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Introduction 

Background 

Sediments and their role in lake ecosystem functioning has long been recog-
nized (Lindeman 1942). Lake sediments receive organic carbon (OC) from 
internal primary production (autochthonous) or imported from the catchment 
(allochthonous) (Figure 1). In boreal lakes, sediments are dominated by OC 
from terrestrial sources (von Wachenfeldt and Tranvik 2008). The OC that 
reaches the lake sediment surface will partly be mineralized to CO2 or CH4 
by heterotrophic microorganisms, incorporated into microbial biomass and 
partly be buried in the sediments.  

Bacterial production in lake sediments based on external energy sources 
(i.e. allochthonous OC) can be a potential energetic subsidy to lake food 
webs (Jansson et al. 2007).  

Lake sediments are well-recognized sinks of OC. The sequestration of 
OC in the sediments of inland waters, both natural lakes and reservoirs 
(Mulholland and Elwood 1982, Stallard 1998, Einsele et al. 2001, Cole 
2007, Downing et al. 2008), is comparable to or even higher than in marine 
sediments (Cole 2007) and soils (Schlesinger 1990, Harden et al. 1992, 
Trumbore and Harden 1997, Rapalee 1998). In particular, boreal lake sedi-
ments store large amounts of OC (Kortelainen et al. 2004, Benoy et al. 
2007). The balance between the inputs and long-term storage of OC is 
largely regulated by microbial mineralization. Hence, the constraints on the 
microbial mineralization of sediment OC, is a key factor in the carbon bio-
geochemistry. 

Benthic microbial metabolism and the role of 
allochthonous organic carbon 

Microbial metabolism is the main driver of the OC cycling in lakes and lake 
sediments occupy a central role (Lindeman 1942). The sediment-water inter-
face of freshwater systems is a site of intense biological activity (Krumbein 
1994). The large surface area of the sediment organic particles combined 
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with high bacterial densities (Capone and Kiene 1988) creates a highly ac-
tive environment.  

 
Figure 1. Organic carbon cycling in lakes. Modified from Sobek (2009). 

Although the microbial metabolism was well studied in the pelagic zone of 
lakes (Bird and Kalff 1984, Tranvik 1988, del Giorgio and Peters 1994, 
Berggren et al. 2010), the constraints on lake sediment bacterial production, 
bacterial biomass and mineralization, as well as the link between them, are 
not well understood. In particular, the importance of the large terrestrial OC 
pool in the boreal sediments has yet to be addressed.  

Total phosphorus (TP) concentration in the water, a proxy of autochtho-
nous OC, has been positively related to the sediment mineralization (Pace 
and Prairie 2005). Cole et al. (1988) first showed that bacterial production is 
related to sediment OC content and bacterial biomass but no direct causal 
relationship could be established. In a cross-system comparison of boreal 
Canadian lakes and literature data, Schallenberg and Kalff (1993) found that 
sediment bacterial biomass was mainly explained by water content and hy-
draulic flushing rate and that sediment bacterial abundance was negatively 
correlated with the sediment C:N ratio (an indicator of the origin/quality of 
the OC) and positively related to the sediment organic matter content. The 
authors found little support for relationship between indicators of planktonic 
biomass such as chlorophyll a (Chla) and sediment bacterial biomass in 
lakes. 

Temperature and the OC quality/origin are important drivers of sediment 
bacterial metabolism and biomass (Sander and Kalff 1993, Schallenberg and 
Kalff 1993). However, statistical constraints (e.g. correlated variables; see 
Schallenberg and Kalff 1993) and the lack of more extensive data limit our 
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understanding of the regulation of sediment bacterial metabolism and bio-
mass. 

Many studies have shown that terrestrial OC supports the metabolism of 
heterotrophic bacteria in the water column (Tranvik 1988, Hessen 1992, 
Berggren et al. 2010) and that bacteria can mediate the further transfer to 
higher trophic levels (Pace et al. 2004, Carpenter et al. 2005, Cole et al. 
2011). Still, the OC metabolism in lake sediments has received very limited 
interest, compared to corresponding processes in the water column (e.g. 
Vadeboncoeur et al. 2002) and little is known about the ways in which ben-
thic heterotrophic microbial communities are structured by allochthonous 
and autochthonous carbon sources. 

Temperature dependence of sediment mineralization 

Temperature is a key factor controlling to what extent OC is mineralized or 
buried. The OC decomposition has become an important issue in assessing 
the potential climatic feedback effects of the carbon stock in terrestrial 
(Davidson and Janssens 2006, Dorrepaal et al. 2009, Craine et al. 2010) and 
aquatic ecosystems (Bastviken et al. 2011).  

There is evidence for temperature dependent mineralization in freshwater 
sediments (Hargrave 1969, Provini 1975, Graneli 1978, 1979, Jensen and 
Andersen 1992, Ramlal et al. 1993, den Heyer and Kalff 1998, Liikanen et 
al. 2002, Bergström et al. 2010). However, the relationship between lake 
sediment mineralization and temperature proposed so far are subject to con-
founding factors, such as lake depth, OC quality and lake trophic state (den 
Heyer and Kalff 1998, Pace and Prairie 2005) and this issue has not been 
addressed. The pattern of temperature sensitivity of OC mineralization in 
lake sediments and in particular of the large pool of biogeochemical recalci-
trant sediment organic matter of terrestrial origin (Kortelainen et al. 2004, 
Benoy et al. 2007) is not clear. 

