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The role of lakes in carbon cycling in boreal catchments

Miitta Rantakari

University of Helsinki, Faculty of Biological and Environmental Sciences, Department 
of Environmental Sciences, 2010

Rantakari, M. 2010. The role of lakes in carbon cycling in boreal catchments. 
Monographs of the Boreal Environment Research No. 35, 2010. 

Lakes are an important component of ecosystem carbon cycle through both organic 
carbon sequestration and carbon dioxide and methane emissions, although they cover 
only a small fraction of the Earth’s surface area. Lake sediments are considered to be one 
of the rather permanent sinks of carbon in boreal regions and furthermore, freshwater 
ecosystems process large amounts of carbon originating from terrestrial sources. These 
carbon fluxes are highly uncertain especially in the changing climate.

The present study provides a large-scale view on carbon sources and fluxes in boreal 
lakes situated in different landscapes. We present carbon concentrations in water, pools 
in lake sediments, and carbon gas (CO2 and CH4) fluxes from lakes. The study is based 
on spatially extensive and randomly selected Nordic Lake Survey (NLS) database with 
874 lakes. The large database allows the identification of the various factors (lake size, 
climate, and catchment land use) determining lake water carbon concentrations, pools 
and gas fluxes in different types of lakes along a latitudinal gradient from 60oN to 69oN. 

Lakes in different landscapes vary in their carbon quantity and quality. Carbon (C) 
content (total organic and inorganic carbon) in lakes is highest in agriculture and peat-
land dominated areas. In peatland rich areas organic carbon dominated in lakes but in 
agricultural areas both organic and inorganic C concentrations were high. Total inor-
ganic carbon in the lake water was strongly dependent on the bedrock and soil quality 
in the catchment, especially in areas where human influence in the catchment is low. 
In inhabited areas both agriculture and habitation in the catchment increase lake TIC 
concentrations, since in the disturbed soils both weathering and leaching are presumably 
more efficient than in pristine areas.

TOC concentrations in lakes were related to either catchment sources, mainly peatlands, 
or to retention in the upper watercourses. Retention as a regulator of the TOC concentra-
tions dominated in southern Finland, whereas the peatland sources were important in 
northern Finland. The homogeneous land use in the north and the restricted catchment 
sources of TOC contribute to the close relationship between peatlands and the TOC 
concentrations in the northern lakes. In southern Finland the more favorable climate 
for degradation and the multiple sources of TOC in the mixed land use highlight the 
importance of retention. 

Carbon processing was intensive in the small lakes. Both CO2 emission and the Holocene 
C pool in sediments per square meter of the lake area were highest in the smallest lakes. 
However, because the total area of the small lakes on the areal level is limited, the large 
lakes are important units in C processing in the landscape. Both CO2 and CH4 concen-
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trations and emissions were high in eutrophic lakes. High availability of nutrients and 
the fresh organic matter enhance degradation in these lakes. Eutrophic lakes are often 
small and shallow, enabling high contact between the water column and the sediment. 
At the landscape level, the lakes in agricultural areas are often eutrophic due to fertile 
soils and fertilization of the catchments, and therefore they also showed the highest 
CO2 and CH4 concentrations. Export from the catchments and in-lake degradation were 
suggested to be equally important sources of CO2 and CH4 in fall when the lake water 
column was intensively mixed and the transport of substances from the catchment was 
high due to the rainy season. In the stagnant periods, especially in the winter, in-lake 
degradation as a gas source was highlighted due to minimal mixing and limited transport 
of C from the catchment. 

The strong relationship between the annual CO2 level of lakes and the annual precipita-
tion suggests that climate change can have a major impact on C cycling in the catch-
ments. Increase in precipitation enhances DOC export from the catchments and leads 
to increasing greenhouse gas emissions from lakes. The total annual CO2 emission from 
Finnish lakes was estimated to be 1400 Gg C a-1.  The total lake sediment C pool in Fin-
land was estimated to be 0.62 Pg, giving an annual sink in Finnish lakes of 65 Gg C a-1. 

Keywords: lakes, organic carbon, inorganic carbon, CO2, CH4, catchments, climate 
change, boreal region
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1 Introduction 

Boreal headwater catchments are dominated 
by coniferous forests and peatlands, which 
have high carbon (C) pools in vegetation and 
soil. Humid climate and low temperatures re-
tard complete decomposition and favor the ac-
cumulation of organic matter on soil surface. 
Streams provide a loss pathway for C via lat-
eral transport downstream, typically draining 
to lakes. The threats of climate change have led 
researchers to seek wider understanding of the 
carbon balances on earth and the role of lakes in 
ecosystem carbon cycling. Freshwater ecosys-
tems have often been neglected as potentially 
important components in element cycles on glo-
bal or even regional scales because they cover 
only a small fraction of the Earth’s surface area. 
However, lake sediments are considered to be 
one of few permanent sinks of C in the boreal 
region and furthermore, freshwater ecosystems 
contribute significantly to regional C balances 
by transferring terrestrially fixed C to the at-
mosphere (Richey et al. 2002, Hanson et al. 
2004). Algesten et al. (2004) estimated that a 
majority of the total organic carbon (TOC) en-
terering Swedish freshwater ecosystems was 
mineralized in lakes. In the northern boreal re-
gion, lakes cover 7% of the total surface area 
(defined from MODIS data by Myneni et al. 
2001) and may have a considerable impact on 
the role of this biome as a sink or source of 
atmospheric CO2. 

Organic and inorganic C occur in boreal 
lakes as particulate organic and inorganic car-
bon (POC, PIC), dissolved organic and inor-
ganic carbon (DOC, DIC) and gaseous forms 
(free CO2 and CH4). Total inorganic carbon TIC 
is the sum of DIC and PIC. Correspondingly, 
total organic carbon is the sum of DOC and 
POC. DIC (HCO3

-, CO3
2-) is related to gaseous 

C (free CO2) via carbonate equilibria (Wetzel 
1983). The relative proportions of these three 
inorganic forms of C are dependent on pH and 
to a lesser extent on temperature (Stumm and 
Morgan 1981).

