is higher at the sediment surface than deeper 
down in the sediment (figure 2). However, the mineralization rate seemed to follow the trend 
of bacterial distribution (e.g. Haglund et al., 2006) in intact sediment cores rather than the 
amount of sediment that was incubated. It appeared that the 0-1 cm of the sediment contributed
to the majority of the mineralization rate in the sediment (figure 4 & 5). The well fitted 
logarithmic plot is most definitely due to the fact that the mineralization rates in the sediment 
deeper than 1 cm were expressed per centimetre of sediment (integrated with depth).
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As shown in figure 6, the first centimeter (0-1 cm) in sediment from Lake Lötsjön contributed
with as much as 71% of the mineralization rate in the 0-35 cm sediment. For Lake Lötsjön, the 
same comparison revealed that the 0-1 cm layer contributed with as much as 52 % of the 
mineralization rate in the 0-35 cm that was incubated. This confirms even more that most of 
the mineralization in the sediment could be ascribed to the uppermost layers of sediment. 

When not considering the amount of sediment incubated (depth integration) and instead 
focusing on the cumulative mineralization rates along with the sediment profile depth, the 
results differ between the two lakes. In Lake Fälaren (figure 8), the mineralization rate 
increased from 0-1 cm to 0-3 cm. From 3 cm there was no apparent increase in mineralization 
rate downwards throughout the sediment profile. This states that the measured DIC was 
generated in the first 3 centimetres while the contribution of the rest of the sediment in the 
profile was negligible. For Lake Lötsjön (figure 7) the situation was different. The 
mineralization rate did not increase significantly from 0-1 cm to 0-4 cm, implying that there 
was no mineralization below 0-1 cm, since the sediment below did not appear to increase the 
rate of DIC generation. On the other hand, when interpreting the mineralization rates from the 
incubations of 0-5 cm and deeper, one can see an increasing rate with increasing depth down to 
0-12 cm. Interesting is that the standard deviations are very high where the rates are the 
highest, meaning that the high rates could be due to extremely high discrepant rates among the 
three replicates. For the depth of 0-35 cm, the rate is less than half of the rate in the 0-12 cm. 
The standard deviation in 0-35 cm is rather low, implying that the lower mineralization rate 
could be because there is no influence of extremely high mineralization rates on the mean rate 
for that sediment depth group.        

Incubation of deeper sediment layer where surface sediment had been removed to expose to an 
oxic environment, gave different results than was obtained for incubations of intact sediment 
cores. The incubation cores were prepared in a way that more and more surface sediment was 
removed and consequently, the volume of sediment decreased throughout the incubation 
arrangement. To start with, an intact core was incubated where nothing was removed. In some 
cores as much as 20 cm of the surface sediment was removed and only 10 cm of sediment was 
left. Although it has been shown that both the bacterial abundance decreases with depth (e.g. 
Haglund et al., 2003) simultaneously with the decreased sediment volume, there was no 
evidence of a lower mineralization rate in the deeper sediment that became exposed to oxygen 
rich water. Exposure to oxygen rich water tended to permit equal mineralization rates in the 20-
30 cm sediment as in the sediment where nothing was removed (0-30 cm) (figure 9). Hence,
the oxygen exposure is an important factor that is limiting the bacterial mineralization.

Another 96 hours incubation of sediment from Lake Lötsjön (figure 10) did not reveal any 
delayed DIC evasions from deep sediment layers. Less DIC was generated during the 
additional 96 h than the first 96 h which points at depletion of oxygen and a lowered
mineralization. However, 192 hours of incubation may not be sufficient for the DIC from 
sub-surface sediments to reach the water column above.

