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Abstract 
 
Inland waters have long been neglected in the global carbon cycle. They represent only 2,8% 
of the land area, but it has come clear that inland waters play a key role in the transformation 
of terrestrial fixed carbon to the atmosphere. Human activities do have an impact on the 
carbon cycling and it is important to understand how these changes affects natural 
biogeochemical and climatological processes. The purpose of this report was to investigate 
how forestry impacts the emission of carbon dioxide from boreal lakes and to evaluate which 
role lakes play in the global carbon cycle. The study was accomplished as a literature study 
and the search words that have been used are carbon cycling, carbon dioxide, forestry, boreal 
lakes, dissolved organic carbon and pCO2. The results show that in many studies does 
forestry increase the export of dissolved organic carbon from terrestrial environments to 
boreal lakes. This increase subsidies the net heterotrophy in boreal lakes, making them net 
sources of carbon dioxide to the atmosphere. The processes behind increased concentrations 
and emissions are however complex and factors like local topography, hydrology and climate 
are thought to have impacts on how much carbon dioxide that is produced at a given level of 
dissolved organic carbon. Forestry seems to have an increasing effect on the carbon dioxide 
emissions, but the key drivers behind this process are expressed differently between regions 
and the reasons underlying these differences remain to be explored in order to make precise 
global carbon models. 
 
Key words: carbon dioxide, boreal lakes, forestry, dissolved organic carbon, global 
carbon cycling 
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1 Introduction and aim 
 
1.1 Introduction 
Carbon plays an important role on earth. It is an important “brick”, building up both 
inorganic and organic structures, works as a carrier of energy, trace substances and metals. It 
is also part of the most important buffer system on earth and a climate regulator (Broberg 
and Jansson 1994, IPCC 2007). The last decades it has become clear that human activities 
cause changes in the climate system of the earth and therefore is it essential to understand 
how natural processes operate and are affected of human actions (Falkowski et al. 2000, 
IPCC 2007, Tranvik et al. 2009).  
 
The atmospheric concentration of CO2 has increased from around 280 ppm before the 
industrial era to over 384 ppm in 2008 (IPCC 2007). This increase represents about half of 
the anthropogenic emissions; the other half is accumulated in terrestrial and oceanic 
ecosystems (figure 1). Anthropogenic sources stands for 9.1 Pg C yr-1 of which 5.0 Pg C yr-1 is 
accumulated in ecosystems and the remaining 4.1 Pg C yr-1 is accumulated in the atmosphere 
and causes an enhanced greenhouse gas effect. Recent estimates suggest that inland waters 
transport, mineralize and bury ~2.7 Pg C yr-1, similar to the size of the terrestrial carbon sink 
of 2.8 Pg C yr-1, and marine sequestration accounts for 2.2 Pg C yr-1 (Battin et al. 2009). 
 

 
Figure 1. The global carbon cycle by Battin et al. (2009). Values are net fluxes between pools (black) or change 
within pools (red). Units are Pg C yr-1. 

 
Carbon enters the biological part of the terrestrial environments via photosynthetic 
assimilation of atmospheric CO2 (gross primary production (GPP)). The carbon then 
supports the respiration (R) of all living organisms. The part of GPP that is not incorporated 
in organisms nor oxidised to CO2 in fire and photo-oxidation is called net ecosystem 
production (NEP). NEP has two different fates in the carbon cycle: storage (S) or export (E). 
A simplified mass balance equation of the carbon cycling in terrestrial and aquatic systems 
can be formulated as: 
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  I=G+S+E    (1) 
 
where the carbon imported (I) to a single lake or a regional or global system is equal to the 
net carbon gas balance in the aquatic system with the atmosphere (G), plus storage (S) and 
export (E) to the sea. This helps us understand all parts of the cycle and can be applied in 
systems of different sizes (Cole et al. 2007).   

 
Inland waters have long been neglected in the global carbon cycle, due to their physical small 
size. Although they only represents 2,8% of the land area, it has come clear that they play a 
key role in the transformation of terrestrial fixed carbon to the atmosphere (Battin et al. 
2009, Repo et al. 2007). Instead of only working as a “pipe” that transports carbon from land 
to ocean, carbon is both stored and emitted from lakes and streams (Cole et al. 2007). 
Human activities, such as construction of ponds and reservoirs, ditching and forestry do all 
have an impact on the carbon cycling and it is important to understand how these changes 
affects natural biogeochemical and climatological processes (Falkowski et al. 2000, Tranvik 
et al. 2009).  
 
The fact that forestry affects the water quality has long been investigated, but not much 
attention has been put to the potential leaching of nutrients and especially carbon (Nieminen 
2004). The export of dissolved organic carbon (DOC) into boreal lakes might increase after 
clear-cutting and site preparation and affects DOC concentrations in streams and boreal 
lakes (Huttunen et al. 2003, Nieminen 2004, Schelker et al. 2012). Increased DOC 
concentrations are thereafter thought to increase the CO2 emissions from boreal lakes 
(Roehm et al. 2009, Sobek et al. 2003).  
 

1.2 Aim 
The aim of this study is to investigate how forestry impacts the emission of CO2 from lakes in 
the boreal region. In order to answer this will the study focus on effects of forestry on factors 
controlling CO2 fluxes from lakes (terrestrial export of DOC is here of major importance), 
and to what degree these effects influence CO2 emissions from boreal lakes. The aim is also to 
compile recent knowledge about the carbon cycle in lakes and to evaluate different theories 
about which role lakes play in the global carbon cycling.  
 

2 Material and methods 
 
This study is a compilation of recent knowledge about how forestry impacts the emission of 
CO2 from boreal lakes. The main part of the knowledge presented comes from scientific 
articles. Focus on the literature search has been on global carbon cycling, carbon cycling in 
boreal lakes, what impact forestry have on the carbon cycle and which processes that are 
controlling CO2 fluxes from lakes. Search words that have been used are carbon cycling, 
carbon dioxide, forestry, boreal lakes, DOC and pCO2.  
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3 Results 
 

3.1 Carbon cycle in aquatic systems 
The global carbon cycle has historically consisted of two active boxes, oceans and land, and 
has been connected to the third box, atmosphere, through gas exchange (Bolin 1981, 
Siegenthaler and Sarmiento 1993). As models developed, more processes were added to 
make them more advanced, but inland waters were still rarely included in these models (for 
example Parton et al. 1994, Foley et al. 1996, Canadell et al. 2000, Cramer et al. 2001). 
During recent years it has come clear that inland waters instead of only working as a pipe 
play a key role in the processing and transportation of terrestrially fixed carbon to the 
atmosphere (Cole et al. 2007, Repo et al. 2007) and their collective contribution to global 
carbon fluxes is substantial when compared with terrestrial and marine ecosystems (Battin et 
al. 2009). Biogeochemical processes in lakes are closely linked to the terrestrial ecosystems 
due to the fact that they receive allochthonous carbon (carbon from outside the aquatic 
systems, for example plant and soil material) from streams, ground water and surface water 
(Hope et al. 1996).  
 