Bicarbonate (HCO3
-) originates mainly from 

weathering reactions in soil. The chemical 
weathering of rock material, mainly carbon-

ate and silicate minerals, produces bicarbonate 
ions (HCO3

-) and consumes CO2 of atmospheric 
origin (Gaillardet et al. 1999). In weathering 
of silicates, C in HCO3

- originates exclusive-
ly from the atmosphere and in weathering of 
carbonates both from carbonate mineral and 
from the atmosphere (Gaillardet et al. 1999). 
The soil CO2 needed in weathering reactions 
is mainly derived from respiration of organic 
matter, but ultimately is of atmospheric origin, 
fixed during photosynthesis (Cole et al. 2007). 
The resulting bicarbonate ion (HCO3

-) is the 
dominant form of DIC in most lakes and riv-
ers. Studies of the sources or the fate of TIC in 
lakes have been limited. HCO3

- concentrations 
in natural waters are higher in catchments with 
geochemically reactive alkaline bedrock than in 
catchments with weathering-resistant bedrock 
(Lahermo et al. 1996). TIC from the catchments 
can be transported to lakes via surface water or 
groundwater flow. 

The biogeochemical processes in lakes, in-
cluding the production and consumption of 
greenhouse gases, are closely linked to sur-
rounding terrestrial ecosystems, because lakes 
receive allochthonous organic matter and nu-
trients from their catchment area. In Finland, 
streams in managed headwater catchments 
transport on average 4600 kg km-2 TOC annual-
ly (Kortelainen et al. 1997) and the undisturbed 
forested catchments slightly more, 6200 kg km-

2 a-1 (Kortelainen et al. 2006). Similar results 
have been reported in Sweden (e.g. Laudon et 
al. 2004; Ågren et al. 2007). The transport of 
TIC via streams is also noteworthy, 420 - 1400 
kg km-2 a-1 in boreal catchments (Rantakari et 
al. 2010). Due to within-lake decomposition 
of allochthonous C, lakes are generally super-
saturated with CO2 and CH4 (Kling et al. 1991; 
Kling et al. 1992; Cole et al. 1994; del Giorgio 
et al. 1999; Hope et al. 1996; Huttunen et al. 
2002b; Kortelainen et al. 2000; Striegl et al. 
2001). There is also some evidence that CO2 
can be transported to lakes via streams and riv-
ers (e.g. Dawson et al. 2001; Hope et al. 2001; 
Cole and Caraco 2001; Jones et al. 2001; Billett 
et al. 2004; Teodoru et al. 2009) and both CO2 
and CH4 also via groundwater flow (Striegl and 
Michmerhuizen 1998; Riera et al. 1999; Stets 
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et al. 2009). The crucial difference between the 
formation of CO2 and CH4 in lakes is that CO2 is 
an end product of aerobic respiration, whereas 
formation of CH4 always requires anaerobic 
conditions. CO2 is produced under aerobic 
conditions both in lake sediments and in the 
water column, whereas the production of CH4 
in lake sediments is a microbial process that 
requires anaerobic conditions. In the sediment 
surface and in the water column CH4 can be 
consumed by methanotrophs, a process con-
tributing to the oxygen deficiency of the water 
column (Rudd and Hamilton 1978; Liikanen et 
al. 2002; Kankaala et al. 2006). 

When the surface waters of lakes are super-
saturated with dissolved greenhouse gases with 
respect to the atmospheric equilibrium, the ex-
cess gases are conducted to the atmosphere by 
molecular diffusion, enhanced by the physical 
movement of water (MacIntyre et al. 1995). 
High episodic greenhouse gas emissions can 
take place from northern lakes in spring after 
ice melt when the gases accumulated in the wa-
ter column during ice cover period are rapidly 
released to the atmosphere (Michmerhuizen 
et al. 1996; Huttunen et al. 2001a; Huttunen 
et al. 2002a; Striegl et al. 2001; Huotari et al. 
2009). Lakes as sources of CO2 and CH4 to the 
atmosphere have attracted increasing interest 
in the last decade (e.g. Kling et al. 1991; Cole 
et al. 1994; Hope et al. 1996; del Giorgio et al. 
1997; Kratz et al. 1997; Cole and Caraco 1998; 
Striegl and Michmerhuizen 1998; Riera et al. 
1999; Sobek et al. 2003; Sobek et al. 2005). 
Lakes have also been shown to be strongly su-
persaturated with CO2 and CH4 relative to the 
atmosphere in Finland (e.g. Kortelainen et al. 
2000; Striegl et al. 2001, Huttunen et al. 2001a, 
Huttunen et al. 2002b). Although concentration 
of CH4 in the atmosphere is low compared to 
that of CO2, the global warming potential of 
CH4 is up to 25-fold higher than that of CO2. 

Finland is a sparsely populated country 
where, settlements are mainly concentrated in 
the south. Southern coastal areas are character-
ized by lowlands with clay soils and the western 
coastal areas also by high peatland proportion. 
Agriculture is intensive in the coastal areas 
where the lake density is low. The southern 

inland region is characterized by large chain-
like watercourses and the topography is more 
variable than in coastal areas. In the Lake Dis-
trict in central and eastern Finland agriculture 
is also common, although it covers only about 
5% of the total land area. The northern parts of 
Finland are typically sparsely inhabited and are 
characterized by high proportion of peatlands. 

Lakes cover 10% of the total area of Finland. 
Large lakes dominate the total surface area, al-
though small lakes are numerous. The number 
of lakes over 10 km2 is 326, whereas there are 
187 582 lakes in the size range 0.0005 km2 – 
10 km2. However, the proportion of large lakes 
(>100 km2) of the total lake area is ~40% and 
of lakes over 10 km2 64% of the total lake area 
(Raatikainen and Kuusisto 1990). Finnish lakes 
are shallow; the mean depth of the lakes 10-100 
km2 has been estimated to be only 6.1 m and 
the mean depth further decreases towards the 
smaller lakes. In the smallest lakes (<0.01 km2) 
the mean depth is only 2.0 m (Kuusisto 1992; 
Kuusisto and Hakala 2007). Therefore, large 
lakes also dominate the total volume of Finnish 
lakes, 68% of the total water volume is in lakes 
over 100 km2 (Kuusisto 1992). 