Exposure of deep sediment layers to an oxic environment equalized the mineralization rates 
throughout the sediment profile (figure 9), which made it impossible to distinguish top layers 
from deep sub-surface layers when considering the mineralization rates. This implies that 
bacterial mineralization is strictly oxygen limited. There may be an alternative explanation to 
the obtained results presented in figure 9. When deep layers were exposed to the water phase, 
DIC that had been trapped and stored during long-term mineralization processes in the 
sediment may have been released in the water column above. If this was the case, the 
importance of oxygen supply for mineralization processes may not solely be controlling the 
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bacterial mineralization, and the importance of other electron acceptors can therefore have 
more importance for deep sediment mineralization.  

Longer incubation periods or the measurement of pore water DIC may be necessary to give a 
justified conclusion considering the contribution of deep sediment to the mineralization rates 
that are measured above the sediment surface. To investigate the importance of other electron 
acceptors for sediment mineralization, measurements of the consumed amounts of oxygen 
could be beneficial. The utilized oxygen should be in equal amounts as the generated DIC if 
oxygen is the only electron acceptor that is used during sediment mineralization. If more DIC 
is generated than oxygen is consumed, the generated excess of DIC could probably be 
attributed to anaerobic mineralization processes. Oxygen may also to some extent be consumed 
and utilized in other processes than mineralization, i.e. nitrification (e.g. Wetzel, 2001)

No conclusion about whether the bacterial abundance (described in figure 2) is governing the 
mineralization rate or not can be established. If the upper sediment layers are the most 
important for the sediment mineralization as is hinted in figure 4,5,6,7 & 8, the high bacterial 
abundance may be one determining factor. The surface bacteria may consume all oxygen 
during their processes, leaving barely any oxygen left for bacterial processes deeper down in 
the sediment, making those processes negligible for the sediment as a whole. If so, the lower 
bacterial abundance in the deep sediment would also probably be a consequence of poor 
oxygen supply. However, the bacterial abundances in the two lakes were not investigated 
during this study which makes it hard to consider the importance of their abundance and role in 
sediment mineralization.  

Lake Fälaren had lower cumulative mineralization rates throughout the sediment profile 
compared to Lake Lötsjön, which also had a higher variance within every group of depth 
layers. Since Lake Fälaren has softer, dy-like sediment, the DIC may diffuse more easily to the 
surface leaving a smaller storage of DIC in the sediment pore water. The more rigid and 
compact gyttja sediment in Lake Lötsjön may prevent diffusion of DIC from deeper layers, 
retaining a higher amount of DIC. In fact, in many lake sediments there is an increase in the 
DIC concentration following a linear gradient (Kuivila & Murray, 1984). That would imply 
that there is a continuous diffusion of DIC towards the water column from deeper layers where 
the sediments retain DIC for a longer time while DIC diffuses through top sediment layers 
more quickly. Some of the stored DIC may have diffused out from the sediment into the water 
column above as a consequence of perturbance during the incubations and the sampling of 
water from the incubation tubes. That could explain the higher DIC generation in Lake Lötsjön 
and also the higher variance among the three replicates in every group.    

The C:N ratio of the first five centimetres of sediment was expected to reflect the quality of the 
organic matter in the surface sediment. Material that has undergone long-term degradation has 
a higher C:N ratio, and a higher recalcitrance against further degradation. As a pre-requisite for 
the study, Lake Fälaren had the highest C:N ratio in the first five centimetres which was 
interpreted as Lake Fälaren had more recalcitrant organic matter in the surface sediment 
compared to Lake Lötsjön. The mineralization rate does not seem to be reflected in the quality 
of organic matter since the 0-4 cm of sediment in Lake Fälaren had higher mineralization rates 
than the 0-4 cm in Lake Lötsjön (figure 6 & 7). Further speculations about substrate quality in 
the profile linked to mineralization rates is avoided in this study because lack of C:N ratios of 
the entire sediment profiles and lack of data of the bacterial distributions. There was also a 
difference in the incubation temperatures since the in situ temperature changed between the 
sampling of Lake Lötsjön (22nd of April) and the sampling of Lake Fälaren (16th of May). The 
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higher incubation temperature for sediment from Lake Fälaren may have resulted in higher 
bacterial activity giving higher mineralization rates.     
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