Carbon dioxide in boreal lakes is produced by respiration in water and sediments (Casper et 
al. 1999) or by photo-oxidation of organic material (Cole 2007). Supersaturation of CO2 can 
also originate from inflow of CO2 from the catchment (Ask et al. 2012). Dissolved organic 
carbon (DOC) and dissolved inorganic carbon (DIC) are the predominant carbon inputs into 
lake ecosystems, and the importance of these inputs varies between lake location and 
hydrology (Tranvik et al. 2009). DOC concentration is particularly important in lakes; 
increased DOC concentrations decrease light penetration which is important for lake 
photosynthesis. The decreased light penetration is regarded to especially affect the benthic 
primary production due to the fact that benthic algae are light limited. This means that the 
increased DOC concentrations stand for a double effect while both repressing the primary 
production and enhancing the respiration (Ask et al. 2012, Cole et al. 2007). This in turn 
decreases NEP resulting in increased emissions of CO2 from lakes to the atmosphere 
(Karlsson et al. 2009). 
 
Lakes are commonly net sources of CO2 to the atmosphere while simultaneously burying 
organic carbon in their sediments (Cole et al. 2007). The main pathway of exchange between 
air and water are molecular diffusion in the air-water interface. CO2 is highly soluble and 
high concentrations can therefore be accumulated at depth in lakes (Casper et al. 1999). 
Lakes can show uptake of CO2 due to high primary production (Schindler et al. 1972) and 
therefore act as a sink of carbon (Casper et al. 1999), but several studies show that boreal 
lakes more often are net sources of CO2 to the atmosphere (Cole 1999, Cole et al. 2000, 
Huttunen 2003).  
 
Cole et al. (2007) have set together a lot of different available data sets of global inland water 
carbon fluxes. This dataset supports the theory about inland water acting as an active 
component in the global carbon cycle. Their study shows that in total streams and rivers 
transport 0.9 Pg C yr-1 to the oceans, 0.75 Pg C yr-1 is emitted to the atmosphere and 0.23 Pg 
C yr-1 is accumulated in sediments (figure 2). To balance equation (1) is it consequently so 
that more carbon is imported than thought before. Only from lakes are 0.11 Pg inorganic C 
yr-1 emitted and 0.18 Pg organic C yr-1 stored (Cole et al. 2007). More recent estimations 
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(Battin et al. 2009) present even bigger carbon fluxes. In their study inland waters transport, 
mineralize and bury ~2.7 Pg C yr-1 (figure 1).  

 
Figure 2. Schematic view of the role of aquatic inland waters. A) shows the previous view of inland waters, where 
these systems act as a “riverine pipe”. B) shows a proposed recent view with active components in the aquatic 
inland system. Units are Pg C yr-1 (Cole et al. 2007). 

 
3.2 Control of CO2 fluxes from lakes 
No studies have been done that investigate the relationship between forestry and CO2 
emissions from lakes, but this report will try to understand the factors that are controlling 
CO2 emissions from lakes and the size of them and how this theoretically can be affected by 
forest operations. As mentioned earlier the community respiration (R) is often higher than 
gross primary production (GPP), which means that lakes are net sources of CO2

 to the 
atmosphere and therefore net heterotrophic (del Giorgio and Peters 1993, Cole 1999, Cole et 
al. 2000, Huttunen 2003). The degree of net heterotrophy is therefore thought to increase 
with increasing supply of terrestrial DOC (Hope et al. 1996, Ask et al. 2012). Cole (1999) 
estimated that in a typical boreal forest landscape needed only 1% of the forest plant 
productivity to be exported to maintain the net heterotrophy in the lake.  
 
The subsidy of terrestrial DOC for lake metabolism is also evident from studies using stabile 
isotopes as tracers of different carbon sources supporting lake food webs. Meili et al. (1996) 
found that the stable carbon isotopic composition (δ13C) of Cladocerans (Bosmina and 

Daphnia) differed from the Copepods (Eudiaptomous) and it was estimated that 40% of the 
Cladocerans biomass carbon came from bacteria that had consumed terrestrial DOC. Similar 
results has been found from studies using stable hydrogen, carbon and nitrogen isotopes. 
These data clearly show that allochthonous carbon is metabolized in lakes, mainly 
subsidizing the basal trophic level but also zooplankton, zoobenthos and fish are relying on 
the allochthonous carbon input (Karlsson et al. 2012, Solomon et al. 2011). Since most of the 
allochthonous DOC is believed to be assimilated by heterotrophic bacteria, that have low 
growth efficiency (i.e. they respire most of the assimilated carbon), this leads to high 
production of CO2. Accordingly, by using stable isotopes it has been shown that 
allochthonous carbon is respired by heterotrophic bacteria and that this carbon is the 
dominant carbon source for bacteria, leading to CO2 supersaturation in lakes (Karlsson et al. 
2007, McCallister and del Giorgio 2008). The question remains whether the high 
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consumption of allochthonous carbon represents a true subsidy, supporting consumption 
that should not have occurred otherwise or if the consumers choose one resource instead of 
another (Solomon et al. 2011).  
 