Considerably much more effort has been spent to tackle this process in 
soils. The question whether the fast recycling or slow decomposing organic 
matter exhibit different temperature sensitivities is currently intensely debat-
ed from the perspective of climate change (e.g. Kirschbaum 2000, Davidson 
and Janssens 2006, von Lützow and Kögel-Knabner 2009, Craine et al. 
2010). Soils and lake sediments are two large reservoirs of OC in the land-
scape. An integrated view of their flux and temperature sensitivity would 
contribute to a better understanding of the carbon cycling at a large scale and 
yet, remains to be addressed. 
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Organic carbon burial in lake sediments 
Although OC burial in lake sediments is an important component of the 
global carbon cycle, it has received only limited attention (Cole 2007, Battin 
et al. 2009, Tranvik et al. 2009). The boreal region contains roughly 30% of 
the global lakes (Molot and Dillon 1996, Downing et al. 2006) and is rich in 
OC (Benoy et al. 2007), with large amounts of OC of terrestrial origin de-
posited onto the sediment surface (von Wachenfeldt and Tranvik 2008).  

Sediment particles that have been deposited onto the lake bottom, under-
go extensive biogeochemical transformations that are mediated by microbial 
decomposition of the OC. Most of the biological activity occurs in the top-
most layers of the sediments (Haglund et al. 2003) and surface sediments 
can be seen as biogeochemical reactors (Van Cappellen and Gaillard 1996).  

The proportion of the buried OC (that is, OC burial per OC deposition on-
to the sediment surface) is termed the OC burial efficiency. The fraction of 
the sediment OC that is lost through microbial processing is termed OC 
mineralization. As a consequence, the amount of OC that is eventually bur-
ied is a direct function of the burial efficiency (Sobek et al. 2009).  

The OC burial efficiency in lake sediments is related to oxygen exposure, 
but the effect of temperature on OC mineralization and burial remains un-
clear (Sobek et al. 2009). In particular little is known about potential climate 
induced feedback effects of the large OC sink of boreal lakes given that 
Northern latitudes are expected to experience particularly severe warming 
(Hansen et al. 1999, Solomon et al. 2007). 
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Aims of the Thesis 

The main aim of my thesis is to establish the role of boreal lake sediments as 
sources and sinks of carbon and in particular to assess the importance of 
allochthonous OC for the benthic microbial metabolism. 
 

The following specific issues were addressed: 
 
 

1. The relationship between sediment OC mineralization and temperature 
across lakes and consequences for the OC burial in boreal lakes in a 
warming climate. 
 

2. Temperature sensitivity of sediment mineralization in contrasting lake 
sediments and over long-term. 
 

3. Seasonal variability in benthic microbial biomass and community struc-
ture across lakes.  
 

4. The connection between sediment bacterial metabolism, and bacterial 
biomass and a large number of environmental variables. In particular, I 
addressed the role of allochthonous OC for the benthic bacterial metabo-
lism. 
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Methods 

Study sites 
The field survey (Papers I, II and III) and laboratory studies (Papers I and 
IV) were carried out in lakes located in south-central Sweden. Papers I, II 
and III draws its conclusions from a field survey based on eight lakes, along 
a gradient of TP and dissolved organic carbon (DOC). In papers I and III, I 
have carried out laboratory experiments in two contrasting lakes, humic and 
eutrophic respectively. 

Measurements of sediment mineralization 
Sediment mineralization was measured as the net dissolved inorganic carbon 
(DIC) efflux at the sediment surface and was measured as DIC production in 
the dark. Undisturbed sediment cores containing the upper 5-10 cm layer 
were incubated in the dark, in situ, at in situ temperatures or at different 
manipulated temperatures. 

Experimental incubations 
In order to test temperature dependence of sediment OC mineralization (Pa-
pers I and IV), sediment cores were incubated in temperature controlled 
incubation chambers. Throughout the duration of the experiment, the water 
column above the sediment was kept continuously mixed and oxygenated. 
Sediment cores were closed between 2 and 7 days in order to carry out min-
eralization rate measurements. 

Bacterial biomass 
The microbial biomass (Papers II and III) was measured by analysis of 
phospholipid fatty acids (PLFA) as the sum of all phospholipid fatty acids, 
an estimate of the bulk sediment microbial biomass. A conversion factor for 
PLFA to living microbial biomass of 100 mol of PLFA in 1 g dry weight of 
bacterial cells was used, and carbon was assumed to constitute 50% of the 
dry cell biomass (White 1979).  
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Bacterial production 
We estimated bacterial production (Paper III) as leucine incorporation into 
bacterial protein (Smith and Azam 1992). We used L-[4, 5-3H]leucine 
(TRK510, Amersham, Buckinghamshire, UK) diluted with unlabeled L-
leucine (Sigma, St. Louis, USA). In order to avoid high blank values, the 
sediment was diluted 1:10 with 0.2 m filtered lake water. Following the 
incubation, samples were centrifuged and washed, following a similar pro-
cedure to that described by Karlsson et al. (2001) and Ask et al. (2009). The 
net DPM counts were converted to nmol leucine incorporated into proteins 
expressed per square meter and day. 

Water and sediment analyses 
Surface water samples for were analyzed for TP, DOC, absorbance at 250, 
365, 420 nm and Chla. Sediment total carbon and total nitrogen were deter-
mined with a CHN analyzer. 

Meiofauna and macrofauna analyses 
Animals were extracted and sieved from the sediment, counted and meas-
ured. Meiofauna biomass was calculated based on the carbon content of the 
different groups (Bott and Borchardt 1999). For macrofauna, biomass (dry 
weight) was calculated for different taxonomical groups using published 
mass/length relationships (Smock 1980, Benke et al. 1999, Johnston and 
Cunjak 1999, Baumgartner and Rothhaupt 2003) and converted to carbon 
assuming a carbon content of 45% (Peters 1983, Wetzel 2001). 