Finnish lakes are mainly surrounded by for-
ested catchments with a variable peatland pro-
portion and therefore the lakes typically have 
high TOC and color values due to high loads 
of terrestrially fixed C transported to freshwa-
ter ecosystems (Kortelainen 1993). Peatlands 
cover one third of the total land area in Finland 
and over half of that area has been drained for 
forestry purposes. Dissolved organic matter 
(DOM) input into lakes can be highly dynamic; 
a large fraction of the annual flux may enter dur-
ing a relatively brief time period. Much of this 
dynamics is controlled by hydrologic events 
such as snowmelt or storms (Sinsabaugh and 
Findlay 2003). Half of the annual runoff and 
leaching from Finnish forested catchments has 
been estimated to occur in spring although the 
spring period represents only 10-15 % of the 
whole year (Kortelainen et al. 1997). 

There are clear patterns of DOM concentra-
tion and flux related to regional climate, either 
directly through hydrologic effects or indirectly 
through vegetation, when for example humid 
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climate favors formation of the dense vegeta-
tion and wetlands which store carbon in vegeta-
tion and soil (Sinsabaugh and Findlay 2003). 
On a global scale the variability in lake water 
DOC was best predicted by altitude, mean an-
nual runoff and soil carbon density (Sobek et al. 
2007). Although at a regional scale DOC export 
from terrestrial soils is enhanced by increasing 
runoff (e.g. Mulholland 2003) in a global study 
runoff was strongly negatively related to lake 
water DOC concentrations (Sobek et al. 2007). 
Globally, precipitation and runoff are higher in 
high altitudes leading to low soil carbon density 
and lake water residence times and in the long 
run, depleted soil organic carbon pool (Sobek 
et al. 2007). In a regional scale increasing run-
off will lead to the greater DOC export at least 
until the soil DOC pool is depleted. The strong 
relationship between DOM export and runoff 
suggests that climate change can have a great 
impact on DOM export. Increase in precipita-
tion might increase DOM fluxes, whereas in-
creasing evaporative demand under a warmer 
climate might offset the effect of increasing 
precipitation (Mulholland 2003). 

Land use, such as agriculture and forestry, 
can cause eutrophication of lakes by increas-
ing leaching of phosphorus and nitrogen into 
lakes (Cooke and Prepas 1998; Kortelainen et 
al. 1997). Eutrophied lakes can have potentially 
high CO2 and CH4 emissions, attributable to the 
large supply of easily degradable organic mat-
ter from primary production in their sediments 
(Casper et al. 2000; Huttunen et al. 2001b). 

1.1 Objectives of this study

Studies on aquatic carbon fluxes in the catch-
ment (carbon sources, outgassing and seques-
tration) have mainly been carried out in forest-
ed, uninhabited areas and with small datasets, 
making comparison of the results difficult in the 
wider context and providing limited overview 
to generalize the findings to larger areas. The 
main aim of this study was to provide a com-
prehensive picture of carbon sources and sinks 
in lakes using a large randomly selected dataset.

The key aims of this study were:
1.	 To identify catchment characteristics af-

fecting C (TOC, TIC, CO2 and CH4) con-
centrations in lakes.

2.	 To measure burial of carbon into the lake 
sediments in order to obtain an estimate for 
the total stock of carbon in Finnish lakes 
and identify the lake types with the most 
efficient carbon sinks.

3.	 To identify lake types with the highest CO2 
and CH4 emissions.

4.	 To study C fluxes in lakes of different sizes 
to identify size-dependent differences in 
processes.

5.	 To compare the role of catchment in regu-
lating lake water C concentrations in dif-
ferent regions in Finland.

6.	 To identify processes affecting CO2 and 
CH4 concentrations in lakes in different 
seasons.

7.	 To study effects of climate change on CO2 
emission from lakes.

8.	 To upscale the results of atmospheric CO2 
fluxes from lakes and burial of C into lake 
sediments over the whole boreal region. 

2 Materials and methods

2.1 The datasets

The different data are described in Table 1.
The effects of different geographical regions 

and land use/land cover types on C concentra-
tions in lakes were studied using the spatially 
extensive and randomly selected Nordic Lake 
Survey (NLS) database that covers the latitudi-
nal gradient from 60oN to 69oN (I,V). The NLS 
database includes 874 Finnish lakes selected 
at random from the national lake register us-
ing stratified random sampling with unequal 
sampling fractions, with the requirements that 
a minimum of 1% of the population of lakes 
within any county/ region was included and 
that the proportions of lakes in size classes 
0.04–0.1, 0.1–1, 1–10 and 10–100 km2 were 
1:1:4:8, respectively. All of the lakes >100 km2 
were included. The chemical and physical char-
acteristics of the lakes, lake morphometry and 
catchment characteristics were determined. 
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The data was divided into subsets according 
to different land use in the catchments: (1) A 
subset with high peatland proportion >35% and 
low agricultural land proportion <8% (PEAT). 
(2) A subset with high agricultural land propor-
tion >10% and low peatland proportion <12% 
(FIELD). (3) A subset with high proportion of 
forests on mineral soil >75% and low propor-
tions of agricultural land <7% and peatlands 
<7% (MINERAL). Cutoffs for the subsets 
were made using three criteria: (1) A suffi-
cient number of lakes in each subset to enable 
proper statistical analysis. (2) Approximately 
equal numbers of lakes in each subset, because 
very different numbers of cases could lead to 
interpretation difficulties in statistical analysis. 
Therefore, in each subset cutoffs were chosen 
to give about 120 lakes. (3) Different medians/
averages of land use variables between subsets 
(V).

