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Abstract 

Aquatic systems worldwide receive large amounts of organic carbon from terrestrial 
sources. This ‘allochthonous’ organic carbon (AlloOC) affects critical physical and 
chemical properties of freshwater ecosystems, with consequences for food web 
structures and exchange of greenhouse gases with the atmosphere. In the boreal region, 
loadings of AlloOC are particularly high due to leaching from huge organic deposits in 
boreal forest, mire and tundra soils. 

A main process of AlloOC turnover in aquatic systems is its use by heterotrophic 
bacteria. Applying a bioassay approach, I measured the respiration and growth 
(production) of bacteria in northern Sweden, in streams and lakes almost totally 
dominated by AlloOC. The objective was to elucidate how variations in AlloOC source, 
age, composition and concentration impact on its use by aquatic bacteria, and how 
AlloOC properties, in turn, are regulated by landscape composition and by hydrology. 

The bacterial respiration (30-309 µg C L-1 d-1) was roughly proportional to the 
concentration of AlloOC (7-47 mg C L-1), but not significantly related to AlloOC source 
or character. Bacterial production (4-94 µg C L-1 d-1), on the other hand, was coupled to 
the AlloOC character, rather than concentration. A strong coupling to AlloOC character 
was also found for bacterial growth efficiency (0.06-0.51), i.e. production per unit of 
assimilated carbon. Bacterial production and growth efficiency increased with rising 
concentrations of low molecular weight AlloOC (carboxylic acids, free amino acids and 
simple carbohydrates). While the total AlloOC concentrations generally were the 
highest in mire-dominated catchments, low molecular weight AlloOC concentrations 
were much higher in forested catchments, compared to mire-dominated. These patterns 
were reflected in a strong landscape control of aquatic bacterial metabolism. Moreover, 
high flow episodes increased the export of organic carbon from forests, in relation to the 
export from mires, stimulating the bacterial production and growth efficiency in streams 
with mixed (forest and mire) catchments. The potential of AlloOC to support efficient 
bacterial growth decreased on time-scales of weeks to months, as the AlloOC was aged 
in laboratory or lake in situ conditions. 

To conclude, landscape, hydrology and conditions which determine AlloOC age 
have large influence on bacterial metabolism in boreal aquatic systems. Considering the 
role of bacteria in heterotrophic food chains, these factors can have spin-off effects on 
the structure and function of boreal aquatic ecosystems. 
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Introduction 

Aquatic systems of the world annually receive 1.9-2.7 billions (109) of tonnes of 
allochthonous carbon, i.e., carbon from terrestrial sources (Cole et al. 2007; Battin et al. 

2009). An important component of this flux is leaching of organic carbon from soils to 
streams. The allochthonous organic carbon (AlloOC) is a diverse mix of root exudates, 
microbial metabolites and decaying plant material and organism remains. For a long 

time, freshwater systems were considered a passive pipeline, transporting AlloOC to the 
oceans. Today, there is increased recognition of the AlloOC interactivity, fundamentally 
affecting physical, chemical and biological properties of lake and river ecosystems 

(Findlay and Sinsabaugh 2003). AlloOC is involved in light extinction (Karlsson et al. 
2009), natural acidity (Kortelainen 1999) and organic matter flocculation (Von 
Wachenfeldt 2008). It adsorbs metals, pollutants (Tipping 1993) and nutrients (Jones et 

al. 1993). Moreover, various allochthonous compounds can be metabolized by 
microorganisms, primarily heterotrophic bacteria (Tranvik 1988; Del Giorgio et al. 
1997; Jonsson et al. 2001), with spinoff effects on lake food-web structures (Jansson et 

al. 2007) and the landscape exchange of greenhouse gases with the atmosphere 
(Algesten et al. 2004; Cole et al. 2007). 

Aquatic bacteria use AlloOC for two major purposes: respiration and growth. 

Bacterial respiration (BR) is a process whereby energy is obtained, typically in a series 
of redox reactions, where reduced carbon atoms donate electrons to oxygen (O2) under 
formation of carbon dioxide (CO2) (Del Giorgio and Williams 2005). Respiration of 

AlloOC represents a return to the atmosphere of CO2 previously fixed in terrestrial 
systems (Cole et al. 1994) and may constitute an important component in landscape 
carbon balances (Cole et al. 2007; Battin et al. 2009). Growth, or bacterial production 

(BP), is a process in which organic carbon is transformed and incorporated into 
bacterial biomass. In systems of extremely low primary production, e.g., due to light 
extinction (Karlsson et al. 2009), BP based on AlloOC is an important alternative point 

of entry for energy in aquatic food webs (Jansson et al. 2007). Protozoans (Isaksson et 
al. 1999; Bergström 2009), but sometimes also metazoans (Pace et al. 1990), are 
effective grazers of bacteria, often assimilating a major portion of the BP. Another 

related metabolic measure of importance is bacterial growth efficiency (BGE), defined 
as BP divided by the sum of BR and BP (Del Giorgio and Cole 1998). BGE states the 
degree to which the metabolized carbon supports BP (and not BR), which makes the 

carbon potentially availably to higher levels of trophy. 
Boreal forest and tundra ecosystems hold one of the largest pools of organic carbon 

on the surface of the earth (Apps et al. 1993; Jobbagy and Jackson 2000; Tarnocai et al. 

2009). The possibility that natural organic deposits could become sources of greenhouse 
gases by influence of climate change (Friedlingstein et al. 2006; Solomon et al. 2007) 
has drawn increased attention to carbon cycling in boreal ecosystems, including the 

aquatic components and fluxes through bacteria. While the current size of boreal aquatic 
carbon fluxes is beginning to be understood (Algesten et al. 2004; Roehm et al. 2009b), 
there is vague knowledge on the regulation of the basic metabolic processes in which 
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bacteria use AlloOC. Very few boreal studies have been conducted on how BR, BP and 

BGE relate to the source, age and molecular composition of AlloOC and how these 
factors, in turn, may be regulated by hydrological processes that govern the export of 
AlloOC from soils to streams and lakes. Thus, research is strongly needed to be able to 

predict how boreal aquatic bacterial communities will respond to possible future 
environmental changes, e.g., in land use or climate, which affect hydrology and AlloOC 
loadings. 