Statistical analyses 
In order to find out how different variables perform as predictors of benthic 
heterotrophic microbial metabolism and biomass (Papers I and III) we used 
PLS (i.e. multivariate linear regression by means of partial least squares 
projections to latent structures, Wold et al. 1984, Höskuldsson 1996, 
Eriksson et al. 2006). To identify the factors regulating sediment mineraliza-
tion (Paper IV) we used linear mixed-effects model (lme), which properly 
account for the correlation between repeated measurements on the same 
subject, for non-independency of errors and lack of spatial independence 
among the sampled sediment cores (Crawley 2009, R Development Core 
Team 2010). Multidimensional scaling (MDS) analysis was used to explore 
patterns with respect to PLFA composition (Paper II).  
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Results and Discussion 

Temperature dependence of sediment mineralization 
The results from papers I, III and IV show that sediment bacterial metabo-
lism was primarily controlled by temperature but also by OC quality/origin 
and that temperature sensitivity was similar in contrasting lakes and over 
long-term.  

In papers I and III, we address the importance of different water and sed-
iment characteristics for the sediment OC mineralization. We surveyed eight 
lakes with different trophic state and loading of terrestrial DOC and TP, 
enabling us to assess the relative importance of temperature versus lake 
trophic conditions and sediment organic matter characteristics. This resulted 
in a wide variety of sediment types. We incubated sediment cores in situ and 
measured DIC production in the dark. We also did experimental incubations 
of lake sediments in the laboratory to test the temperature sensitivity of sed-
iment mineralization in contrasting lakes.  

Field survey, literature data and experimental incubations of contrasting 
lake sediments showed that mineralization of OC in boreal lake sediments 
was strongly positively correlated with temperature (Figure 2) (Paper I). We 
also show that beyond temperature, sediment mineralization was regulated 
by OC quality/origin (Figure 2, 6) (Papers I and IV). 

In paper IV we assess the pattern of sediment mineralization and tempera-
ture sensitivity with long-term incubations in contrasting lakes. We incubat-
ed sediment cores during 150 days at 1, 3, 5, 8, 13, 21 °C respectively. We 
measured OC mineralization rates as DIC production in the dark during sev-
en occasions. We used linear mixed-effects model (lme) (Crawley 2009, R 
Development Core Team 2010) to asses the effect of time and lake type on 
sediment mineralization and temperature sensitivity. We also calculated 
apparent activation energy (Ea; kJ mol-1) as a measure of overall community 
temperature sensitivity. Furthermore, we estimated the apparent turnover 
time of the non-buried sediment OC fraction. 

Temperature sensitivity was similar in contrasting lakes with very differ-
ent OC characteristics and different burial efficiencies and turnover of the 
labile OC (Figure 3) (Paper IV). 
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Figure 2. Temperature-dependent OC mineralization in lake sediments. a, The rela-
tionship between sediment OC mineralization and temperature in the present study 
(r2 = 0.61, P < 0.0001, n = 219), published literature (r2 = 0.26, P < 0.0001, n = 355) 
(see Paper I, Supplementary Notes) and the two combined data sets, (r2 = 0.43, P < 
0.0001, n = 574), equation at lower right. b, OC mineralization measured under 
experimental manipulation of temperature in two extreme lakes in terms of the load-
ing of the OC—the humic Svarttjärn, equation at lower right, and the highly eu-
trophic Vallentunasjön, equation at upper left (n = 42 for each lake). The slopes 
were not statistically different (t-test, P = 0.87). The y-axis of the OC mineralization 
is represented on a log scale. (Paper I) 
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Figure 3. Temperature sensitivity of sediment organic carbon mineralization, aver-
age over time and ‘replicate cores’. Vertical bars represent standard deviation, n = 
21 and the Y-axis is represented on a log scale. (Paper IV) 

Sediment mineralization showed low overall rates in spite of low apparent 
Ea compared to soil or litter mineralization (Craine et al. 2010). The similari-
ty of Ea across contrasting lake sediments, dissimilar to the wider range of Ea 
among different soils (e.g. Craine et al. 2010), suggests that either the OC 
that is subject to decomposition is more similar among sediments than 
among soils, or that different mechanisms control mineralization and tem-
perature sensitivity in soils and in sediments. Temperature sensitivity of OC 
mineralization is the result of the integration of different processes at differ-
ent scales (e.g. Ågren and Wetterstedt 2007), which results in an apparent 
temperature sensitivity. The physico-chemical environment has been shown 
to influence decomposition of labile and recalcitrant OC and their response 
to temperature differently (von Lützow and Kögel-Knabner 2009).  

In lakes, anoxia exerts major control on the mineralization of lake sedi-
ments. Unlike soils, lake sediments are anoxic below the very few top mm 
or cm, and the lack of oxygen has a strong impact on the sediment OC stabi-
lization, by slowing down decomposition (Kristensen et al. 1995, Bastviken 
et al. 2003, Sobek et al. 2009). We propose that the constraints of an anoxic 
environment upon mineralization of OC in lake sediments contribute to the 
relative similarity in both rate and temperature sensitivity of mineralization, 
compared to the highly variable activities and temperature sensitivities ob-
served in soils (e.g. Craine et al. 2010). 

 The calculated apparent turnover time of the non-buried OC fraction (i.e 
‘labile’ pool), varied between 5 and 32 years in Svarttjärn and between 2.5 
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and 11 years in Vallentunasjön, for the range of temperatures between 1 and 
21.1 °C (Figure 4). The ‘labile’ fraction of the sediment OC has apparent 
turnover times substantially longer (years) than the duration of our experi-
ment (months).  