Moreover, southern (south of latitude 64°) 
and northern (north of latitude 64°) Finland 
were considered separately. Southern Finland 
represents an area with mixed land use, includ-
ing varying patterns of managed forests, agri-
cultural areas and settlements, whereas northern 
Finland represents an area with little agriculture 
or settlements and large areas of forests and 
peatlands and with higher percentages of old 
forests and undisturbed peatlands. In northern-
most Finland bedrock outcrops and tundra-like 
vegetation are also common. 

In order to examine factors controlling the 
variation in CO2 and CH4 concentrations and 
fluxes to the atmosphere from boreal lakes, 
177 lakes (GL) were randomly selected from 
the NLS data base. The seasonal depth profiles 
from the deepest point of the lake were col-
lected four times a year (before and after ice 
melt, at the end of the summer stratification and 

after fall overturn) from four depths (1 m, the 
middle of the water column, 1 m above the sedi-
ment and 20 cm above the sediment) in order 
to clarify the roles of lake water and sediments 
as sources of CO2 and CH4 (IV,VI). 

To provide a more comprehensive picture of 
TIC and CO2 in large lakes, all the lakes >100 
km2 in Finland were sampled for TIC in 1998 
and 1999. The seasonal depth profiles were col-
lected from three depths (1 m, the middle of the 
water column, 1 m above the sediment). All of 
the lakes >100 km2 belong to a water quality 
monitoring programme carried out since 1965 
by Regional Environment Centres of Finland 
and are thus sampled regularly. However, TIC 
measurements are not part of the monitoring 
programme, whereas alkalinity measurements 
are. In order to compare the CO2 concentrations 
in the lakes in different years, the regression 
models were developed based on TIC meas-
urements from the years 1998 and 1999 using 
alkalinity as dependent variable. TIC and CO2 
concentrations were calculated for the years 
1996, 1997, 2000 and 2001. To study the effect 
of climatic factors on CO2 fluxes we utilized 
air temperature and precipitation data from 44 
weather stations spread evenly throughout the 
country (III). The lake area-specific CO2 emis-
sion estimates from GL and all the lakes >100 
km2 were used for scaling up an estimate for the 
boreal region as a whole (IV).

In order to study average Holocene C pools 
in sediments, 122 lakes were selected from 
the NLS data base. The selection of lakes was 
weighted towards large lakes, which represent 
a majority of the total lake area in Finland. 
Holocene sediment volumes were estimated 
from information collected with an acoustic 
sounder in lakes larger than 2 km2 and by cor-
ing in smaller lakes. Acoustic sounding pro-

Table 1. Description of the datasets. 

Dataset n Sampling season for water Sample depths Publication

Nordic lake survey (NLS) 874 F 1m I, V

All > 100km2 lakes in Finland 37 W, Su, F 1m, X/2, X-1m III

Sample from NLS 122 (sediment samples) II

Sample from NLS, gas lakes (GL) 177 W, Sp, Su, F 1m, X/2, X-1m, X-20cm IV, VI

F, fall; W, winter; Su, Summer; Sp Spring; X, maximum depth
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files were used to estimate the area covered by 
different lake bottom types and the amount of 
gyttja systematically at intervals of 150 m in 
large lakes, whereas the thicknesses of the gyt-
tja layers were determined by coring and field 
observations in the case of the small lakes (II).

2.2 Water chemistry

In the NLS data the samples for TIC were 
taken into airtight glass bottles and placed in 
coolers while in transit to the laboratory. TIC 
was measured in the laboratory using infrared 
spectroscopy (V). For the subset of 177 lakes 
(GL) from the NLS data, water samples (30 
ml) for the determination of TIC and CH4 were 
carefully withdrawn by means of a hypoder-
mic needle from the silicone tube of the Rut-
tner water sampler into 50 ml polypropylene 
syringes equipped with three-way stopcocks. 
CO2 samples were acidified in the field with 
sulfuric acid (1 ml, 20% v/v) and the samples 
were placed in coolers while in transit to the 
laboratories of the universities of Kuopio and 
Joensuu in order to avoid light exposure and to 
minimize temperature changes. Gas concentra-
tions were analyzed the day after sampling with 
a headspace equilibration technique (McAuliffe 
1971). Water samples were equilibrated by add-
ing 30 ml N2 gas to each syringe and shaking 
them vigorously for 3 minutes. CO2 concentra-
tions of the N2 headspaces were analyzed with 
gas chromatographs equipped with thermal 
conductometric detectors (IV). For both NLS 
and GL data, CO2 concentrations were calcu-
lated from measurements of TIC and pH with 
correction for actual water temperature (Stumm 
and Morgan 1981; Butler 1982; Kling et al. 
1992). Partial pressure of CO2 (pCO2) was cal-
culated from CO2 concentrations using Henry’s 
law constants, corrected for temperature and 
atmospheric pressure (Plummer and Busenberg 
1982). The equilibrium CO2 concentration in 
the lake water was calculated using Henry’s 
law, assuming the atmospheric mixing ratio of 
361 ppmv for the year 1996 and taking into 
account the annual increase of 1.5 ppmv a–1 

(IPCC 2001) and the elevation of the lake. CO2 
supersaturation ratio was calculated by dividing 

the actual lake CO2 concentration by the CO2 
concentration in equilibrium with the atmos-
pheric CO2 content (IV,V).

Analyses of dissolved CH4 concentrations 
were conducted the day after sampling in the 
laboratories of the universities of Kuopio and 
Joensuu. According to the headspace equilibra-
tion technique (McAuliffe 1971), 30 ml ultra 
pure N2 gas was added to each syringe and shak-
en vigorously for 3 minutes. The headspace 
gas CH4 concentration was quantified with a 
gas chromatograph (Hewlett Packard Series II 
and Shimadzu GC-14-A) equipped with an FI 
-detector. The CH4 concentration dissolved in 
water was calculated from the headspace gas 
concentration according to Henry’s law using 
the values after Lide and Fredrikse (1995) (VI). 