The two major sources of AlloOC in boreal freshwaters are coniferous forests and 
Sphagnum-dominated peat wetlands, i.e., mires (Ågren et al. 2007). Forests and mires 
differ markedly in their organic carbon export dynamics. Most of the AlloOC from 

forest ecosystems originates in superficial soil layers (Laudon et al. 2004; Sanderman et 
al. 2009). This carbon is generated via degradation of detritus (e.g., spruce needles), but 
also through leaching of low molecular weight (LMW) photosynthates from 

mycorrhizal plant roots (Högberg et al. 2001; Giesler et al. 2007). High organic carbon 
export rates and high export of young potentially bioavailable compounds take place 
when the forest soil water table is high and the superficial soil layers are hydrologically 

active (Buffam et al. 2001; Sanderman et al. 2009). Contrary, the organic carbon 
leaching from mires, which are constantly saturated with water, show little temporal 
variations in quality (Ågren et al. 2008b) and constitutes mainly of bryophytic material 

known to be slow-degrading. For example, Sphagnum litter has low nutrient contents 
(Asada and Warner 2005) and comprises recalcitrant carbon compounds (Johnson and 
Damman 1991) as well as chemical species with antimicrobial properties (Verhoeven 

and Toth 1995; Verhoeven and Liefveld 1997). Despite these fundamental differences 
between mire-dominated and forested systems, the influence of the landscape 
composition on bacterial metabolic processes in receiving freshwaters has rarely been 

addressed. 
Hydrology is a key for understanding of AlloOC loadings in boreal aquatic systems. 

Hydrological processes determine the water flux, the water concentration of AlloOC 

(Laudon et al. 2004) and the AlloOC source and character (Sanderman et al. 2009). It 
has been hypothesized that with rising discharge, an increasing share of the AlloOC 
pool in streams can support bacterial metabolism because of higher contents of 

bioavailable compounds from superficial forest soils. However, despite its theoretical 
basis, this hypothesis has received little empirical support (Leff and Meyer 1991; Volk 
et al. 1997; Buffam et al. 2001). Another possibility, not previously tested, is that 

variability in AlloOC bioavailability is caused by interactions between discharge and 
landscape composition. Mires often contributes with the major share of total landscape 
export of organic carbon in low flow conditions (Schiff et al. 1998; Creed et al. 2003), 

but forests can contribute with the major share during high flow (Laudon et al. 2004; 
Buffam et al. 2008). Thus, the most pronounced coupling between hydrology and 
AlloOC bioavailability may not be found in streams with 100% forested catchments, but 

in ‘mixed’ streams that alternate between pre-dominantly receiving AlloOC from the 
two very different sources forests and mires. 
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AlloOC comprises a continuum of components that are available to bacteria on 

different timescales and for consumption with different BGE. Dark bioassays have 
shown that, provided essential nutrients are available, i.e., inorganic phosphorus (P) and 
nitrogen (N), ca 10% of AlloOC can be used by bacteria within weeks at high rates and 

with high BGE (Moran and Hodson 1990; Tranvik 1998; Lennon and Pfaff 2005). 
Additionally ca 50% can be consumed on the time scale of years at lower rates and with 
lower BGE (Raymond and Bauer 2001; Eiler et al. 2003). Thus, it is possible to 

hypothesize that support for bacterial metabolism by AlloOC decreases as the organic 
carbon ages with its residence time in natural aquatic systems. Increased rates of BP and 
BR per unit of available AlloOC have been observed several times during high flow 

episodes in boreal lakes and estuaries (Wikner et al. 1999; Bergström and Jansson 
2000). It is not known if this stimulation is due to replacement of an aged AlloOC pool 
with fresh AlloOC or due to nutrient dynamics, quality differences between AlloOC 

exported during different flow conditions, or something else. 
On the extreme end of the AlloOC bioavailability continuum, LMW organic 

substances used on very short timescales are found, such as carboxylic acids, simple 

carbohydrates and free amino acids. In forest ecosystems, the soil pool of LMW organic 
compounds has a turnover of several times per day and is responsible for a large part of 
the total carbon fluxes (Van Hees et al. 2005; Giesler et al. 2007). In aquatic 

ecosystems, much less is known about the importance of these compounds. There is, 
however, some indirect evidence for that LMW organic carbon of terrestrial origin can 
be a substantial subsidy to aquatic metabolism (Covert and Moran 2001; Jonsson et al. 

2007; Ågren et al. 2008a; Roehm et al. 2009a). It remains a challenge to determine the 
relative importance of LMW AlloOC as substrate for freshwater bacteria and to find the 
specific organic LMW compounds that can be consumed rapidly and with a high BGE. 

The objective of this thesis is to elucidate the roles of landscape, hydrology, aging 
processes and substrate composition for the bacterial use of allochthonous organic 
carbon for respiration and growth in boreal freshwater systems. 

 

Aims of the thesis 

This thesis addresses the following questions: 
 

Are there differences between different boreal landscape types in their support of 

aquatic bacterial metabolism via export of allochthonous organic carbon (AlloOC)? 
 
Does hydrology regulate the potential of exported AlloOC for supporting bacterial 

metabolism? 
 
How does aging of organic carbon in natural aquatic systems affect the use of 

AlloOC as substrate for bacteria? 
 
Which chemical fractions of AlloOC contribute the most to its use by bacteria? 
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Study area 

The studies included in the thesis were conducted on streams and lakes in the boreal 

part of Sweden. AlloOC makes up more than 90% of the total organic carbon flux in 
lakes and rivers of this region (Algesten et al. 2004) and nearly 100% in many 
headwater streams (Schumacher et al. 2006). Because of this vast dominance of 

AlloOC, the area was suitable for studies of aquatic bacterial respiration and growth 
based on subsidies of terrestrial origin. 