The partial pressure of CO2 (pCO2) in lakes is also affected by other factors than the bacterial 
respiration. Some examples of factors that are influencing are the UV degradation of DOC 
that can lead to formation of CO2 directly (Granéli et al. 1996) or via enhanced bio availability 
(Bertilsson and Tranvik 1998). High wind speeds have also resulted in increased degassing 
(Wannikhof 1992) and food web structure is many times affecting the CO2 supersaturation 
(Schindler et al. 1997). Another important part is the fact that streams and lakes are receiving 
inflowing groundwater that is supersaturated with CO2 up to 17 times equilibrium with the 
atmosphere. A recent study by Öquist et al. (2009) has investigated the lateral export of 
dissolved inorganic carbon (DIC) from soils to a first-order stream and estimated the 
partitioning of DIC to CO2 emissions. Up to 90% (average 65%) of the daily soil DIC export 
was emitted as CO2 within 200 meters after entering the stream and this was mainly driven 
by the variation in groundwater level and discharge and not by the DIC concentration itself. 
The study was mainly focusing on DIC and streams but the authors assume this to be true for 
DOC export as well and also lakes are receiving supersaturated ground water affecting the 
pCO2.  
 
In a survey of 33 unproductive lakes on a latitudinal gradient in Sweden by Sobek et al. 
(2003) the regulation of pCO2, in terms of which factors that are most important for 
production of CO2, was investigated. In their open-water model were DOC and A250 
(absorbance at 250 nm) the single most important variables, explaining 74% of the variance 
in pCO2 and positively correlated with pCO2 and with each other. Second most important 
factors were both physiochemical (pH, alkalinity, A365, A430, A250/A365, Tot-N) and 
morphometric (lake area, drainage ratio, % wetland, turnover time) parameters. Climatic 
parameters that were moderately influential were long-term precipitation, and so were also 
in-lake parameters like chlorophyll a and total phosphorus. The winter model showed 
slightly the same pattern as the open-water model with DOC and A250 as the two most 
important variables. Contradictory to the open-water model pH, alkalinity, Tot-N and long-
term precipitation were not influential while Tot-P was correlating to pCO2. In none of the 
models geographical location important for pCO2; neither were wind speed, UV and global 
radiation, water and air temperature or short-term precipitation substantial.  
 
Another recent study by Roehm et al. (2009) tried to identify the main factors that are 
regulating pCO2 in lakes as well. They included 78 Canadian lakes during the open-water 
season. Their best multivariate model for pCO2 included DOC, lake area and chlorophyll, 
which explained about 60% of the total variation. This model was valid not only in 
comparison between the studied lakes, but also within a certain lake over different years. 
They found that small lakes tend to be more supersaturated with CO2, but regardless of size 
lakes with higher DOC concentrations have higher pCO2. The lake trophic status, expressed as 
chlorophyll a, showed that more productive lakes tended to have lower pCO2. In an attempt 
to extend this model to a more regional-global scale the relationship between DOC and pCO2 
was positive and significant in all studies, but with large differences. This could be the result 
of regional differences in what consequences a given change in DOC concentration has on the 
surface water pCO2.  
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3.3 Impacts of forestry 
Clear-cutting, site preparation and other human impacts are disturbing boreal forests at an 
accelerating rate. Between 1960 and 1990 has the magnitude of clear cutting doubled in 
Canada (France et al. 2000) and doubled every twentieth year in western USA (Hartman 
1990). 75% of Finland is covered by forest and 84% of that is sporadically under silvicultural 
management (Peltola 200). In Sweden stands forestry for 11% of the industrial production in 
2007, which is 2.7% of the Swedish gross national product (Swedish forest agency 2010). 
Forestry is hence of big economical value, but the disturbances it causes are thought to affect 
the water quality and carbon cycling (e.g. Huttunen 2003, Nieminen 2004, Schelker et al. 
2012). During the last decades has the interest of researchers gone from a big focus on 
nutrients, pH and temperature in lakes and streams effected by forestry (Likens et al. 1970) 
to also include DOC and other forms of carbon. As mentioned earlier are there no available 
studies that explore forestry and its impact on CO2 in lakes, but studies about DOC and 
forestry are more common. DOC is mainly studied as it plays an important role in the 
biogeochemistry of terrestrial and aquatic ecosystems (Cole et al. 2007, Repo et al. 2007). A 
lot of studies try to quantify carbon fluxes on a landscape-global level (e.g. Battin et al. 2009, 
Cole et al. 2007, Tranvik 2009) but in order to do that is it crucial to also understand the 
effects of forestry on a local or regional scale.  
 
A number of studies have been conducted in the boreal region in order to understand how 
DOC is dependent of landscape disturbances like forestry. In Canada were 121 boreal lakes 
sampled for DOC after different amounts of forest operations. The study was performed as 
both a survey with 116 lakes from different monitoring programs to cover a wider 
geographical area and as a temporal investigation of five streams. The results showed a 
significant increase in DOC concentrations, especially in small lakes. After having removed 
the effect of the ratio of catchment area to lake area did the lakes affected by clear-cutting 
only show an increase of 2 to 3 mg L-1 compared to the reference lakes. A large amount of the 
clear-cutted areas was situated in lowlands with large areas of wetlands, and the high DOC 
concentrations was an effect of that the logged catchment consisted of more wetlands than 
reference areas (France et al. 2000).  
 
Another Canadian study analyzed three unproductive trout lakes and found only minor 
changes in the DOC concentrations. The DOC concentration varied between decreases of -0.5 
mg L-1 to increases of 0.3 mg L-1

 during the three years after logging. The author explain the 
small changes with the fact that these lakes had a water retention time of a decade and that 
only a small amount of the water in the lakes was replaced during the three years after 
forestry. Another important finding in this study was that riparian buffer zones were not 
important for the amount of DOC exported (Steedman 2000). Nieminen (2004) investigated 
the effect of forestry in five streams on productive peat lands in Finland. He found a 
significant correlation between forestry and increased DOC concentrations. The studied lakes 
showed an increase between 8.4 and 22.8 mg L-1 during the first four years after clear-
cutting. It was not only the concentrations that increased, also the total export load of DOC 
increased with between 80 and 184 kg ha-1. The processes that control export of DOC from 
peat lands are not as fully understood as the processes in mineral soils, but this study 
highlights the fact that peat lands most probably are exporting more DOC as a consequence 
of forestry.  
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Recent Swedish research investigated the effect of both clear-cutting and site preparation in 
a paired-catchment study of four headwater streams in northern Sweden. DOC 
concentrations showed a strong interannual variation, mainly due to hydrological variations, 
but did still increase from 15.9 to 20.4 mg L-1 during the two years after clear-cutting 
(Schelker et al. 2012). Two years after clear-cutting was performed the catchments site were 
prepared and the DOC concentrations increased to 27.6 mg L-1 compared with 21.4 mg L-1 in 
the reference sites (figure 3). This study showed also that the total export of carbon 
increased. The export increased from 95 to 183 kg C ha-1 yr-1 for clear-cutted catchments and 
to 280 kg C ha-1 yr-1 after site preparation (Schelker et al. 2012).  
 