 
Figure 4. The turnover time of the non-buried sediment OC fraction. Vertical bars 
represent standard deviation, n = 3 and the Y-axis is represented on a log scale. 
(Paper IV) 

The turnover of OC may be long in the anoxic layers of the sediment, where 
mineralization is slow. Moreover, products of the anaerobic mineralization 
are often found in higher concentrations in the sediment pore water (e.g. 
Klump et al. 2009) and can represent an important contribution to the total 
carbon mineralization (Maerki et al. 2009). The average Ea of sediment min-
eralization in Svarttjärn, Ea = 55.7±6.1 kJ mol-1 and Vallentunasjön, Ea = 
49.9±3.8 kJ mol-1 is similar to a very reactive soil (Ea = 51.4 kJ mol-1) or 
plant litter decomposition (Ea = 50.7 kJ mol-1) (Craine et al. 2010) suggest-
ing that a labile OC component may have an important contribution to the 
temperature sensitivity. The labile OC diffusing from anoxic layers, which 
are ubiquitous to lake sediments, the low Ea and slow turnover of the reac-
tive fraction of the sediment OC, together may explain, the similar tempera-
ture sensitivity across lake sediments (Figure 2, 3) (Papers I and IV). 

Temperature sensitivity of sediment mineralization over long-term (Fig-
ure 3) (Paper IV) was similar with that derived from short-term incubations 
(Figure 2) (Papers I and IV). Moreover, temperature sensitivity obtained 
from pooled data of Svarttjärn and Vallentunasjön (y = 100.034x-1.483) was 
remarkably similar with that observed with a larger set of different lakes, 
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geographically widely distributed. This suggest that our results are general 
to at least all boreal lake sediments and are useful for modeling climate 
changes effects in lake sediments. 

Benthic microbial metabolism and biomass in boreal 
lakes 
In papers II and III we extended our investigation on sediment bacterial me-
tabolism and biomass. In addition to sediment mineralization (Paper I), bac-
terial production and biomass were measured on a seasonal basis and along a 
lake depth gradient together with different water and sediment characteris-
tics. Along the gradients of increasing sediment C:N (Figure 5 A, D, G) and 
TP concentration in the water (Figure 5 B, E, H) (Paper III) there was a dis-
tinct pattern across lakes.  

Sediment bacterial metabolism decreased with increasing C:N of the sed-
iment (an indicator of OC quality/origin), which is in accordance with in-
creasingly allochthonous sediments supporting decreasing bacterial metabo-
lism (Figure 5 A, D) (Paper III). In lakes with a sediment C:N ratio above 
about 12 (by mass), sediment mineralization, bacterial production were at 
similarly low levels, suggesting a threshold where increasing terrestrial load-
ing to the sediment does not result in any increase in sediment heterotrophic 
activity. This is in contrast to the pelagic environments, where increasing 
amounts of terrestrial OC results in an increase in bacterial metabolism 
(Tranvik 1988, Hessen 1992, Jansson et al. 2007).  

Sediment bacterial metabolism was positively correlated to the TP con-
centration in the water (i.e. an indicator of autochthonous OC) (Figure 5 B, 
E) (Paper III), and increased with rising autochthonous OC. Similarly, (Ask 
et al. 2009) failed to identify higher bacterial production with increasing 
loadings of terrestrial OC, but found a clear response to indigenous primary 
production. 

The PLS analysis of data matrices with all the temporal and spatial data 
collected during the survey of the eight boreal lakes, and a number of differ-
ent parameters describing sediment and water characteristics, as well as total 
biomass of meiobenthos and benthic macrofauna showed that temperature 
was the primary constraint on sediment bacterial activity followed by differ-
ent indicators of sediment or water OC origin and quality (Figure 6) (Paper 
III), in accordance with previous studies (Sander and Kalff 1993, Bergström 
et al. 2010). 
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Figure 5. Patterns of sediment mineralization (SM), bacterial production (BP) and 
bacterial biomass (BB) along the gradients of sediment C:N ratio (A, D, G), TP (B, 
E, H) and DOC concentration in the water (C, F, I) in boreal lakes (Va-Valloxen, 
Lö-Lötsjön, St-Strandsjön, Fä-Fälaren, Lj-Ljustjärn, Li-Lilla Sångaren, Op-
Oppsveten, Sv-Svarttjärn). The gradient spans from low to high values (i.e. left to 
right), and data can be found in Table 1 (Paper III). The box plots of SM, BP, and 
BB data shown here across lakes, were pooled from seasonal and spatial lake data. 
(Paper III) 

Indicators of high aromaticity and terrestrial origin of OC (A420, SUVA, 
sediment C:N ratio and 250:365 absorbance ratio) showed a negative influ-
ence on sediment bacterial activity, demonstrating decreasing bacterial me-
tabolism in boreal lake sediments. In contrast, TP and Chla concentration in 
the water (indicators of autochthonous OC), supported increasing sediment 
bacterial activity (Figure 6) (Paper III).  



 22 

Consequently, differences in sediment microbial activity between lakes 
with a relatively high allochthonous influence may result largely from tem-
perature and fresh labile OC produced within lakes. 

 
Figure 6. Loadings plot of the PLS regression analysis of the benthic heterotrophic 
microbial metabolism. The graph shows how Y-variables (squares) correlate with 
X-variables (dots), and the correlation structure of the X’s and Y’s. The X variables 
are classified according to their VIP (variable influence on projection), cumulative 
across components: highly influential (black dots), moderately influential (outline 
dots) and less influential (grey dots). The plot can be read by drawing a line from a 
Y-variable through the origin and across the plot and projecting the X-variables on 
this line. Thus, the X-variables along this line situated far away from the origin of 
the plot (on the positive or negative side) are highly correlated with Y and are the 
most influential for the model. Variables close to the origin of the plot are poor 
predictors of the Y-variables. The Y-variables close to each other are positively 
correlated. The X-variables situated near Y-variables are positively correlated to 
them and those situated on the opposite side are negatively correlated. For the ex-
planation of the abbreviations see Table 2. (Paper III) 