Papers I, II, and IV present studies from the Krycklan catchment at the Vindeln 

Experimental Forests (64˚14´N, 19˚46´E), where hydrological and biogeochemical 
studies have been performed for several decades (Köhler et al. 2008). A total of nine 
streams draining areas of different characters were selected. Paper III is based on a 

study in the Björntjärnarna catchment (64°07´N, 18°47´E), which is a sub-catchment of 
the well studied Lake Örträsket (Jansson et al. 1996). I studied two nested lakes, Upper 
and Lower Lake Björntjärnen, mainly receiving terrestrial drainage from a single 

headwater stream of three km in length. The lakes were relatively deep (8-10 m), in 
relation to their surface areas (0.03-0.05 km2), and thermally stratified during summer. 
All study sites were dominated by AlloOC. 

Forests, mires and surface waters collectively covered approximately 100% of the 
catchments. The forest component of the catchments was dominated by Norway Spruce 
(Picea abies). Mires were dominated by peat forming Sphagnum species and could be 

categorized as ombrotrophic or oligotrophic minerogenic. On average, the annual 
precipitation of the region is 600 mm, of which 35% falls as snow between November 
and April (Löfvenius et al. 2003). All the snow stored in winter melts during a two 

month period in spring, resulting in an annual flood that carries 50% or more of the total 
annual discharge and AlloOC transport (Laudon et al. 2004; Buffam et al. 2007). 

 

Methods 

Sampling of streams of different characters in the Krycklan catchment was carried out 

2005-2007 on a total of 14 dates, at varying season and flow. The Björntjärnarna lakes 
were sampled during a seasonal cycle 2006-2007. Analyses of bacterial use of AlloOC 
were performed using a bioassay approach (I-IV). While in situ bacterial metabolism 

fluctuates in response to temperature (Apple et al. 2006), oxygen concentrations (Cole 
and Pace 1995), light climate (Lindell et al. 1995) and various other factors, the 
bioassays approach makes it possible to measure to potential of AlloOC for supporting 

bacterial metabolism under controlled laboratory conditions. Natural water samples 
were equilibrated with a standard air mixture and subsampled into multiple small (22 
ml) gas tight glass bottles, leaving a headspace flushed with standard air. All bottles 

were incubated in the dark at 20°C during periods of up to 14 days. During the 
incubations, BP was analyzed repeatedly with the leucine incorporation method (Smith 
and Azam 1992; Karlsson et al. 2002) and BR as CO2 production using gas 

chromatography. 
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Analyses of carbon, nitrogen and phosphorus fractions were performed using 

standardized methods. The organic carbon was further characterized by measuring its 
ultra-violet absorbance (I-IV), fluorescence III) and contents of carboxylic acids, free 
amino acids and simple carbohydrates (IV). 

The spatial (landscape) regulation of BR, BP and BGE was evaluated using partial 
least square (PLS) regression analysis with catchment characteristics and stream 
physicochemical properties as predictors (I). Hydrological control of bacterial 

metabolism in streams was assessed by a two-source linear mixing model describing 
how AlloOC source (mire or forest) is dependent on discharge (II). A model for average 
AlloOC age (time span from soil discharge to observation) was developed in order to 

analyze BR, BP and BGE in relation to aging of AlloOC during its residence time in 
lakes (III). Finally, bacterial metabolic processes were analyzed in relation to 
consumption of specific LMW organic compounds (IV). 

 

Landscape regulation of aquatic bacterial metabolism  

Drainage from different boreal landscape components showed clear differences in 
organic carbon concentration and character (I-II and IV). AlloOC concentrations were 
7-47 mg C L-1, with the lowest values in streams with forested catchments and the 

highest in streams with mire-dominated catchments. While AlloOC concentrations of 
mire and forest drainage converged to intermediate values at discharge peaks (II; see 
section ‘The role of hydrology…’), differences between the two sources in AlloOC bulk 

characters were similar for all hydrological conditions. The ratio between absorbance at 
254 and 365 nm (Strome and Miller 1978; Dahlén et al. 1996), which can be used as a 
proxy for AlloOC contents of LMW compounds (IV), was significantly higher in forest 

(4.5-5.2) compared to mire (3.8-4.4) streams (I-II and IV). Organic material C/P and 
C/N ratios indicated that AlloOC from forests comprise chemical structures with higher 
contents of P and N, in comparison with AlloOC from mires (I). 

Rates of bacterial respiration (BR) were 30-309 µg C L-1 d-1 (I-IV). The main 
predictor of BR was the concentration of AlloOC, which was positively correlated (R2 = 
0.52-0.78) in all data sets (shown in II-III). These relationships suggest that AlloOC 

support of aquatic BR is proportional to the export of organic carbon, which generally is 
the highest from landscapes with high wetland coverage (Schiff et al. 1998) or with 
highly branched stream networks (Ågren et al. 2007) which have large carbon-exporting 

riparian areas (Bishop et al. 2004). However, I found no consistent couplings between 
BR and AlloOC source/character, or between BR and nutrient concentrations (I-IV). 
Moreover, BR showed remarkably little variation expressed per unit of AlloOC (2-fold), 

compared to in absolute numbers (10-fold; II). The variation found in carbon specific 
BR, though relatively small, was explained by catchment size and pH (see PLS model 
in I). Possibly, a smaller share of the AlloOC could be used for BR because of low pH 

in the smaller study streams, e.g., causing enzyme denaturation or hydrolyzation of cell 
components (Atlas and Bartha 1997). 
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Both absolute and carbon specific bacterial production (BP) varied more than 20-fold 

with values of 4-94 µg C L-1 d-1 and 0.02-0.63% d-1 (I-IV). Initial incubation values of 
absolute as well as carbon specific BP correlated positively (R2 = 0.51-0.58) with the 
catchment forest coverage (Fig. 3 in I) and negatively with catchment mire coverage. 