 
Figure 3. Mean DOC concentrations from a recent Swedish study (Schelker et al. 2012). Grey boxes represent the 
25th to 75th percentiles; error bars are the 10th to 90th percentiles. The median value is shown as a horizontal 
line. Units are mg L-1.  

 
Forestry is a large disturbance in the boreal landscape, and may increase the DOC 
concentrations in lakes. The processes that are thought to increase DOC concentrations are 
complex but the most common theories will be described below. Clear-cutting is shown to 
often influence the microclimate and favour higher snow accumulation and lower 
evapotranspiration (Murray and Buttle 2003, Sörensen et al. 2009). These changes do often 
result in higher ground water levels (Pothier et al. 2003) and more direct runoff during the 
spring flood (Monteith et al. 2006). The top-most soil layers contain a higher DOC 
concentration and runoff in higher soil layers may likely assist the transport of DOC to inland 
waters (Kreutzweiser et al. 2008, Schelker et al. 2012). Clear-cutting is also understood to 
increase the nutrient availability in soil water (McLaughlin et al. 1996). This may be because 
of increased litter input from logging rests (Hyvönen et al. 2000) or increased decomposition 
of soil carbon (Lamontagne et al. 2000). This will, in turn, alter the DOC concentrations both 
in soil and in surface water after both clear-cutting and site preparation (Kreutzweiser et al. 
2008). In the study of Schelker et al. (2012) the soil temperature did increase with 5.5° C on 
30 centimetres depth. Increased soil temperatures favours decomposition of soil organic 
matter and is an important driver behind the mobilization of DOC.  
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Although these processes are thought to affect the DOC concentrations in inland waters 
many studies do argue that the concentrations are more regulated by local topography and 
hydrology. This is for example the catchment slope, area, % wetlands, lake area and depth 
(Curtis and Schindler 1997, D’Arcy and Carignan 1997, Nieminen 2004). D’Arcy and 
Carignan (1997) studied the natural variability of DOC concentrations in thirteen Canadian 
lakes and found that catchment slope and lake morphometry stood for 50-70% of the 
variation in DOC. This was supposed to depend on the fact that weak slopes more often get 
waterlogged and therefore increase the export of DOC from soil to surface water, compared 
with steeper slopes. Secondarily climate factors like air and soil temperature and soil frost 
are affecting the DOC concentrations (Schindler et al. 1996) and less important are 
catchment disturbance, for example forestry (France et al. 2000). 
 

4 Discussion 

 
4.1 Effects of forestry on DOC concentrations in lakes 

The main aim of this report was to investigate how forestry impacts the emission of CO2 from 
boreal lakes. During the study has it come clear that the processes controlling DOC input to 
lakes and CO2 emissions from lakes to the atmosphere are complex and not fully understood. 
The first question that this report tried to answer was whether forestry has any influence on 
the DOC concentrations in boreal lakes. The four studies that have been reviewed in this 
report show slightly different results.  
 
The study by France et al. (2000) covered a wide geographical area and the largest number of 
lakes, which one could suppose would conceal a large range of catchment types. Initially the 
DOC concentrations increased after forest operations, but after more analyses the authors 
did discover that a large amount of the clear-cutted areas consisted of wetlands compared 
with the reference lakes. This probably affected the DOC concentrations more than the forest 
operations, so in order to make this kind of studies more valid it would be important to 
compare the catchment characteristics before the experimental setup. The lakes in the study 
by Steedman (2000) did also show only a small increase in DOC concentration, and the 
author explains this with the large amount of lakes with long water retention time. Therefore 
the inflowing water did not affect the concentration in the lake that much and it might have 
been interesting to compare the DOC concentrations in streams in the catchment with the 
lake concentration. Nieminen (2004) and Schelker et al. (2012) did two similar paired-
catchment studies in Sweden and Finland and in both studies the DOC concentrations did 
increase significantly. They both studied streams and the actual DOC concentrations in lakes 
in the same catchment are not known.  
 
The processes behind increasing DOC concentrations following forestry seem to be quite 
understood; it is partly because clear-cutting supports a higher runoff (Kreutzweiser et al. 
2008) in higher soil layers (Schelker 2012) and partly because of increased nutrient 
availability in soils (McLaughlin et al. 1996). The fact that different studies show such 
different values of DOC concentrations after clear-cutting and site preparation might be 
because there are other factors that have a bigger influence on the concentration, like local 
topography and hydrology (Curtis and Schindler 1997, D’Arcy and Carignan 1997, Nieminen 
2004) and climate factors (Schindler et al. 1996). D’Arcy and Carignan (1997) argued that the 
water chemistry could differ up to ten times in undisturbed, natural streams that were 
geological similar which makes it even harder to compare streams that are affected by 
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forestry and other anthropogenic actions. They found that the catchment slope and lake 
morphometry accounted for 50-70% of the variation in DOC.  
 
No studies have however succeeded to quantify the relative importance of each factor 
influencing DOC export and this remains to be understood in order to transfer the results to 
a landscape scale. All the studies reviewed in this study had different kinds of setup and 
catchment types, which makes it hard to compare the values of DOC. One could however 
conclude, from these studies, that a large amount of peat lands in the catchment favours 
DOC export while a long water retention time and bigger lake areas diminishes it.  
 

4.2 Effects of forestry on CO2 emissions from lakes 
The second question was whether the increased DOC concentration has any relationship with 
increased CO2 emissions in boreal lakes. There are no studies concerning the direct effects of 
forestry on CO2 fluxes as of today and the following are hypothesis about which factors that 
are controlling CO2 fluxes and the effects of forestry on these factors. In both of the studies 
reviewed in this report DOC was one of the most important factors in controlling pCO2 in 
lakes (Roehm et al. 2009, Sobek et al. 2003). Sobek et al. (2003) means that an underlying 
mechanism for the correlation between DOC and pCO2 is higher mineralization rates of 
organic matter (OM) in lakes with higher concentrations of DOC. The authors argue that this 
relationship may derive from the fact that lakes with high DOC concentrations have 
sediments that are highly influenced by allochthonous carbon and that CO2 in the water 
originate from sediment respiration. pCO2 does also increase with smaller lake area and the 
greater part of the world’s lakes are small and have a large proportion of sediments (Sobek et 
al. 2003).  
 