All the water chemistry analyses were car-
ried out in the accredited laboratories of the 
Finnish environment administration follow-
ing the standard methods. TOC was analyzed 
from unfiltered samples by oxidation to CO2 
followed by IR-measurement. Total nitrogen 
(TN) was analyzed colorimetrically after oxida-
tion to NO3-N; the sum of NO3-N and NO2-N 
colorimetrically by autoanalyzer after reduc-
tion to NO2-N; NH4-N colorimetrically with 
hypochlorite and phenol; and organic nitrogen 
(TON) was calculated as the difference between 
total and inorganic nitrogen. Total phosphorus 
(TP) was measured by a colorimetric method 
after oxidation, phosphate phosphorus (PO4-P) 
by spectrophotometric determination, calcium 
(Ca) and magnesium (Mg) were determined 
by flame atomic adsorption/ICP-MS, iron (Fe) 
was determined by a colorimetric method after 
oxidation by K2S2O8, silicate (SiO2) by a colori-
metric method or by FIA and sulfate (SO4) by 
ion chromatography (Henriksen et al. 1996; 
Mannio et al. 2000).

2.3 Calculation of the gas fluxes

The flux of CO2 from the surface water to the 
atmosphere was calculated according to the 
equation:

	 FluxCO2= k × (Csur - Ceq)
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where k is piston velocity (cm h-1), Csur is con-
centration of the gas in surface water and Ceq 
is the concentration in equilibrium with the 
atmosphere (Cole and Caraco 1998). Piston 
velocity (k) can be obtained from the equation: 

	 kgas1/kgas2 = (Scgas1/Scgas2)
n

where Sc is the Schmidt number for the relevant 
gas. In order to obtain values for k600, which 
is the k measured with SF6 and normalized to 
a Schmidt number (Sc) of 600, we used the 
empirical relationship presented by Cole and 
Caraco (1998): 

	 k600 = 2.07 + 0.215×U10
1.7

where U10 is the wind speed at 10 m height. 
Values of kCO2 were calculated from k600 val-
ues using the equation presented by Riera et.al. 
(1999):

	 kCO2 = k600 × (ScCO2/600)n 

Schmidt number for CO2 was calculated from 
empirical third-order polynomial fits to tem-
perature determined by Jähne et al. (1987). We 
assumed a value of -0.67 for n (Jähne et al. 
1987; Cole and Caraco 1998). The wind speed 
was assumed to be 3 m s-1, which is the aver-
age long-term open water period wind speed 
for the inland measurement stations in Finland. 
These measurements are carried out at a height 
of 10 m and may therefore slightly overestimate 
the wind speed for the smallest wind-sheltered 
lakes. 

The diffusive flux for CH4 was calculated in 
analogous way than for CO2, except kCH4 was 
calculated using exponent -0.5 for n according 
to Hamilton et al. (1994) and MacIntyre et al. 
(1995). The atmospheric concentration of CH4 
was assumed to be 1.72 µl l-1 for the year 1994 
and taking into account the annual increase of 
0.01% (Houghton et al. 2001).

To calculate the CO2 and CH4 emissions over 
the whole ice free period, the before ice out 
concentration was extrapolated over 0.5 months 
after the ice out. Similarly, the spring concen-
tration was assumed to last for 1.5 months, the 

summer time concentration for 3 months and 
the fall concentration over 2 months.

The CH4 storage was calculated for the whole 
lakes by multiplying concentrations values by 
the volume of each layer assuming horizon-
tal mixing of CH4. Storage change fluxes were 
calculated from the differences in CH4 storage 
between winter and spring, and between late 
summer and fall assuming that the excess CH4 
was released to the atmosphere. If storage was 
larger during spring and fall than during late 
winter and late summer the larger storage was 
used to calculate storage flux, since the timing 
of the sampling might have been too early. An-
nual flux of CH4 is the sum of the spring and fall 
storage change fluxes and the diffusive efflux 
over the open water period. Ebullition was not 
measured and it is not part of the estimate. 

2.4 Statistical analyses

The influence of land use/cover on lake wa-
ter C concentrations in the NLS database was 
studied by means of correlation, regression and 
principal component analysis (PCA) using the 
SAS 8.2 for Windows software. The regres-
sion analyses were performed by a stepwise 
multiple linear method (PROC REG/selection 
stepwise) and all cases with an absolute value 
of studentized residual exceeding 3 were ex-
cluded. The purpose of PCA is to transform a 
number of possibly correlated variables into a 
smaller number of uncorrelated variables called 
principal components. The first principal com-
ponent accounts for as much of the variability 
in the data as possible, and each succeeding 
component accounts for as much of the remain-
ing variability as possible.

2.5 Extrapolation of the results 
over the Boreal region

The results of annual CO2 emissions from the 
lakes (III, IV) and the long term C accumula-
tion into lake sediments (II) were extrapolated 
over the boreal region. The boreal region was 
defined by using ESRI (www.esri.com) arc-
data online service’s vegetation map including 
vegetation zones: boreal sub-Arctic vegetation, 
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taiga and mountain vegetation of taiga. This 
area was then used as a mask to separate the 
boreal region from MODIS data (Myneni et al. 
2001). Further, the total boreal lake area was 
then distributed into the five size classes us-
ing the lake size distribution of global lakes 
(for lakes > 1 km2; Meybeck 1995) and Finnish 
lakes (for lakes < 1 km2).

3 Results and discussion

3.1 Regulation of lake water C 
concentrations in heterogeneous 
catchment land use types 

3.1.1 Sources of TIC

In the NLS dataset the median TIC was 1.6 
mg l-1 (range 0.1 – 12 mg l-1) (Table 2) and 
the average pH was 6.7 (range 4.2 – 7.9), in-
dicating that the majority of TIC in the lakes 
consisted of bicarbonate and free CO2. Lakes 
in agricultural areas had higher average TIC 
concentrations than lakes in peatland-rich areas 
(Table 2). The subsets PEAT and FIELD had the 
same average total carbon (TC) concentration 
(12 mg l-1) and in both subsets the greatest part 
of C was organic, but the proportion of TIC 
of TC was significantly higher in the subset 
FIELD (31%) than in the subset PEAT (10%) 
(Figure 1) (V). Agriculture is concentrated on 
fine grained soils, where weathering reactions 
are more efficient due to greater specific surface 
area. Cultivation of these soils enhances weath-
ering by increasing the interaction with water. 
Fertilization and liming of agricultural land fur-
ther increase the load of base cations and TIC 
from the catchments. Reactions between clay 
minerals and water are faster than the reactions 
between water and coarse-grained minerals and 
consequently more inorganic matter, including 
base cations, is leached from clay soils than 
from glacial till or peatlands (Lahermo et al. 
1996). Corresponding results were found by 
Telmer and Veizer (1999) in the Ottawa river, 
where the highest DIC was recorded in a sub-
basin rich in carbonates and heavily used for 
agriculture. In this river basin, soil respiration 
and carbonate weathering were proposed to 