Ultimately, this means that although mires may contribute with the major part of the 
total organic carbon export, forests can contribute with most of the carbon that is used 
for BP on a short-term scale (Ågren et al. 2008a). BP was also positively correlated with 

the 254/365 nm absorbance ratio (R2 = 0.39-0.50), which suggests that BP was 
regulated by AlloOC quality properties mediated by different landscape components 
(II). Inorganic nutrient enrichment (N or N+P) stimulated BP in forest but not in mire 

drainage samples (I). However, there were no correlations between BP and natural 
variations in N or P fractions (I-III) signifying that the natural nutrient variations were 
too small to affect BP. Alternatively, N and P adsorption by AlloOC may have 

decoupled measured nutrient variables from actual nutrient bioavailability (Jones et al. 
1993; Stepanauskas et al. 2000). The PLS regression suggested catchment forest 
coverage and pH as the two major (positive) regulators of BP (I). 

The bacterial growth efficiency (BGE) was 0.06-0.51 (I-IV) and showed strong 
positive correlations to forest coverage (R2 = 0.61-0.78); particularly when measured at 
the initial stage of the incubations (Fig. 3c in I). Of the different metabolic measures, 

BGE also showed the strongest dependence on AlloOC character. The PLS regression 
model explained 88% of the variability in BGE and most of the explained variation was 
due to positive relationships to the 254/365 nm absorbance ratio and to the forest 

coverage, and negative relationships to the AlloOC quality measures C/P and C/N (I). 
In paper II, the absorbance ratio alone explained 63% of the variation in BGE. Like BP, 
BGE in forest drainage was stimulated by nutrient enrichment (I), although BGE was 

not directly affected by natural variations in N or P concentrations (I-III). 

 

The role of hydrology for export of substrates for 
bacteria 

Combining all study streams, BR and BP showed weak but significant positive 
correlations with log specific discharge (R2 = 0.13 and 0.21, respectively; II). A partial 
correlation analysis showed that the correlation with BR, however, was attributable to 

changes in the AlloOC concentration only, and not to AlloOC character. Analyzing the 
different stream types one by one, a different pattern appeared. In streams with mixed 
catchments (forests and mires in typical proportions), measures of bacterial metabolism 

and AlloOC character showed values close to those of mire streams during low flow 
and close to those of forest streams during high flow (II). The values from forest and 
mire streams, on the other hand, were similar during all flow conditions. Thus, there 

were very strong correlations between log specific discharge and, e.g., BGE (R2 = 0.76) 
and carbon specific BP (R2 = 0.85), exclusively in the ‘mixed’ streams. These results 
suggest that hydrological control of bacterial metabolism is mainly mediated by shifts 

between the relative importance of mires and forests as organic carbon exporters. 
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During low specific discharge (1 L s-1 km-2), there was a ratio between areal organic 

carbon export from mires and forests of ca 5, but with increasing discharge, this ratio 
approached 1 (II). The result agrees with previous studies from the region showing that 
high AlloOC concentrations in mire streams and low AlloOC concentrations in forest 

streams converge to similar values during discharge peaks (Laudon et al. 2004; Buffam 
et al. 2007). Mechanistically, the pattern can be explained by rising groundwater levels 
in forested areas which activate new soil organic carbon sources, thus increasing forest 

stream AlloOC concentrations (Bishop et al. 2004). In contrast, no new sources are 
activated in the mires, where instead increases in overland runoff may dilute stream 
AlloOC concentrations (Petrone et al. 2007). BGE in forest and mire drainage sampled 

from soil water showed stable values with means of 0.39 and 0.14, respectively. 
Corresponding values for carbon specific BP (% d-1) were 0.30 and 0.07. Applying 
these values as forest and mire end members in a linear two source mixing model (Fig. 

5 in II), stream values of BGE and carbon specific BP could be estimated based on the 
known mixing of AlloOC from forest and mire sources. This mixing model analysis 
explained >80% of the variation in both BGE and carbon specific BP. 

In contrast to BGE and BP, BR was not affected by the differences in AlloOC 
character between forest and mire drainage (I-II) and could not be modeled based on 
hydrology-dependent mixing of AlloOC from the two sources (I). This result fits the 

general picture of BP being more variable and resource dependent than BR (Del Giorgio 
and Cole 1998; Lopez-Urrutia and Moran 2007). A wide range of natural compounds 
can be used for BR, but only substrates of high energy potential can support efficient 

bacterial growth, and only when essential inorganic nutrients are accessible (Russell and 
Cook 1995; Del Giorgio and Cole 1998). In addition, while the minimum BR of a 
bacterium must meet the energy requirements for cell maintenance, BP can proceed at 

highly variable rates depending on variations in the conditions controlling growth 
(Smith and Del Giorgio 2003; Lopez-Urrutia and Moran 2007). 

 

Bacterial use of aged allochthonous organic carbon 

The potential of AlloOC for supporting metabolism changed significantly during the 

incubations (I-IV). BP and BGE were highest at the initial stage of the incubation, and 
decreased by 60-70% in the next 7 days (I-III). BR decreased insignificantly (I-II) or 
by ca 20% (III) during the same period. Simultaneously, there was a drop in the 

254/365 nm absorbance ratio (Fig. 5 in I; Table 1 in IV) indicating a change in the 
AlloOC character, and a possible consumption of LMW substrates supporting efficient 
bacterial growth (IV). I interpret these changes as the result of short-term aging of the 

AlloOC pool (I) and argue that similar changes follow the loading of fresh AlloOC into 
boreal lakes (III). 

The model for calculating AlloOC average age in lakes and streams of the 

Björntjärnarna catchment (equations 1-2 in III) generated values from fractions of 1 d 
to a maximum of 173 d. BGE and BP decreased significantly with increasing AlloOC 
age (R2 = 0.27 and 0.38), but the correlations were considerably stronger after a 
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temperature correction of the AlloOC age (Table 1 in III). The temperature correction 

was performed by assuming that AlloOC aging was 2.5 times faster for every 10°C of 
increase in water temperature (Q10 = 2.5). Even stronger relationships were obtained by 
modeling BGE (R2 = 0.54) and BP (R2 = 0.70) as exponential functions of the corrected 

AlloOC age (Fig. 4 in III). After two months of in situ AlloOC aging in 20°C, BGE and 
BP had decreased, from their initial values, by more than 50% (Fig. 4 in III). 