More recent studies do contradictory mean that the main part of the emitted CO2 is produced 
in the water column and not in the sediments. Ask et al. (2012) found that in clear-water 
lakes the benthic and pelagic communities did contribute equally to production and 
respiration of CO2 while in the brown-water lakes the pelagic community did dominate. In 
clear-water lakes the benthic respiration were strongly coupled to benthic primary 
production and nearly in metabolic balance. In brown-water lakes the pelagic respiration was 
uncoupled from pelagic primary production and the net heterotrophy did increase with 
increasing DOC concentrations. Another study compared pelagic and benthic DIC 
production and discovered that around 85% of the whole-lake net DIC production took place 
in the water column and that the benthic production was of little importance (Åberg et al. 
2007). Estimates show that between 30% and 80% of the total organic carbon (TOC) 
entering boreal lakes are mineralized and emitted as CO2 (Algesten et al. 2003). This study 
argues that the hydrology, especially the catchment water residence time, is significant for 
how much of the inflowing TOC that is transformed to CO2. Also the quality of inflowing DOC 
could matter, the high proportion of high molecular weight DOC that is available for 
transformation in humic lakes will enhance the pCO2 (Sobek et al. 2003). Increased DOC 
concentrations in lakes following forestry do, with the processes described above, subsidy 
and maybe strengthen the net heterotrophy and in that way contribute to the CO2 emissions. 
With the result from Ask et al. (2012) is it believable that brown-water lakes that get an 
increased input of DOC after forestry are a bigger source of CO2 than clear-water lakes. 
 
Few studies, for instance Sobek et al. (2003) and Roehm et al. (2009), have quantified the 
input of CO2-rich ground water and its role for CO2 fluxes from lakes. This input could be 
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important for the supersaturation and CO2 flux in lakes. In two studied lakes the hydrologic 
input of CO2 accounted for 41% and 100% of the CO2 emissions and the emissions were 
controlled by hydrology rather than net production of CO2 in the lakes (Stets et al. 2009). 
Öquist et al. (2009) found that streams are receiving a large proportion of supersaturated 
ground water and assumed this to be true for lakes as well. Streams emit larger amount of 
CO2 than lakes but one could still assume that CO2 originating from inflowing supersaturated 
stream water contribute to the pCO2 in lakes (Sobek et al. 2003). Roehm et al. (2009) did 
found a correlation between wet years and high pCO2-values. Contradictory to these results, 
Jonsson et al. (2001) found that pCO2 in large lake Örträsket originated from in-lake 
respiration. External input of CO2-rich stream and ground water compared to internal 
production of CO2 does probably differ in importance between lakes of different trophic 
states, morphometry and size. Theoretically the run-off from clear-cutted forests could 
increase, and consequently the input of CO2-rich ground and surface water, when there are 
no standing trees that absorb water, but no studies have been done that investigate the direct 
impact on hydrology and CO2 input after forest operations. The influence of wind is another 
factor that indirect is influencing the degassing of CO2 from lakes. The water-air transfer of 
CO2 from lakes is strongly dependent of wind speed (Jonsson et al. 2008) and the changes in 
wind sheltering that occur after clear-cutting can fundamentally increase the out gassing. A 
recent study by Markfort et al. (2010) show that small lakes (i.e. smaller than 1 km2, which is 
a substantial part of the Earth’s lakes) will experience sheltering to a large extent if they have 
a surrounding forest that is greater than 10 meter high. The impact on the surface water was 
reduced over a distance of 40 to 60 times the canopy height, but exactly how this affect 
degassing is not fully understood.  
 
Several studies have tried to quantify global carbon fluxes in order to understand how 
natural processes are working and how human activities are affecting them (Battin et al. 
2009, Tranvik et al. 2009). To be able to quantify large-scale effects of forestry on lake CO2 
emissions it is of major importance to have data on a local scale that can be up-scaled to a 
global level. In the work with this report no models or studies that integrates forestry, DOC 
and CO2 emissions have been found. Today it is not known how big the net effect on the 
carbon balance in the landscape of a forest generation is. Most recent studies are not 
performed more than a few years, and even longer studies needs to be carried out in order to 
quantify the emissions. It is also important with studies that investigate landscapes where 
different amounts of the catchment are under forest management.   
 
Roehm et al. (2009) made an attempt to extend their pCO2 model valid for a number of 
Canadian lakes but found that the model differs much on a regional basis. Their explanation 
to this difference in DOC-pCO2 relationship is that nutrients may influence how much DOC 
that will transform to CO2. That is one part of the explanation, other important perspectives 
is that DOC measured in lakes are a result of DOC loading, in-lake production and removal 
and that is in turn dependent on other factors like water residence time, the chemical nature 
of DOC, lake trophy and photochemical processes (Curtis and Schindler 1997). The relative 
importance of these processes are difficult to determine and Roehm et al. (2009) therefore 
argue that there might be regional differences that decide how much CO2 that is produced at 
a given level of DOC. Hydrology is also thought to have a big impact on the delivered DOC 
and the interactions between catchment and lakes show that regional differences have to be 
accounted for in modelling of emissions in order to make as precise models as possible.  
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DOC is one of the most important factors controlling pCO2 according to both Roehm et al. 
(2009) and Sobek et al. (2003). It is not totally understood why this correlation can be seen, 
but input of allochthonous DOC is probably subsiding the benthic and pelagic community 
and maybe strengthening the net heterotrophy (Ask et al. 2012, Åberg et al. 2007) and 
forestry can possibly increase the DOC concentrations in streams and lakes. The relative 
importance of input of CO2-rich ground water is not quantified and seems to be of various 
importance for different types of lakes (Jonsson et al. 2001, Stets et al. 2009, Öquist et al. 
2009). The same applies for wind stress and increased degassing after clear-cutting near 
lakes (Markfort et al. 2010) and these topics remains to be more investigated to fully 
understand the factors that are controlling pCO2.    
 