be the main sources of DIC, whereas in-river 
respiration and photosynthesis were not sig-
nificant in the river C budgets. Similar results 
were obtained by Raymond and Cole (2003) in 
the Mississippi river basin, where the alkalinity 
export increased as a function of the percentage 
of cropland in the catchment, whereas forests 
in the catchment decreased the alkalinity export 
(V).

In the PCA and correlation analysis of NLS 
data (Figure 2), agricultural land and built-up 
land were suggested to be important catchment 
sources of TIC in the whole dataset and in the 
subset FIELD. In the subset PEAT, where on 
average 48% of each catchment consists of for-
ests on mineral soils, these forests were more 
important sources of TIC than peatlands (V). 

3.1.2 Sources of TOC 

Peatlands have been recognized as an impor-
tant allochthonous source of organic C to lakes 
(e.g. Rapp et al. 1985; Rasmussen et al. 1989; 
Eckhardt and Moore 1990; Kortelainen 1993; 
D’Arcy and Carignan 1997; Xenopoulos et 
al. 2003). Peatlands in the catchment also in-
creased lake water TOC concentrations in this 
study (I, V). In the NLS data the proportion of 
TOC of TC was highest in the subset PEAT 
(90%) and lowest in the subset FIELD (69%) 
(Figure 1). Peatlands were proposed to be im-
portant catchment sources of TOC in the whole 
dataset and in the subset PEAT (I, V). However, 
agricultural land in the catchment also had a 
positive relationship with TOC concentrations, 
especially in forest- and peatland-rich areas (I, 
V). High export of organic C from agricultural 
areas has been reported by Correll et al. (2001), 
McTiernan et al. (2001) and Mattsson et al. 
(2007).

TOC concentrations in lakes were relatively 
high in both agricultural and peatland-rich areas 
(subsets FIELD and PEAT). The other water 
quality results, however, suggest differences 
in the quality of organic matter between the 
subsets. In the subset PEAT, water color was 
considerably higher than in the subset FIELD, 
partly due to higher Fe concentrations in PEAT. 
In humic lakes the dark water color may limit 
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primary production. Higher nutrient concentra-
tions together with better light conditions sug-
gest higher primary production in the subset 
FIELD. The average TOC:TON –ratio was sig-
nificantly lower (19 vs. 30) in the subset FIELD 
compared to the subset PEAT (V). On the basis 
of the whole-lake C isotope additions, Bade et 
al. (2007) reported that algal contribution to the 
DOC pool was 40% in a nutrient-enriched lake 
and 5% in a more humic lake. DOC of algal 
origin has little color, compared to the colored 
humic substances of terrestrial DOC (Meili 
1992), and furthermore, terrestrially fixed or-
ganic matter typically has a higher TOC:TON 
ratio compared to phytoplankton. The Redfield 
TOC:TON ratio of 6.6:1 indicates algal-derived 
material (Redfield et al. 1963), suggesting that 
the proportion of the algal derived material of 
TOC is higher in subset FIELD than in the sub-
set PEAT. In the lakes surrounded by mixed 
land use, organic matter exported from peat-
lands with high TOC/TON ratio is combined 
with the organic material supplied from agricul-
tural areas and with the organic material gener-

Figure 1. The relative contribution (%) of each C-species to the total C concentration in the whole dataset and in 
the subsets of southern Finland, northern Finland, PEAT, FIELD and MINERAL. Subset PEAT (peatland > 35% and 
agricultural land < 8%), subset FIELD (agricultural land > 10% and peatland <12%), subset MINERAL (forests on 
mineral soil > 75%, agricultural land <7% and peatlands < 7%) (cf. V). 

ated in primary production in lakes with higher 
nitrogen proportions, leading to lower average 
TOC/TON ratios (Figure 3).

In the subset MINERAL, the catchments are 
mainly forests on mineral soil, whereas in the 
subsets PEAT and FIELD the land use is more 
variable. There are also notable differences in 
the nutrient levels between the subsets. Because 
there are differences in the TOC/TON ratios 
of the organic matter originating from differ-
ent sources, it can be assumed that the less 
sources the tighter is the connection between 
TOC and TON in lake water. A uniform origin 
of the organic matter in the subset MINERAL 
was suggested by a stronger relationship be-
tween TOC and TON in the subset MINERAL 
(r=0.857, p<0.001) compared to the subsets 
PEAT (r=0.583, p<0.001) and FIELD (r=0.711, 
p<0.001) (Figure 2). In Finnish lakes most of 
the TN is organic (88% in NLS data).

Finnish lakes are shallow and extended lit-
toral zones are typical. Littoral zones are impor-
tant producers of organic C in the lake ecosys-
tem (Wetzel 1983), and their influence on the C 
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Figure 2. PCA analysis of the water quality and catchment variables in the subsets a) FIELD, b) PEAT and c) MIN-
ERAL. (See Figure 1 for explanation of abbreviations) (V).