Decreases in bacterial metabolism with aging of AlloOC during laboratory or lake in 

situ conditions were not caused by decreased nutrients availability. Contrary, 
enrichment of inorganic N and P to constant levels of excess revealed even stronger 
patterns of decreases in BGE and BP with increasing AlloOC age (I and III). Instead, 

the changes in bacterial metabolism were clearly coupled to changes in the character of 
AlloOC. In the Björntjärnarna lakes, there was a shift in organic carbon quality to a 
more aromatic and recalcitrant AlloOC character, as indicated by a rise in specific UV 

absorbance (III). There was also a slight increase in the McKnight fluorescence index 
with increasing AlloOC age (Mcknight et al. 2001), indicating a parallel autochthonous 
carbon contribution in the lakes (III). However, the possible phytoplankton stimulation 

of BGE and BP (Del Giorgio and Cole 1998) was too small to balance the negative 
effects on BGE and BP caused by aging and processing of labile allochthonous 
substrates (III). 

These results pinpoint the importance of hydrological temporal and spatial variation 
in combination with lake size (water renewal time) for replacing aged AlloOC pools in 
boreal freshwaters with young AlloOC pools that can support efficient bacterial growth 

(Wikner et al. 1999; Bergström and Jansson 2000). The role of BP for energy 
mobilization in unproductive lakes (Jansson et al. 2007) implies that conditions which 
determine aquatic AlloOC age can have considerable spin-off effects on the structure 

and function of pelagic food webs. 

 

Fractions of AlloOC supporting efficient metabolism 

The spectrophotometric properties of AlloOC (254/365 nm ratio) consistently 
indicated that higher BGE and BP in forest drainage were coupled to consumption of 

low molecular weight (LMW) compounds (I-II and IV). Further support for this 
indication was given by direct measurements of carboxylic acids, free amino acids and 
simple carbohydrates during bioassays of AlloOC from different sources (IV). Total 

concentrations of LMW AlloOC, defined as the sum of measured LMW fractions, were 
0.56-1.01 mg C L-1 in the forest drainage and 0.39-0.43 mg C L-1 in mire drainage. 
Thus, despite higher total AlloOC export from mires, there were on average twice as 

high concentrations of LMW organic compounds in forest drainage, compared to in 
mire drainage. 

A variety of carboxylic acids, amino acids and carbohydrates were significantly 

assimilated by bacteria, meeting 15-17% of the bacterial carbon demand for BR and BP 
in mire stream samples, and 50-100% of the carbon demand in forest stream samples. 
The LMW AlloOC concentration explained most of the observed variation in bacterial 
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growth efficiency (R2 = 0.66; IV). Of the 29 chemical species that was detected, acetate 

was the most important, representing 45% of the total bacterial consumption of all 
LMW compounds. The unproportionally large effects of LMW compounds (high share 
of bacterial use of carbon despite the low share of total AlloOC) means that LMW 

AlloOC can be an important base for bacterial production in boreal streams and lakes, 
especially during and after high flow episodes when large amounts of organic carbon 
are exported from terrestrial systems (III-IV). I calculated that LMW organic 

compounds in boreal spring flood drainage could potentially support all in situ bacterial 
production in receiving lake waters during periods of weeks to months after the spring 
flood (IV). 

 

Concluding remarks 

Results presented in this thesis show that landscape, hydrology and organic carbon 
aging have large influence on the bacterial use of allochthonous organic carbon in 
boreal aquatic systems. The highest bacterial production and growth efficiencies were 

found in fresh samples of forest drainage and the lowest in mire drainage and aged 
samples (laboratory or in situ aging). High flow episodes increased the export of 
organic carbon from forests, in relation to the export from mires, stimulating the 

bacterial production and growth efficiency in streams with mixed (forest and mire) 
catchments. Much of these patterns can be explained by forest export of labile low 
molecular weight organic compounds, consumed rapidly and with high growth 

efficiency by aquatic bacteria. However, in contrast to bacterial production, the bacterial 
respiration was proportional to AlloOC concentrations and did not seem to be affected 
by the organic carbon composition. Considering the role of bacterial production as a 

base for heterotrophic food chains, bacterial metabolism based on allochthonous organic 
carbon can have considerable effects on the structure and function of boreal aquatic 
ecosystems.  

 

Acknowledgements 

Many have contributed to the work presented in this thesis. First, I like to thank Mats 
Jansson and Hjalmar Laudon for recruiting me as PhD student. Your mentorship and 
belief in my ideas have been truly encouraging. A special thank to my principal 

supervisor Mats for excellent guidance, daily chats and for outstanding support in 
development of paper writing skills. I am also grateful to Lena Ström for contributing 
with knowledge on organic acids and skills in LC-MS spectroscopy. 

The following have contributed 
-with field and laboratory assistance: Malin Bernhardsson, Peder Blomkvist (!), 

Antoine Bos, Martin Frenkel, Ola Fängmark, Jan Johansson, Anders Jonsson, Lars-Inge 

Karlsson, Pia Lindell, Anders Lövgren, Carin Olofsson, Rebecca Möller, Anna Nilsson, 
Ignacio Serrano and Viktor Sjöblom. 



 

 14 

-with valuable discussions and comments to manuscripts: Ann-Kristin Bergström, 

Ishi Buffam, Reiner Giesler, Mahsa Haei, Anders Jonsson, Jan Karlsson, Fredrik 
Lidman, Tobias Vrede and Anneli Ågren. 

-with financing: the Swedish Research Council for Environment, Agricultural 

Sciences and Spatial Planning FORMAS (major funding), the Swedish Research 
Council VR (III-IV), and the Knut and Alice Wallenberg Foundation (laboratory 
equipment). 