Bacterial biomass as indicated by the total concentration of bacterial phos-
pholipid fatty acids (PLFA) followed the same pattern as bacterial activity 
along the C:N, TP and DOC gradients (see Paper II, Figure 5 G, H, I) (Paper 
III) suggesting that bacterial biomass contained mainly viable, active bio-
mass. Benthic bacterial metabolism and biomass varied more across seasons 
and between lakes, compared to the variation within lakes (Papers II and 
III). Within most lakes, biomass was approximately half in autumn as com-
pared to summer and low and similar throughout winter and spring. 
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According to the PLS analysis (see Paper III), bacterial biomass was es-
sentially correlated with the same factors as in the case of bacterial metabo-
lism. The OC origin/quality and temperature were the best predictors of 
sediment bacterial biomass (Papers II and III). The PLS analysis also 
showed that bacterial biomass was only moderately influenced (positively 
correlated) by different components of the sediment fauna (meiofauna, 
macrofauna and micrograzers). The rapid change in the bacterial biomass 
across seasons (Paper II), implies that the bulk sediment biomass was not 
heavily grazed but rapidly recycled. The positive correlation between sedi-
ment mineralization and bacterial biomass further supports limited im-
portance of bacterivory (see Paper III). We also suggest that the high dilu-
tion of surface sediments (i.e. typical exhibit a water content of >80-90%) in 
boreal lakes, interferes with the exploitation of both detrital OC and bacterial 
biomass by the meiofauna and macrofauna. 

The sediment bacterial community structure, as indicated by 43 different 
long-chained fatty acids (Figure 7) (Paper II) indicated a strong seasonal 
pattern. Across all lakes, winter and spring community structure differed 
strongly, whereas community structure was similar in summer and autumn. 
This analysis shows that regardless of the OC source, the sediment microbial 
community is more similar within season than within lakes. 

 
Figure 7 Multidimensional scaling (MDS) analysis of PLFA concentrations (as 
mol%). Whole lake concentrations for all lakes and seasons (stress: 0.1282; lakes A 
to H; WI, winter; SP, spring; SU, summer; AU, autumn). (Paper II) 
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Constraints on the organic carbon sink in lake sediments 
We combined recent data from numerous soils (Bond-Lamberty and 
Thomson 2010) and sediments on the temperature response of OC minerali-
zation (Figure 8) (Paper IV).  

Temperature sensitivity of the sediment mineralization was about twice as 
high compared to the global soil respiration (Figure 8) (Paper IV). This 
would mean that in a warming climate, sediment OC mineralization would 
respond stronger to increased temperatures compared to global soil respira-
tion. Although these results seem to contradict the low observed temperature 
sensitivity of sediment compared to soil mineralization (e.g. Craine et al. 
2010), we suggest caution in the interpretation (see Paper IV). 

The intercepts of the soil and sediment respiration models differed by a 
factor of 28 (Figure 8). Thus, the areal respiration of soils is about 30-fold 
higher than the areal sediment respiration. The majority of soils in the cold-
est regions of the globe respire at higher rate than sediments at the highest 
temperatures (Paper IV).  

Soils and sediments have strong similarities and sharp contrasts (Hedges 
and Oades 1997). In both habitats different mechanisms can strongly affect 
OC mineralization, but the presence oxygen certainly has the greatest impact 
given that only the very few top mm or cm of the sediments are oxygenated 
(Sobek et al. 2009) compared to the bulk of soils (Hedges and Oades 1997). 

 
Figure 8 Temperature dependence of global soil respiration and sediment minerali-
zation in a wide variety of lakes. Soil data from Bond-Lamberty and Thomson 
(2010) and sediment data from Papers I and IV. The Y-axis is represented on a log 
scale. (Paper IV) 



 25 

Pool estimates (Dean and Gorham 1998, Kortelainen et al. 2004, Benoy et 
al. 2007), and flux data (Figure 8) (Paper IV), suggests that lake sediments 
are hotspots of OC sequestration. Moreover, the constraints on the microbial 
mineralization of sediment OC of terrestrial origin may further enhance OC 
sequestration. Much of the OC stored in boreal lakes is dominated by inputs 
from terrestrial sources (von Wachenfeldt and Tranvik 2008). We suggest 
that increasing influence of terrestrial OC does not result in enhanced sedi-
ment bacterial metabolism. Hence, lake sediments are an effective sink of 
terrestrial OC, in accordance with the large amounts of OC stored in boreal 
lakes (Kortelainen et al. 2004, Benoy et al. 2007). Boreal lake sediments 
emerge as a low temperature and low OC quality environment, constituting a 
hot spot of OC preservation at the landscape scale.  

In Paper I, we found that increased sediment mineralization due to in-
crease in temperature in epilimentic sediments can significantly reduce OC 
burial in boreal lakes. An increase of temperature, as predicted for Northern 
latitudes, under different climate warming scenarios by the end of the twen-
ty-first century (Solomon et al. 2007), resulted in 4–27% decrease in lake 
sediment OC burial for the entire boreal zone. 

We arrived at this conclusion, first by assuming that epilimentic sedi-
ments characterized by oxygenated conditions, continuous mixing and with 
direct impact of increased temperatures would result in higher OC losses due 
to increased mineralization compared to the hypolimnetic (cold and anoxic) 
sediments. We considered that half of the lake area in the boreal zone is in 
the epilimnion and corrected the boreal lake sediment epilimnetic area to 
42.5% due to the sediment focusing.  

We then compiled data on long-term net accumulation of OC in lake sed-
iments based on syntheses of data at global and regional scales as well as 
estimates in individual lakes/sediment cores (Figure 9). The comparison of 
these data with the sediment OC mineralization estimates suggests that more 
than half of the OC that reaches the sediment is likely to be mineralized 
(Figure 9). Hence, a large share of the OC deposited onto the sediments is 
mineralized, and, accordingly, a small change in mineralization (for exam-
ple, due to increased temperature) may result in a drastic change in OC buri-
al efficiency. 