budgets of Finnish lakes should not be under-
estimated. Lauster et al. (2006) suggested that 
littoral zones increase whole lake net ecosystem 
production especially in eutrophic systems. In 
the NLS data, the ratio of shoreline length to 
lake area was the most important predictor for 
lake water TOC (r = 0.40, p<0.001) in agri-
cultural areas (subset FIELD), where the most 
nutrient-rich lakes are located (V). The ratio of 
shoreline length to the lake area describes the 
shape of the lake; the greater the ratio, the more 
sheltered bays there are enabling the forma-

tion of dense littoral vegetation. Andersson and 
Kumblad (2006) found that the pelagial is fed 
with C fixed by primary producers in benthic 
and littoral zones, and that there was a strong 
interaction between the habitats. Biodegradable 
organic carbon was closely associated with the 
percentage of lake area covered by littoral zone 
in a survey of 12 lakes in Minnesota, suggesting 
that the aquatic macrophytes and lake surface 
sediments are a significant source of biodegrad-
able organic carbon in lakes (Stets and Cotner, 
2008).
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3.1.3 Sources and regulation of CO2 in 
lakes with variable catchments

In the different landscapes the highest median 
lake water pCO2 was found in the subset FIELD 
(1,200 µatm), in which partial pressure was sig-
nificantly higher than in the subset PEAT (810 
µatm). The proportion of CO2 of TIC varied 
between subsets, being highest in the subset 
PEAT (average pH 6.4), in which 53% of the 
TIC was in the form of CO2, and lowest in the 
subset FIELD (average pH 6.9), in which the 
proportion of CO2 was only 25% (Figure 1). 
Two sources of CO2 in lakes could be identified 
by statistical analysis of the data: weathering 
processes in the catchment, supported by the 
correlation between CO2 and Ca, Mg, SiO2 and 

TIC; and the decomposition of organic matter, 
supported by the correlation between CO2 and 
TOC, TN and TON (Figure 2). Higher CO2 as 
well as TIC in lakes in agricultural areas com-
pared to other subsets suggest both weathering 
and decomposition as sources of CO2. The high 
availability of organic matter for decomposi-
tion in the subset FIELD compared to the subset 
PEAT contributes to high pCO2. Raymond and 
Bauer (2001) demonstrated that heterotrophic 
bacteria in river water preferred young labile 
DOC over old refractory DOC, and further-
more that autochthonous C was preferentially 
utilized by bacteria compared to terrestrial 
DOC (Kritzberg et al. 2004). Bacterial growth 
on allochthonous organic C in lake water was 
also shown to be more efficient after addition 
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of inorganic nutrient (N and P) (Reche et al. 
1998). Water soluble and bioavailable organic 
C has been shown to be higher in agricultural 
soils than in forest soils (Boyer and Groffman 
1996) The strong negative correlation between 
percentage of water in the catchment and TOC 
concentrations indicates higher retention (either 
degradation or accumulation) of organic matter 
in lakes in the subset FIELD compared to the 
other subsets. (V). 

Dark water color in the subset PEAT may 
also restrict the photochemical decomposition 
of TOC in the subsurface layers, and conse-
quently, only a part of TOC may by available 
for further decomposition (Granéli et al. 1996). 
Part of the difference in inorganic C concentra-
tions between the subsets PEAT and FIELD is 
due to the lower equilibrium level of lake water 
CO2 in the subset PEAT, because lakes situated 
in catchments with large areas of peatland are 
typically acidic due to organic acidity (e.g. Ko-
rtelainen and Mannio 1988, Kortelainen et al. 
1989), whereas lakes in agricultural areas are 
more alkaline due to chemical weathering and 
liming (V). 

Lake water CO2 correlated more strongly with 
the total nutrients (N,P) than with TOC in most 
cases (IV,V), further suggesting the importance 
of the quality of substrate and the surrounding 
conditions (nutrient availability, water pH, water 
color) for decomposition processes. Only in the 
subset MINERAL was TOC the best predictor of 
CO2, which is most probably attributable to the 
very homogeneous land use in the catchments 
in this subset, and consequently, homogeneous 
quality of allochthonous C in lakes (V). Ågren 
et al. (2008a) reported differences in the qual-
ity of exported C between forests and peatland 
as expressed with absorbance ratio (A254/A365) 
and with DOC-specific ultraviolet absorption 
(SUVA254). The bioavailability of stream water 
C was significantly higher in the forested catch-
ments than in the peatland catchments (Ågren et 
al. 2008a and 2008b).

The dominance of decomposition process-
es versus weathering processes as a principal 
regulator of CO2 concentrations in lakes var-
ied between the subgroups, as suggested by the 
PCA analysis. In the whole dataset with mixed 

land use the dual sources of pCO2 were empha-
sized, whereas different processes dominated 
pCO2 concentrations in the subsets. In the subset 
PEAT, weathering in the catchments control-
led CO2 probably due to the refractory nature 
of organic matter and the unfavorable condi-
tions for decomposition processes (low nutri-
ent availability and dark water restricting photo-
oxidation). In the subset FIELD, decomposition 
mainly controlled CO2, supported by the close 
connection with TON, NO3 and NH4 in the PCA 
analysis. Both processes were indicated to be 
important in the subset MINERAL. The results 
also indicated that the more uniform the land use 
in the catchment, and consequently the quality 
of the allochthonous organic matter, the stronger 
is the connection between TOC and CO2 (V).

3.1.4 CH4 concentrations in lakes with 
variable catchments

The lakes characterized by nutrient-rich and 
calcareous water had high methane concentra-
tions and fluxes to the atmosphere. These lakes 
typically had a high proportion of agriculture 
in their catchments. High concentrations of nu-
trients and CH4 in these lakes cannot be related 
only to the agriculture in their catchments, be-
cause agriculture was originally initiated in the 
most naturally nutrient rich and calcareous soils. 
Eutrophic lakes in agricultural areas often have 
dense littoral vegetation, and shallow littoral 
sediments have been shown to be the major con-
tributors of CH4 to the atmosphere on a whole 
lake scale (Juutinen et al. 2003; Bastviken et al. 
2008). The methane concentrations in the bot-
tom water near the sediment during the stagna-
tion periods were highest in lakes suffering from 
anoxia and having the highest TP levels (Figure 
4), which is in good agreement with the results 
of Huttunen et al. (2003) and Bastviken et al. 
(2004). The catchments of these lakes had sig-
nificantly larger proportion of agricultural land 
and settlements, and significantly smaller pro-
portions of peatlands and water than the lakes 
with oxic bottom water and low TP (VI). 
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3.2 Sources and concentrations of 
TOC, TIC and CO2 in southern and 
northern Finland 