Thank you Anki, Lars-Inge, Anders, Tobias and others for the company at hundreds 
of lunches of Iksu food, chat, discussions, stories and laughter. To Jenny for being a 
great workplace neighbor. To all frequenters at the EMG Friday pub (before I got too 

busy with family life). 
I want to thank both new and old friends who have contributed to making my years 

of university studies to the best years ever. Thanks to all of my ecology and 

environmental science study partners from Mid Sweden University. To Olof, Elisabet, 
Gunnar, Niklas and every one else. To my little sisters who I have got to know better 
during the last years. To the whole family Andersson. 

My wife Sara. I do not know where I would be today without you. You have given 
my life a new meaning and I enjoy every minute of your company. My Alfred: you are 
a strong kid who conquered lung disease with help from the ECMO team at Karolinska. 

It is absolutely amazing to see you growing up healthy and learning new tricks every 
day. Melker: you are still a baby, but so full of energy. I am looking forward to decades 
of fun together with you and your brother as you grow up. Final thanks to my mother 

and grandparents who encouraged me to apply to the university, despite the “blue-
collar” history of our family. 

Tack! 

 
 

References 

Algesten, G., S. Sobek, A. K. Bergström, A. Ågren, L. J. Tranvik, and M. Jansson. 2004. Role of lakes for 
organic carbon cycling in the boreal zone. Global Change Biol. 10: 141-147. 

Apple, J. K., P. A. Del Giorgio, and W. M. Kemp. 2006. Temperature regulation of bacterial production, 
respiration, and growth efficiency in a temperate salt-marsh estuary. Aquat. Microb. Ecol. 43: 243-
254. 

Apps, M. J., W. A. Kurz, R. J. Luxmoore, L. O. Nilsson, R. A. Sedjo, R. Schmidt, L. G. Simpson, and T. S. 
Vinson. 1993. Boreal forests and tundra. Water Air Soil Poll. 70: 39-53. 

Asada, T., and B. G. Warner. 2005. Surface peat mass and carbon balance in a hypermaritime peatland. Soil 
Sci. Soc. Am. J. 69: 549-562. 

Atlas, R. M., and R. Bartha. 1997. Microbial ecology: fundamentals and applications, 4 ed. Benjamin 
Cummings. 

Battin, T. J., S. Luyssaert, L. A. Kaplan, A. K. Aufdenkampe, A. Richter, and L. J. Tranvik. 2009. The 
boundless carbon cycle. Nat. Geosci. 2: 598-600. 

Bergström, A. K. 2009. Seasonal dynamics of bacteria and mixotrophic flagellates as related to input of 
allochthonous dissolved organic carbon. Verh. Internat. Verein. Limnol. 30: 923–928. 

Bergström, A. K., and M. Jansson. 2000. Bacterioplankton production in humic Lake Örtrasket in relation to 
input of bacterial cells and input of allochthonous organic carbon. Microb. Ecol. 39: 101-115. 

Bishop, K., J. Seibert, S. Köhler, and H. Laudon. 2004. Resolving the Double Paradox of rapidly mobilized 
old water with highly variable responses in runoff chemistry. Hydrol. Process. 18: 185-189. 



 

15 

Buffam, I., J. N. Galloway, L. K. Blum, and K. J. Mcglathery. 2001. A stormflow/baseflow comparison of 
dissolved organic matter concentrations and bioavailability in an Appalachian stream. 
Biogeochemistry 53: 269-306. 

Buffam, I., H. Laudon, J. Seibert, C. M. Morth, and K. Bishop. 2008. Spatial heterogeneity of the spring flood 
acid pulse in a boreal stream network. Sci. Total Environ. 407: 708-722. 

Buffam, I., H. Laudon, J. Temnerud, C. M. Mörth, and K. Bishop. 2007. Landscape-scale variability of acidity 
and dissolved organic carbon during spring flood in a boreal stream network. J. Geophys. Res. 
Biogeosciences 112: G01022. 

Cole, J. J., N. F. Caraco, G. W. Kling, and T. K. Kratz. 1994. Carbon dioxide supersaturation in the surface 
waters of lakes. Science 265: 1568-1570. 

Cole, J. J., and M. L. Pace. 1995. Bacterial secondary production in oxic and anoxic freshwaters. Limnol. 
Oceanogr. 40: 1019-1027. 

Cole, J. J., Y. T. Prairie, N. F. Caraco, W. H. Mcdowell, L. J. Tranvik, R. G. Striegl, C. M. Duarte, P. 
Kortelainen, J. A. Downing, J. J. Middelburg, and J. Melack. 2007. Plumbing the global carbon 
cycle: Integrating inland waters into the terrestrial carbon budget. Ecosystems 10: 171-184. 

Covert, J. S., and M. A. Moran. 2001. Molecular characterization of estuarine bacterial communities that use 
high- and low-molecular weight fractions of dissolved organic carbon. Aquat. Microb. Ecol. 25: 

127-139. 
Creed, I. F., S. E. Sanford, F. D. Beall, L. A. Molot, and P. J. Dillon. 2003. Cryptic wetlands: integrating 

hidden wetlands in regression models of the export of dissolved organic carbon from forested 
landscapes. Hydrol. Process. 17: 3629-3648. 

Dahlén, J., S. Bertilsson, and C. Pettersson. 1996. Effects of UV-A irradiation on dissolved organic matter in 
humic surface waters. Environ. Int. 22: 501-506. 

Del Giorgio, P. A., and J. J. Cole. 1998. Bacterial growth efficiency in natural aquatic systems. Annu. Rev. 
Ecol. Syst. 29: 503-541. 

Del Giorgio, P. A., J. J. Cole, and A. Cimbleris. 1997. Respiration rates in bacteria exceed phytoplankton 
production in unproductive aquatic systems. Nature 385: 148-151. 

Del Giorgio, P. A., and P. J. Williams [eds.]. 2005. Respiration in aquatic ecosystems. Oxford University 
Press. 

Eiler, A., S. Langenheder, S. Bertilsson, and L. J. Tranvik. 2003. Heterotrophic bacterial growth efficiency 
and community structure at different natural organic carbon concentrations. Appl. Environ. 
Microbiol. 69: 3701-3709. 