To estimate sediment mineralization for different temperature regimes, 
we used the temperature - sediment mineralization relationship from Figure 
2a (Paper I). Based on starting lake bottom temperature of 1°C and different 
temperature increase scenarios given by the IPCC (Solomon et al. 2007), we 
derived the increase in boreal epilimnetic sediment mineralization (i.e. con-
comitant decrease in burial in epilimnetic sediments). These numbers were 
then used to calculate the percentage change in total OC burial in boreal 
lakes. 



 26 

 
Figure 9. Mineralization and burial of OC in lakes. Box plots representing sediment 
OC mineralization (OCM) and average long-term net accumulation of the OC in 
lake sediments, representing global (G) and regional (R) as well as individual 
lake/sediment core estimates (I). The boundary of the box closest to zero indicates 
the 25th percentile, a line within the box marks the median, and the boundary of the 
box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and 
below the box indicate the 90th and 10th percentiles and open circles indicate 5th 
and 95th percentiles. OC mineralization data are derived from the present study (n = 
219) as well as literature data (n = 355). Long-term net accumulation was obtained 
from literature (see Paper I). The y-axis is represented on a log scale. (Paper I) 

We found that predicted increase in OC mineralization in sediments overlain 
by mixed water in response to global temperature under the most likely 
warming scenarios (that is, 1.8–4 °C) (Solomon et al. 2007) resulted in a 
decrease in OC burial in boreal lake sediments in the range of 1.5–3.6 Tg C 
yr-1 (i.e. 6-15%). Applying the likely temperature range scenarios (that is, 
1.1–6.4 °C) (Solomon et al. 2007), the response of sediment mineralization 
to temperature resulted in a loss of 0.9–6.4 Tg C yr-1, that is, a 4–27% de-
crease in lake sediment OC burial for the entire boreal zone. 

This indicates that at the end of the twenty-first century (Solomon et al. 
2007), the strong temperature dependence of sediment OC mineralization 
may result in a significant decrease in the burial of OC in boreal lakes. 
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Conclusions and Perspectives 

In summary, this thesis demonstrates that: 
 

1. Sediment bacterial metabolism is primarily controlled by tempera-
ture but also by OC quality/origin. 

2. Temperature sensitivity of sediment OC mineralization is similar 
in contrasting lakes and over long-term. 

3. Benthic microbial metabolism is strongly constrained by alloch-
thonous OC.  

4. In contrast to what is known for the pelagic environment, alloch-
thonous OC in the sediment does not support an increase in bacte-
rial metabolism with increasing terrestrial influence, suggesting a 
baseline sediment bacterial metabolism. 

5. Differences in sediment microbial activity between lakes with a 
relatively high allochthonous influence result largely from tem-
perature and fresh labile OC produced within lakes.  

6. Regardless of the OC source, the sediment microbial community 
is more similar within season than within lakes. 

7. The low rates of sediment OC mineralization compared to soils as 
well as the constraints on allochthonous OC processing demon-
strates that boreal lake sediment are hotspots of OC sequestration. 

8. The strong temperature dependence of sediment OC mineraliza-
tion will result in a significant decrease in the burial of OC in bo-
real lakes in a warmer climate. 

 

It emerges the picture that inland waters are important components of the 
global carbon cycle. Lake sediments in general and boreal lakes in particular 
store large amounts of OC and the feedback to global warming of this OC 
sink is not well established. In this thesis I show that increasing temperature 
would results in a significant decrease in OC burial in boreal lakes and sub-
sequently, increase greenhouse gas emissions at the end of this century.  

We present evidence for patterns in temperature sensitivity in boreal lake 
sediments that yet remains to be elucidated. We are currently lacking a 
mechanistic understanding to explain why contrasting lake sediments have 
similar temperature sensitivities. Boreal soils and lake sediments are tightly 
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connected OC sinks in the landscape. However, the fate of the OC integrat-
ing terrestrial and aquatic sinks and their feed back to warming needs to be 
further explored.  

In this thesis I demonstrate that allochthonous OC has a strong constrain-
ing effect on sediment microbial metabolism. The recalcitrant nature of the 
allochthonous OC along with particularities of the environmental conditions 
in lake sediments results in stabilizing effect of sediment microbial metabo-
lism. Exploring further this finding, would greatly improve our ability to 
better predict the resource availability and carbon fluxes in boreal lakes. 
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Summary in Swedish 

Sjöar och vattendrag tar emot stora mängder organiskt material från omgi-
vande landområden. En del av det organiska kolet bryts ner till koldioxid 
och metan som avges till atmosfären, och en del blir kvar som organiskt kol 
i sedimenten, där det lagras under mycket lång tid. Det har nyligen visats att 
dessa processer är av sådan omfattning att de är av betydelse i det globala 
kolkretsloppet. Det är därför angeläget att förstå hur inlandsvattens omsätt-
ning av organiskt material påverkas av klimatförändringar.  

Vid sidan av jordar, torvmarker och växtbiomassa utgör sjösedimenten en 
av de stora förekomsterna av organiskt kol i landskapet. Sjösedimentens 
andel av landskapets kolförråd är särskilt framträdande i det nordliga barr-
skogsbältet, den så kallade boreala zonen.  

Sjösediment tar emot organiskt material från sjöns interna primärprodukt-
ion, såsom växtplankton som sedimenterar (autoktont organiskt kol) och dels 
från det omgivande avrinnningsområdet (alloktont organiskt kol). I boreala 
sjöar domineras sedimenten av organiskt kol från avrinningsområdet, till stor 
del svårnedbrytbara humusämnen. Det organiska kol som når sjöbottnen kan 
antingen utnyttjas av bakterier och därmed bilda bakteriebiomassa såväl som 
koldioxid och metan, och delvis stanna kvar i sedimentet i organisk form 
under årtusenden.  