4.3 Future forest management 
As more knowledge is gained about the global carbon cycle, and the specific role of boreal 
lakes, it is natural to look into the future and discuss how forest management can be carried 
out to reduce the impacts. During recent years different policies, e.g. the EU Water 
Framework Directive (WFD), has stipulated that all lakes and streams in the EU should have 
good ecological and chemical status, comparable to waters unaffected by human activities 
(Eriksson et al. 2011). In spite of that DOC is of great importance for boreal lakes strategies 
for decreasing DOC export are relatively rare and needs to be more investigated. Uncut 
riparian buffer zones can be one method to reduce leaching from terrestrial environments to 
streams and lakes (Nieminen 2004). Riparian management is many times viewed as a 
method that protects the stream and meanwhile allows land use in upland areas (Stanley et 
al. 2012). Results from comparable studies show that DOC export increase in all cases and 
regardless of the occurrence of buffer zones (Kreutzweiser et al. 2008). This underscores the 
need for more research about forest and harvest methods that decreases the DOC export.  
 
It would be interesting to compare the economic value of forestry with the costs for an 
enhanced greenhouse gas effect. If forestry increases the DOC concentrations in streams and 
lakes and consequently gives an increased degassing of CO2 from lakes will this contribute to 
the anthropogenic emissions of greenhouse gases. Current climate models are predicting a 
general warming of the boreal area and an increased overall precipitation (IPCC 2007) that 
might give increased terrestrial primary production, soil respiration and DOC mobilization. 
This together with an increased discharge should result in increased DOC and DIC 
concentrations in lakes and due to that increased CO2 emissions (Roehm et al. 2009). 
Increased DOC concentrations because of forest operations will possible strengthen effects of 
warming on CO2 emissions from lakes.   
 
Most probably forest management that does not increase the DOC concentrations in a large 
amount cost more for the forest companies but in a wider perspective it would be better for 
the water quality and the global carbon cycling. Using a forest planning model that limited 
the concentrations of nitrogen, phosphorus, methyl mercury and DOC to 10% over the 
reference values resulted in an economic loss of 20% to 35% in a study in northern Sweden 
(Eriksson et al. 2011) and these values may be applicable to inland waters in the boreal 
region. Other similar studies would be needed and also studies that counted with additional 
aspects like acidification, erosion and biological effects of forestry.  
 

4.4 Conclusions 
This study highlights the lack of research on relationship between forestry and CO2 emissions 
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from boreal lakes. Not all parts of the system are understood but more pieces are set together 
continuously. Studies that investigate the direct effect of forestry on CO2 emission are non-
existing and therefore it is only possible to theoretically discuss how forestry affects CO2 
emissions from lakes. More research over longer time are needed to assemble all parts in 
order to make accurate models of global carbon cycling and to be able to predict future 
climate changes. The relative importance of factors that are regulating DOC export and pCO2 
is unknown and this seems to be the next piece of the carbon puzzle to solve. The way that 
future forest management is performed may be affected by attempts to reduce the DOC 
export to inland waters, but more research is needed in the area of DOC management.   
 
Existing studies about which processes that are controlling pCO2 in lakes and DOC export 
after forestry points towards the fact that forestry can contribute to increased out gassing 
from lakes. DOC mobilization is mainly driven by local topography, hydrology and climate 
and these factors seem to be of greater importance for the DOC export than forest 
operations. Still, several studies have found a relationship between forest operations and 
increased DOC concentrations in inland waters and it is likely that this is subsidising the 
prevailing net heterotrophy in lakes. DOC, in turn, is thought to be one of the most important 
factors determining pCO2 in lakes. Inflow of CO2-rich ground water could also account for a 
substantial part of pCO2 but external input of CO2-rich ground water compared to internal 
CO2 production does probably differ in importance between lakes. These uncertainties 
emphasizes the need for more research in this area in order to fully understand what 
determines the cycling of carbon in boreal forests and inland waters.  
 



  13 

5 Acknowledgement  
 
I would like to thank my supervisor Jan Karlsson for great help with the topic and for 
valuable comments in the writing process. It has been a delight to investigate this topic 
further.  
 

6 References 
 
Algesten, G., Sobek, S., Bergström, A-K., Ågren, A., Tranvik, L. J. and Jansson, M. 2003. Role 

of lakes for organic carbon cycling in the boreal zone. Global change biology. 10, 141-147.  
Ask, J., Karlsson, J. and Jansson, M. 2012. Net ecosystem production in clear-water and 

brown-water lakes. Global biogeochemical cycles. 26, GB1017. 
Battin, T., Luyssaert, S., Kaplan, L., Aufdenkampe, A., Richter, A. and Tranvik, L. 2009. The 

boundless carbon cycle. Nature Geoscience. 2, 598-600. 
Bertilsson, S. and Tranvik, L. J. 1998. Photochemically produced carboxylic acids as 

substrates for freshwater bacterioplankton. Limnology and oceanography. 43, 885-895. 
Bolin, B (Eds.). 1981. Carbon cycle modelling. Scope report no. 16. John Wiley and sons, 

Chichester. 390 pp.  
Broberg, A. and Jansson, M (Eds.). 1994. Abiotiska faktorers karaktäristiska, funktion och 

omsättning i sötvatten. Limnologiska institutionen, Uppsala university, Uppsala. 76 pp. 
Canadell, J. G., Mooney, H. A., Baldocchi, D. D., Berry, J. A., Ehleringer, J. R., Field, C. B., 

Gower, S. T., Hollinger, D. Y., Hunt, J. E., Jackson, R. B., Running, S. W., Shaver, G. R., 
Steffen, W., Trumbore, S. E., Valentini, R., and Bond, B. Y. 2000. Carbon metabolism of 
the terrestrial biosphere: a multitechnique approach for improved understanding. 
Ecosystems. 3, 115–130. 

Casper, P., Maberly, S., Hall, G. and Finlay, B. 1999. Fluxes of methane and carbon dioxide 
from a small productive lake to the atmosphere. Biogeochemistry. 49, 1-19. 

Cole, J. J. 1999. Aquatic microbiology for ecosystem scientists: new and recycled paradigms 
in ecological microbiology. Ecosystems. 2, 215-225. 

Cole, J. J., Pace, M. L., Carpenter, S. R. and Kitchell, J. F. 2000. Persistence of net 
heterotrophy in lakes during nutrient addition and food web manipulations. Limnology 
and oceanography. 45, 1718-1730.  

Cole, J., Praire, Y., Caraco, N., McDowell, W., Tranvik, L., Striegl, R., Duarte, C., Kortelainen, 
P., Downing, J. and Middelburg, J. 2007. Plumbing the global carbon cycle: integrating 
inland waters into the terrestrial carbon budget. Ecosystems. 10, 172-185. 