Findlay, S. E. G., and R. L. Sinsabaugh [eds.]. 2003. Aquatic ecosystems: interactivity of dissolved organic 
matter. Academic Press. 

Friedlingstein, P., P. Cox, R. Betts, L. Bopp, W. Von Bloh, V. Brovkin, P. Cadule, S. Doney, M. Eby, I. Fung, 
G. Bala, J. John, C. Jones, F. Joos, T. Kato, M. Kawamiya, W. Knorr, K. Lindsay, H. D. Matthews, 
T. Raddatz, P. Rayner, C. Reick, E. Roeckner, K. G. Schnitzler, R. Schnur, K. Strassmann, A. J. 
Weaver, C. Yoshikawa, and N. Zeng. 2006. Climate-carbon cycle feedback analysis: Results from 
the (CMIP)-M-4 model intercomparison. J. Clim. 19: 3337-3353. 

Giesler, R., M. N. Högberg, B. W. Strobel, A. Richter, A. Nordgren, and P. Högberg. 2007. Production of 
dissolved organic carbon and low-molecular weight organic acids in soil solution driven by recent 
tree photosynthate. Biogeochemistry 84: 1-12. 

Högberg, P., A. Nordgren, N. Buchmann, A. F. S. Taylor, A. Ekblad, M. N. Högberg, G. Nyberg, M. 
Ottosson-Löfvenius, and D. J. Read. 2001. Large-scale forest girdling shows that current 
photosynthesis drives soil respiration. Nature 411: 789-792. 

Isaksson, A., A. K. Bergström, P. Blomqvist, and M. Jansson. 1999. Bacterial grazing by phagotrophic 
phytoflagellates in a deep humic lake in northern Sweden. J. Plankton Res. 21: 247-268. 

Jansson, M., P. Blomqvist, A. Jonsson, and A. K. Bergström. 1996. Nutrient limitation of bacterioplankton, 
autotrophic and mixotrophic phytoplankton, and heterotrophic nanoflagellates in Lake Örtrasket. 
Limnol. Oceanogr. 41: 1552-1559. 

Jansson, M., L. Persson, A. M. Deroos, R. I. Jones, and L. J. Tranvik. 2007. Terrestrial carbon and 
intraspecific size-variation shape lake ecosystems. Trends Ecol. Evol. 22: 316-322. 

Jobbagy, E. G., and R. B. Jackson. 2000. The vertical distribution of soil organic carbon and its relation to 
climate and vegetation. Ecol. Appl. 10: 423-436. 

Johnson, L. C., and A. W. H. Damman. 1991. Species-controlled Sphagnum decay on a south Swedish raised 
bog. Oikos 61: 234-242. 

Jones, R. I., P. J. Shaw, and H. Dehaan. 1993. Effects of dissolved humic substances on the speciation of iron 
and phosphate at different ph and ionic strength. Environ. Sci. Technol. 27: 1052-1059. 

Jonsson, A., M. Meili, A. K. Bergström, and M. Jansson. 2001. Whole-lake mineralization of allochthonous 
and autochthonous organic carbon in a large humic lake (Örtrasket, N. Sweden). Limnol. 
Oceanogr. 46: 1691-1700. 



 

 16 

Jonsson, A., L. Ström, and J. Åberg. 2007. Composition and variations in the occurrence of dissolved free 
simple organic compounds of an unproductive lake ecosystem in northern Sweden. 
Biogeochemistry 82: 153-163. 

Karlsson, J., P. Bystrom, J. Ask, P. Ask, L. Persson, and M. Jansson. 2009. Light limitation of nutrient-poor 
lake ecosystems. Nature 460: 506-509. 

Karlsson, J., M. Jansson, and A. Jonsson. 2002. Similar relationships between pelagic primary and bacterial 
production in clearwater and humic lakes. Ecology 83: 2902-2910. 

Kortelainen, P. 1999. Acidity and buffer capacity, p. 95-115. In J. Keskitalo and P. Eloranta [eds.], Limnology 
of humic waters. Backhuys Publishers. 

Köhler, S. J., I. Buffam, H. Laudon, and K. H. Bishop. 2008. Climate's control of intra-annual and interannual 
variability of total organic carbon concentration and flux in two contrasting boreal landscape 
elements. J. Geophys. Res. Biogeosciences 113: 12. 

Laudon, H., S. Köhler, and I. Buffam. 2004. Seasonal TOC export from seven boreal catchments in northern 
Sweden. Aquat. Sci. 66: 223-230. 

Leff, L. G., and J. L. Meyer. 1991. Biological availability of dissolved organic carbon along the Ogeechee 
river. Limnol. Oceanogr. 36: 315-323. 

Lennon, J. T., and L. E. Pfaff. 2005. Source and supply of terrestrial organic matter affects aquatic microbial 
metabolism. Aquat. Microb. Ecol. 39: 107-119. 

Lindell, M. J., W. Granéli, and L. J. Tranvik. 1995. Enhanced bacterial growth in response to photochemical 
transformation of dissolved organic matter. Limnol. Oceanogr. 40: 195-199. 

Lopez-Urrutia, A., and X. A. G. Moran. 2007. Resource limitation of bacterial production distorts the 
temperature dependence of oceanic carbon cycling. Ecology 88: 817-822. 

Löfvenius, M. O., M. Kluge, and T. Lundmark. 2003. Snow and soil frost depth in two types of shelterwood 
and a clear-cut area. Scand. J. Forest Res. 18: 54-63. 

Mcknight, D. M., E. W. Boyer, P. K. Westerhoff, P. T. Doran, T. Kulbe, and D. T. Andersen. 2001. 
Spectrofluorometric characterization of dissolved organic matter for indication of precursor 
organic material and aromaticity. Limnol. Oceanogr. 46: 38-48. 

Moran, M. A., and R. E. Hodson. 1990. Bacterial production on humic and nonhumic components of 
dissolved organic carbon. Limnol. Oceanogr. 35: 1744-1756. 