Organiskt material från land som når sedimentet och används av bakteri-
erna där kan betraktas som en extern energikälla, eller med andra ord en 
subvention utifrån. Om bakterierna utgör föda för andra organismer kan 
denna subvention ha effekter även högre upp i näringskedjan. Genom att 
bryta ner en del av det organiska materialet reglerar bakterierna balansen 
mellan importen av organiskt kol till inlandsvattnen och lagring av organiskt 
kol i dem under geologisk tid. De faktorer som begränsar bakteriernas för-
måga att bryta ner det organiska materialet är därför en viktig faktor i 
kolkretsloppet.  

 Målet med min avhandling är att bestämma de boreala sjösedimentens 
betydelse som kolsänkor (lagring av organiskt kol) och kolkällor (avgång av 
koldioxid och metan till atmosfären), speciellt med avseende på alloktont 
organiskt kol som en energikälla för mikroorganismernas aktivitet i sedi-
menten. En stor del av arbetet avser förhållandet mellan temperatur och mi-
neraliseringen av organiskt kol i sedimentet, och konsekvenserna av ökande 
temperatur för sedimentens roll som kolsänka. Jag har haft som mål att klar-
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lägga mönster i mikroorganismernas aktivitet och biomassa, såväl som att 
identifiera de faktorer som bäst kan förutsäga dessa mönster. 

För att uppnå dessa mål har jag genomfört studier under alla årstider i åtta 
sjöar i Uppland och Bergslagen, De undersökta sjöarna representerar till-
sammans gradienter i halten alloktont löst organiskt kol, såväl som totalkon-
centration av fosfor i vattnet. Därmed skiljer de sig åt i graden av import av 
alloktont organiskt kol från omlandet, såväl som med avseende på nivån av 
egen produktion av organiskt material via växtplankton och andra växter i 
vattnet.  Utöver fältstudien av sedimenten i dessa åtta sjöar har jag genom-
fört experiment, där sedimentproppar inkuberats i laboratoriet vid olika tem-
peraturer och tidsskalor, och där mineraliseringen av organiskt kol mättes. I 
dessa experiment jämfördes två olika sjöar; en skogssjö där sedimentet do-
mineras av humusämnen från land, och en näringsrik sjö där sedimentet 
domineras av autoktont organiskt material. 

Resultaten visar att sedimentmineraliseringen kontrolleras i första hand 
av temperaturen, men också av det organiska materialets sammansättning 
och ursprung. Temperaturkänsligheten var likartad i sjöar med mycket olika 
sedimentsammansättning, och i olika tidsskalor. Tillsammans med en ge-
nomgång av publicerade resultat från sjöar i olika geografiska regioner, 
kunde resultaten användas för att bestämma ett generellt samband mellan 
sedimentmineralisering och temperatur. Sambandet mellan temperatur och 
sedimentmineralisering i mina fältundersökningar och laboratorieexperiment 
var mycket likt det samband som framkom vid jämförelse av ett stort antal 
publicerade studier. Därför kan resultaten från mina egna studier antas vara 
representativa för sjösediment i allmänhet, och främst för sediment i den 
boreala zonen, och även användbara för modellering av klimateffekter på 
sjösediment. 

Analys av alla data från fältstudien av de åtta sjöarna, inklusive alla sä-
songer, ett antal parametrar som beskriver sediment- och vattenkemiska 
förhållanden, och biomassa av sedimentlevande djur (främst små evertebra-
ter), visade att temperaturen var den främsta begränsande faktorn för sedi-
mentets bakterieaktivitet. En annan viktig faktor var det organiska materi-
alets ursprung och sammansättning.  

Alloktont organiskt kol hade en starkt begränsande effekt på sediment-
bakteriernas aktivitet och biomassa. Med ökande alloktont inflytande på 
sedimenten fann jag en minskande bakteriell aktivitet och biomassa. Bakte-
riernas aktivitet och biomassa samvarierade i stor utsträckning, och tycks 
regleras av samma faktorer. Bakteriebiomassan förändras snabbt under året, 
och det starka sambandet mellan biomassa och mineralisering antyder att 
betydelsen av predation på bakterierna är av begränsad betydelse.   

Bakteriesamhällets sammansättning analyserades baserat på sammansätt-
ningen av bakteriella fosfolipider (phospholipid fatty acids, PLFA). Sam-
hällets sammansättning varierade starkt under året, och var mer likartad i 
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olika sjöar än under olika säsonger. Den kraftiga årstidsvariationen indikerar 
att bakteriebiomassan omsätts snabbt.  

En sammanställning av mineraliseringen av organiskt material i sediment 
och i ett stort antal jordar i olika klimat, och av sambandet mellan minerali-
sering och temperatur, visade att temperaturkänsligheten var ungefär dubbelt 
så hög i sediment som i jord. Respirationen per ytenhet var ungefär 30-
faldigt högre i jord än i sediment. Detta illustrerar att sjösediment är ”hot 
spots” som fällor för organiskt material, och att de faktorer som begränsar 
mineraliseringen av alloktont organiskt material i sedimentet ytterligare 
förstärker kvarhållningen av kol.   

Denna avhandling visar att temperaturen kontrollerar mineraliseringen av 
organiskt material i sjösediment, med starka effekter på sedimentens roll 
som kolsänka. Ökad sedimentmineralisering till följd av ökande temperatur 
kan avsevärt minska kvarhållningen av organiskt kol i sedimenten i boreala 
sjöar. Ökande temperatur, som förutsägs särskilt för nordliga områden, kan 
leda till att sedimentens roll som kolsänka i den boreala zonen i Eurasien 
och Nordamerika kan komma att ha minskat med mellan 4 och 27%,  enligt 
olika klimatscenarier. 
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Thanks/Tack 

It was a fabulous journey from the very start and I much enjoyed it. I feel I 
owe this to so many people around me for whom I want to say a few words. 
If I forget somebody, please forgive a weak mind and accept my sincere 
thanks. 