Cramer, W., Bondeau, A., Woodward, F. I., Prentice, I. C., Betts, R. A., Brovkin, V., Cox, P. 
M., Fisher, V., Foley, J. A., Friend, A. D., Kucharik, C., Lomas, M. R., Ramankutty, N., 
Sitch, S., Smith, B., White, A. and Young-Molling, C. 2001. Global response of terrestrial 
ecosystem structure and function to CO2 and climate change: results from six dynamic 
global vegetation models. Global change biology. 7, 357–373.  

Curtis, P. J. and Schindler, D. W. 1997. Hydrologic control of dissolved organic matter in 
low-order Precambrian Shield lakes. Biogeochemistry. 36, 125–138. 

D’Arcy, P. and Carignan, R. 1997. Influence of catchment topography on water chemistry in 
southeastern Québec Shield lakes. Canadian journal of fisheries and aquatic science. 54, 
2215-2227. 



  14 

del Giorgio, P. A. and Peters, R. H. 1993. Balance between phytoplankton production and 
plankton respiration in lakes. Canadian journal of fisheries and aquatic sciences. 50, 
282-289. 

Eriksson, L. O., Löfgren, S. and Öhman, K. 2011. Implications for forest management of the 
EU Water Framework Directive’s water quality requirements – A modelling approach. 
Forest policy and economics. 13, 284-291. 

Falkowski, P., Scholes, R. J., Boyle, E., Canadell, J., Canfield, D., Elser, J., Gruber, N., 
Hibbard, K., Högberg, P., Linder, S., Mackenzie, F. T., Moore, B., Pedersen, T., Rosenthal, 
Y., Seitzinger, S., Smetacek, V. and Steffen, W. 2000. The global carbon cycle: a test of our 
knowledge of earth as a system. Science. 290, 291-296.  

Foley, J. A., Prentice, I. C., Ramankutty, N., Levis, S., Pollard, D., Sitch, S., and Haxeltine, A. 
1996. An integrated biosphere model of land surface processes, terrestrial carbon balance, 
and vegetation dynamics. Global biogeochemical cycles. 10, 603–628. 

France, R., Steedman, R., Lehmann, R. and Peters, S. 2000. Landscape modification of DOC 
concentrations in boreal lakes: implications for UV-B sensitivity. Water, air and soil 
pollution. 122, 153-162. 

Granéli, W., Lindell, M. J. and Tranvik, L. J. 1996. Photo-oxidative production of dissolved 
inorganic carbon in lakes of different humic content. Limnology and oceanography. 41, 
698-706.  

Hartman, G. F. and Scrivener, J. C. 1990. Impacts of forestry practices on a coastal stream 
ecosystem, Carnation Creek, British Columbia. Canadian bulletin of fisheries and aquatic 
sciences. 223.  

Hope, D., Kratz, T. K. and Riera, J. L. 1996. Relationship between PCO2 and dissolved organic 
carbon in northern Wisconsin lakes. Journal of environmental quality. 25, 1442-1445. 

Huttunen, J. T., Alm, J., Liikanen, A.,Juutinen, S., Larmola, T., Hammar, T., Silvola, J. and 
Martikainen, P. J. 2003. Fluxes of methane, carbon dioxide and nitrous oxide in boreal 
lakes and potential anthropogenic effects on the aquatic gas emissions. Chemosphere. 52, 
609-621. 

Hyvönen, R., Olsson, B. A., Lundkvist, H. and Staaf, H. 2000. Decomposition and nutrient 
release from Picea abies (L.) Karst. and Pinus sylvestris L. logging residues. Forest 
ecology and management. 126, 97–112. 

IPPC. 2007. Climate change 2007: the physical science basis. Intergovernmental panel on 
climate change. 

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

Jonsson, A., Åberg, J., Lindroth, A., and Jansson, M. 2008. Gas transfer rate and CO2 flux 
between an unproductive lake and the atmosphere in northern Sweden. Journal of 
geophysical research. 113, G04006. 

Karlsson, J., Jansson, M. and Jonsson, A. 2007. Respiration of allochthonous organic carbon 
in unproductive forest lakes determined by the Keeling plot method. Limnology and 
oceanography. 52, 603–608. 

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

Karlsson, J., Berggren, M., Ask, J., Byström, P., Jonsson, A., Laudon, H. and Jansson, M. 
2012. Terrestrial organic matter support of lake food webs: Evidence from lake 
metabolism and stable hydrogen isotopes of consumers. Limnology and oceanography. 
57, 1042-1048.  

Kreutzweiser, D. P., Hazlett, P. W., and Gunn, J. M. 2008. Logging impacts on the 



  15 

biogeochemistry of boreal forest soils and nutrient export to aquatic systems: a review. 
Environmental reviews. 16, 157–179. 

Lamontagne, S., Carignan, R., D’Arcy, P., Prairie, Y. T. and Pare, D. 2000. Element export in 
runoff from eastern Canadian Boreal Shield drainage basins following forest harvesting 
and wildfires. Canadian journal of fisheries and aquatic science. 57, 118–128. 

Leopold, L. B., Wolman, M. G. and Miller, J. P. 1992. Fluvial processes in geomorphology, 
2nd edition. Dover Publishers, New York. 522 pp. 

Likens, G. E., Bormann, F. H., Johnson, N. M., Fisher, D. W. and Pierce, R. S. 1970. Effects of 
forest cutting and herbicide treatment on nutrient budgets in the Hubbard Brook 
watershed-ecosystem. Ecological monographs. 40, 23-47. 

Markfort, C. D., Perez, A. L. S., Thill, J. W., Jaster, D. A., Porté-Agel, F. and Stefan, H. G. 
2010. Wind sheltering of a lake by a tree canopy or bluff topography. Water resources 
research. 46, W03530. 

McCallister, S. L. and del Giorgio, P. A. 2008. Direct measurement of the d13C signature of 
carbon respired by bacteria in lakes: Linkages to potential carbon sources, ecosystem 
baseline metabolism, and CO2 fluxes. Limnology and oceanography. 53, 1204–1216. 