Pace, M. L., G. B. Mcmanus, and S. E. G. Findlay. 1990. Planktonic community structure determines the fate 
of bacterial production in a temperate lake. Limnol. Oceanogr. 35: 795-808. 

Petrone, K., I. Buffam, and H. Laudon. 2007. Hydrologic and biotic control of nitrogen export during 
snowmelt: A combined conservative and reactive tracer approach. Water Resour. Res. 43: 

W06420. 
Raymond, P. A., and J. E. Bauer. 2001. Riverine export of aged terrestrial organic matter to the North Atlantic 

Ocean. Nature 409: 497-500. 
Roehm, C. L., R. Giesler, and J. Karlsson. 2009a. Bioavailability of terrestrial organic carbon to lake bacteria: 

The case of a degrading subarctic permafrost mire complex. J. Geophys. Res. Biogeosciences 114: 

G03006. 
Roehm, C. L., Y. T. Prairie, and P. A. Del Giorgio. 2009b. The pCO2 dynamics in lakes in the boreal region 

of northern Québec, Canada. Global Biogeochem. Cycles 23: GB3013. 
Russell, J. B., and G. M. Cook. 1995. Energetics of bacterial growth - Balance of anabolic and catabolic 

reactions. Microbiol. Rev. 59: 48-62. 
Sanderman, J., K. A. Lohse, J. A. Baldock, and R. Amundson. 2009. Linking soils and streams: Sources and 

chemistry of dissolved organic matter in a small coastal watershed. Water Resour. Res. 45: 13. 
Schiff, S., R. Aravena, E. Mewhinney, R. Elgood, B. Warner, P. Dillon, and S. Trumbore. 1998. Precambrian 

shield wetlands: Hydrologic control of the sources and export of dissolved organic matter. Clim. 
Change 40: 167-188. 

Schumacher, M., I. Christl, R. D. Vogt, K. Barmettler, C. Jacobsen, and R. Kretzschmar. 2006. Chemical 
composition of aquatic dissolved organic matter in five boreal forest catchments sampled in spring 
and fall seasons. Biogeochemistry 80: 263-275. 

Smith, D. C., and F. Azam. 1992. A simple, economical method for measuring bacterial protein synthesis 
rates in seawater using 3H-leucine. Mar. Microb. Food Webs 6: 107-114. 

Smith, E. M., and P. A. Del Giorgio. 2003. Low fractions of active bacteria in natural aquatic communities? 
Aquat. Microb. Ecol. 31: 203-208. 

Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, and H. L. Miller [eds.]. 
2007. Climate Change 2007: The Physical Science Basis. 

Stepanauskas, R., H. Laudon, and N. O. G. Jørgensen. 2000. High DON bioavailability in boreal streams 
during a spring flood. Limnol. Oceanogr. 45: 1298-1307. 

Strome, D. J., and M. C. Miller. 1978. Photolytic changes in dissolved humic substances. Verh. Internat. 
Verein. Limnol. 20: 1248-1254. 



 

17 

Tarnocai, C., J. G. Canadell, E. A. G. Schuur, P. Kuhry, G. Mazhitova, and S. Zimov. 2009. Soil organic 
carbon pools in the northern circumpolar permafrost region. Global Biogeochem. Cycles 23: 

GB2023. 
Tipping, E. 1993. Modeling the competition between alkaline earth cations and trace metal species for binding 

by humic substances. Environ. Sci. Technol. 27: 520-529. 
Tranvik, L. J. 1988. Availability of dissolved organic carbon for planktonic bacteria in oligotrophic lakes of 

differing humic content. Microb. Ecol. 16: 311-322. 
Tranvik, L. J. 1998. Degradation of dissolved organic matter in humic waters by bacteria, p. 259-283. In L. J. 

Tranvik and D. O. Hessen [eds.], Aquatic humic substances: ecology and biogeochemistry. 
Springer-Verlag. 

Van Hees, P. A. W., D. L. Jones, R. Finlay, D. L. Godbold, and U. S. Lundström. 2005. The carbon we do not 
see - the impact of low molecular weight compounds on carbon dynamics and respiration in forest 
soils: a review. Soil Biol. Biochem. 37: 1-13. 

Verhoeven, J. T. A., and W. M. Liefveld. 1997. The ecological significance of organochemical compounds in 
Sphagnum. Acta Bot. Neerl. 46: 117-130. 

Verhoeven, J. T. A., and E. Toth. 1995. Decomposition of Carex and Sphagnum litter in fens - Effect of litter 
quality and inhibition by living tissue homogenates. Soil Biol. Biochem. 27: 271-275. 

Wikner, J., R. Cuadros, and M. Jansson. 1999. Differences in consumption of allochthonous DOC under 
limnic and estuarine conditions in a watershed. Aquat. Microb. Ecol. 17: 289-299. 

Volk, C. J., C. B. Volk, and L. A. Kaplan. 1997. Chemical composition of biodegradable dissolved organic 
matter in streamwater. Limnol. Oceanogr. 42: 39-44. 

Von Wachenfeldt, E. 2008. Flocculation of allochthonous dissolved organic matter – a significant pathway of 
sedimentation and carbon burial in lakes. Doctoral thesis. Uppsala University. 

Ågren, A., M. Berggren, H. Laudon, and M. Jansson. 2008a. Terrestrial export of highly bioavailable carbon 
from small boreal catchments in spring floods. Freshwat. Biol. 53: 964-972. 

Ågren, A., I. Buffam, M. Berggren, K. Bishop, M. Jansson, and H. Laudon. 2008b. Dissolved organic carbon 
characteristics in boreal streams in a forest-wetland gradient during the transition between winter 
and summer. J. Geophys. Res. Biogeosciences 113: G03031. 

Ågren, A., I. Buffam, M. Jansson, and H. Laudon. 2007. Importance of seasonality and small streams for the 
landscape regulation of dissolved organic carbon export. J. Geophys. Res. Biogeosciences 112: 

G03003. 
 

 


	Introduction
	Aims of the thesis