I want to thank my supervisors Lars and David for all their devotion to 
guide me through, for giving me support and for the wise words when I 
needed. Passion is a word that often comes my mind when I think back, 
passion for doing science, passion in the pursuit of new knowledge. Thank 
you for sharing that with me and for keeping it alive all these years, it was 
truly inspiring. Lars, I much thank you for giving me the chance to take part 
in this great adventure. I experienced so many things and I had everything 
one could wish for, thank you for that. David, I thank you for being there for 
me all the time and for all those moments when I needed words of comfort 
and hope. 

Since we moved to EBC, I shared office with Hannes and I much felt like 
back in the Empire, in the good old days. I thank you Hannes for being such 
a great office mate and friend, for help when I needed, for the great science 
talks we had, for the great dinners at your place and nice summer fishing 
days. How can I forget our challenging table tennis games? Almost every 
game turned into an epic battle. I really enjoyed it and I must say, the sci-
ence was clear about it, you won. I think is the place and time to say Kathy, 
thank you for being such a nice person, for the heavenly knödel you made 
and for those evenings when a cup of tea with herbs from the Austrian Alps 
filled our evenings. 

Philipp, my friend, excuse me for daring to address you directly on your 
first name, I humbly rectify, Your Highness. I truly appreciated our conver-
sations, intellectual or not, always inspiring and fun. Thank you for the nice 
fishing days, for keeping alive in memorable quotes, King’s Julian wisdom, 
for the joy of playing together the music that turned into great parties. Thank 
you for all those moments that turned our conversations into bright light, a 
smile or a heartily laughter. Andrea, thank you for the good time I had 
whenever we met. 

Sebastian, I remember a time a few years ago when I talked to you about 
coming to Uppsala. I am really happy we could get together for some time. I 
would have never imagined all this. Thank you for your support and for 
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being such a good friend for so many years now. Anna S., thank you for 
being a good friend and for your kind words. 

Katrin and Kristin, we have been a great team, we spent a lot of time to-
gether and I learnt a lot from you. I enjoyed a lot our field trips, meetings 
and just working or hanging around. Thanks for all your help, good words 
and friendship throughout the years. 

Eva, there is one thing I want to say. Magic daffodils do exist! Thanks for 
the movie nights and for all our intellectual moments, I much enjoyed. 

Eddie, when I came to Uppsala and you took care I do not get totally lost, 
and showed me the way. Thank you for your help, it was always there when 
I needed and thank you for being such a great office mate.  

Henrik, I remember our BMC days with their rituals, coffee vs. tea, PC 
vs. Mac. Thank you for being such a good friend. Casting at the sun, chasing 
the magic fish beyond the horizons on a Swedish summer day will make me 
think of you. 

Pia, I thank you for being a great colleague, for all your support and un-
derstanding. It was great fun to go with you all the way to Abisko. And yes, 
I will miss your lively talks at your computer. 

Lena T., I thank you for the warmth and welcoming you showed anytime 
I passed by. It has been such a good time. 

Anne, you are great! Thank you for being such a cool office mate. Your 
laughter is contagious! 

Peter, thank you for the words of wisdom and for a great Abisko experi-
ence. I really enjoyed diving with you in Almberga and skiing in Riksgrän-
sen with midnight sun in June was just memorable.  

Anna, thank you for all your help in the beginning of my PhD adventure 
and with the teaching. 

Tobias, Emil, Stina, Silke, thanks for being great colleagues and for the 
good words and help when I asked for it.  

Jan K., thanks for a great time in Abisko. I much enjoyed working with 
you or just discussing with passion about science. How can I forget the fish-
ing in Stordalen, thanks. I want to thank to all the people in Umeå, Mats, 
Lennart, Jenny, Karin, Carolyn, Per, Martin, for a great time during our 
LEREC project meetings.  

Maria Marklund, I want to thank you for all the help you showed during 
all those long field campaigns or lab work.  

Hanna, how can I say, you saved me. Thank you for all the help during 
the memorable basement experiment. A challenging enterprise I could not 
accomplish without your help. 

Erik, you are the wonder boy of the North. Everything you touched 
turned into a great job done. Thank you for your dedication in the projects 
we have been working together. 

Jürg, I have good memories of such great time. Thank you for everything! 
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Janne, if I could nominate somebody for the highest distinction, it would 
be you. You are the true hero in my battle with the machines, analyses and 
fieldwork. I much thank you for that and for your wisdom.  

Birgit, thanks for your help with the statistics and for showing passion 
and great determination to get things right. Thanks for sharing that with me. 

Cayelan, there were so many good moments we had, thank you for the 
fun time. 

Laura, thank you for the laughter and happy times I always had meeting 
you. 

Dolly, thank you for being a great colleague and for the words of com-
fort. 

I want to thank all my fellow PhD students and postdoctoral fellows, 
former and current, Sara, Göran, Jens, Jonas, Friederike, Lorena, Mercè, 
Inga, Hanna, Torsten, Roger, Valerie, Ramiro, Xinmei, Ina, Jérôme, Charles 
for your support, for the great parties we had or just a good word.  

I want to thank Paul del Giorgio for the kind help during my stay in Mon-
treal as well as for the inspiring discussions. Thank you François, Marie-
Eve, Dominic, Annick, Lisa, Jean-François, for a great time in Montreal. 

I also want to thank Gene Likens for enlightening discussions on the 
meanings and ways of science. It was such a pleasure talking to you. 

Tom, Sonja and the fantastic two, Lino and Jasha, I want to thank you for 
your friendship, kind words and good spirit. Thank you for a great time in 
Lunz and Vienna. 

Björn and Pia, my stay here in Sweden would not be the same without the 
great evenings I had at your place. Thank you for your friendship, for the 
fabulous wines and delicious dinners, I will always remember. 

Maria, I want to thank you for giving me the things I needed most, bright 
light, sunshine and smiles. 

Although far away, yet very close to me, I want to thank all my family for 
their support.  
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