Meili, M., Kling, G. W., Fry, B., Bell, R. T. and Ahlgren, I. 1996. Sources and partitioning of 
organic matter in a pelagic microbial food web inferred from the isotopic composition (d 
13C and d 15N) of zooplankton species. Pages 53-61. In: Simon, M, Gude H,Weisse T, 
[Eds.], Aquatic Microbial Ecology. E Schweizerbart’she Verlagsbuchhandlung, Konstanz, 
Germany. 

Monteith, S. S., Buttle, J. M., Hazlett, P. W., Beall, F. D., Semkin, R. G., and Jeffries, D. S. 
2006. Paired-basin comparison of hydrologic response in harvested and undisturbed 
hardwood forests during snowmelt in central Ontario: II. Streamflow sources and 
groundwater residence times. Hydrological processes. 20, 1117–1136. 

Murray, C. D., and Buttle, J. M. 2003. Impacts of clearcut harvesting on snow accumulation 
and melt in a northern hardwood forest. Journal of hydrology. 271, 197–212. 

Nieminen, M. 2004. Export of dissolved organic carbon, nitrogen and phosphorus following 
clear-cutting of three Norway spruce forests growing on drained peatlands in southern 
Finland. Silva Fennica. 38, 123-132.  

Parton, W. J., Pulliam, W. M. and Ojima, D. S. 1994. Application of the CENTURY model 
across the LTR network: parameterization and climate change simulations. Bulletin of the 
ecological society of America. 75, 186–187. 

Peltola, A. 2005. Statistical yearbook of forestry. The Finnish forest research institute, 
Helsinki, Finland. 

Pothier, D., Prévost, M. and Auger, I. 2003. Using the shelterwood method to mitigate water 
table rise after forest harvesting. Forest ecology and management. 179, 573–583. 

Repo, M., Huttunen, J., Naumow, A., Chichulin, A., Lapshina, E., Bleuten, W. and 
Martikainen, P. 2007. Release of CO2 and CH4 from small wetland lakes in western 
Siberia. Tellus. 59, 788-796.  

Roehm, C. L., Prairie, Y. T. and del Giorgio, P. A. 2009. The pCO2 dynamics in lakes in the 
boreal region of northern Québec, Canada. Global biogeochemical cycles. 23, GB3013. 

Schelker, J., Eklöf, K., Bishop, K. and Laudon, H. 2012. Effects of forestry operations on 
dissolved organic carbon concentrations and export in boreal first-order streams. Journal 
of geophysical research. 117, G01011. 

Schindler, D. E., Carpenter, S. R., Cole, J. J., Kitchell, J. F. and Pace, M. L. 1997. Influence of 
food web structure on carbon exchange between lakes and the atmosphere. Science. 277, 
248-251. 



  16 

Schindler, D. W., Brunskill, G. J., Emerson, S., Broeker, W. S. and Peng, T-H. 1972. 
Atmospheric carbon dioxide: its role in maintaining phytoplankton standing crops. 
Science. 177, 1192-1194. 

Schindler, D. W., Curtis, P. J., Parker, B. R. and Stainton, M. P. 1996. Consequences of 
climate warming and lake acidification for UV-B penetration in North American boreal 
lakes. Nature. 379, 705-708. 

Siegenthaler, U. and Sarmiento, J. L. 1993. Atmospheric carbon dioxide and the ocean. 
Nature. 365, 119-125. 

Sobek, S., Algesten, G., Bergström, A-K., Jansson, M. and Tranvik, L. J. 2003. The catchment 
and climate regulation of pCO2 in boreal lakes. Global change biology. 9, 630-641. 

Solomon, C. T., Carpenter, S. R., Clayton, M. K., Cole, J. J., Coloso, J. J., Pace, M. L., van der 
Zanden, M. J. and Weidel, B. C. 2011. Terrestrial, benthic, and pelagic resource use in 
lakes: results from a three-isotope Bayesian mixing model. Ecology. 92, 1115–1125. 

Stanley, E. H., Powers, S. M., Lottig, N. R., Buffam, I. and Crawford, J. T. 2012. 
Contemporary changes in dissolved organic carbon (DOC) in human-dominated rivers: is 
there a role for DOC management? Freshwater biology. 57, 26-42. 

Steedman, R. J. 2000. Effects of experimental clearcut logging on water quality in three 
small boreal forest lake trout (Salvelinus namaycush) lakes. Canadian journal of fisheries 
and aquatic sciences. 57, 92-96. 

Stets, E. G., Striegl, R. G., Aiken, G. R., Rosenberry, D. O. and Winter, T. C. 2009. Hydrologic 
support of carbon dioxide flux revealed by whole-lake carbon budgets. Journal of 
geophysical research. 114, G01008. 

Swedish forest agency. 2010. Swedish statistical yearbook of forestry. Swedish forest agency, 
Jönköping.  

Sørensen, R., Ring, E., Meili, M., Hogbom, L., Seibert, J., Grabs, T., Laudon, H. and Bishop, 
K. 2009. Forest harvest increases runoff most during low flows in two boreal streams. 
Ambio. 38, 357–363. 

Tranvik, L., Downing, J., Cotner, J., Loiselle, S., Striegl, R., Ballatore, T., Dillon, P., Finlay, 
K., Fortino, K., Knoll, L., Kortelainen, P. L., Kutser, T., Larsen, S., Laurion, I., Leech, D. 
M., Leigh McCallister, S., McKnight, D. M., Melack, J. M., Overholt, E., Porter, J. A., 
Prairie, Y., Renwick, W. H., Roland, F., Sherman, B. S., Schindler, D. W., Sobek, S., 
Tremblay, A., Vanni, M. J., Verschoor, A. M., von Wachenfeldt, E. and Weyhenmeyer, G. 
A. 2009. Lakes and reservoirs as regulators of carbon cycling and climate. Limnology and 
oceanography, 54, 2298–2314. 

Wannikhof, R. 1992. Carbon dioxide in water and seawater: the solubility of a non-ideal gas. 
Marine chemistry. 2, 203-215. 

Åberg, J., Jansson, M., Karlsson, J., Nääs, K-J. and Jonsson, A. Pelagic and benthic net 
production of dissolved inorganic carbon in an unproductive subarctic lake. Freshwater 
biology. 52, 549-560. 

 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 

 

Dept. of Ecology and Environmental Science (EMG) 
S-901 87 Umeå, Sweden 
Telephone +46 90 786 50 00 
Text telephone +46 90 786 59 00 
www.umu.se 