Variation in land use (Figure 5) and climate in 
different parts of Finland lead the main catch-
ment regulators of lake water TOC to vary in 
different regions (I). Studies in Finland show 
higher lake water TOC concentrations in the 
more heterogeneous catchments of southern 
Finland compared to northern Finland (Ta-
ble 2) (I). Weyhenmeyer and Karlsson (2009) 
have shown that DOC concentrations in lakes 
increase along a latitudinal temperature gradi-
ent. The multiple sources of TOC in southern 
Finland have the result that the connection be-
tween the proportion of peatlands in the catch-
ment and the TOC in the lake was stronger in 
northern Finland compared to the south (Figure 
6) and even stronger in the northernmost part 
of Finland, Lapland (R2=0.60) (I). Furthermore 
the same amount of peatlands in the catchment 
resulted in higher concentrations of TOC in 
southern than in northern Finland (Figure 6) 
(I; Kortelainen 1993). In northern Finland the 
overall transport of e.g. TOC, TN, TP and Fe 
from the catchments is lower (e.g. Kortelainen 
and Saukkonen 1998) than in the south due to 
longer frost and snow cover periods. The catch-
ment-lake connection can also be expected to 
be tighter in Northern Finland, because seepage 

lakes are more common in Lapland (17% of all 
lakes) than in other parts of the country (<5% of 
all lakes). In southern Finland chain-like water-
courses are typical and as a consequence there 
is a weaker connection between catchment and 
the lake water quality.

The retention of C in upper watercourses 
and in the lake itself had a stronger influence 
on lake water TOC concentrations in southern 
Finland than in northern Finland (I) (Figure 7). 
The lakes in southern Finland have on average 
lower CA/LA ratios than in the north (Table 2) 
and therefore, the lake water retention time can 
be expected to be longer in southern Finland 
than in northern Finland. The longer retention 
times also enhance the retention of C in the 
watercourses. Furthermore, cold climate and 
the low nutrient concentrations in lakes may 
retard decomposition in the north. In the south, 
nutrient export to lakes can be expected to be 
higher due to more heterogeneous catchments 
enhancing decomposition. The atmospheric 
deposition of nutrients as well as deposition of 
DOC is higher in southern Finland (Vuorenmaa 
2004; Lindroos et al. 2008). 

Agricultural area in the catchment was an 
important source for lake water TN and TP in 
the south, whereas in northern Finland mainly 
peatlands supplied total nutrients to lakes (I). 
The quality of organic matter and availability 
of nutrients were important for efficient decom-

 

Figure 4. Mean CH4 concentrations of the water close to the bottom in the winter (a) and the summer (b) in the 
lakes categorized by frequency of anoxia and total phosphorus (Ptot). The two extreme categories (anoxic in sum-
mer and winter, high phosphorus vs. never anoxic, low phosphorus) have been circled (VI).



22 	 Rantakari Monographs of the Boreal Environment Research No. 35

position of organic matter in lakes, because the 
highest pCO2 concentrations both in the north 
and the south were observed in lakes with the 
highest total nutrient (TN, TP) concentrations 
rather than high TOC concentrations (V).

In northern Finland, lake water pH was slight-
ly higher than in southern Finland, reflecting the 
more alkaline bedrock and lower acid deposi-
tion. Partly due to higher pH, pCO2 in lakes 
was lower in the north compared to southern 
Finland (Table 2) and the proportion of CO2 of 
TIC was lower in northern Finland (Figure 1). 
The higher lake water pCO2 in southern Finland 
also reflected the more efficient degradation of 
organic matter in the Southern Finland due to 
both climate and more heterogeneous land use. 

TIC concentrations were of the same mag-
nitude in southern and northern Finland, al-
though the highest lake water concentrations 
were measured in the north. In southern Finland 
TIC concentrations in lakes were highest in the 
agricultural areas, whereas in northern Finland 
land use of the catchment was not related to 
the highest values (Figure 8). However, the 
same or higher lake water TIC concentrations 
in the north compared to the south implies that 
catchment sources of TIC are also important in 
northern Finland.

In southern Finland clay and silt deposits 
in the coastal areas extend at best hundreds of 
kilometers inland, but are rare in other parts 
of the country. Clay deposits in coastal areas 
are largely used for crop cultivation and pas-
ture, promoting the close connection between 

agricultural land and TIC in southern Finland. 
Furthermore, base cation deposition is higher 
in the south. Alkalinity, TIC and base cation 
concentrations correlate strongly, and conse-
quently in southern coastal areas median TIC 
concentrations in lakes are higher (2.0 mg l-1) 
than in other parts of the country.

In catchments with geochemically reac-
tive alkaline bedrock HCO3

- concentrations in 
natural waters are higher than in catchments 
with weathering-resistant bedrock (Lahermo 
et al. 1996). In Finland the bedrock is mainly 
acidic, causing poorly buffered waters. In parts 
of southern Finland, high alkalinity of the clay 
deposits masks the effect of acidic bedrock 
underneath, whereas in northern Finland the 
type of bedrock determines the TIC concentra-
tions of the surface waters because clay soils 
are absent. In northern Finland the mafic and 
ultramafic layered intrusions and areas with 
schist and greenstone result in well buffered, 
high alkalinity surface waters in parts of the 
region, whereas granite bedrock together with 
thin soils cause poorly buffered waters in some 
other areas (Kähkönen 1996). Therefore, in 
northern Finland it is difficult to predict TIC 
concentrations of the surface waters with land 
use data, because land use does not necessarily 
follow the type of bedrock. As a conclusion, in 
inhabited areas in the Boreal zone, agricultural 
land is an important source of TIC in lakes, 
whereas in the largely uninhabited areas TIC 
concentrations in lakes are most probably af-
fected by the bedrock and the soil type in the 
catchment. 
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Figure 7. The relationship between the proportion of water in the catchment (%) and TOC content (mg l-1) of the 
lake water a) in southern Finland (y = -0.276x + 3.06; R2 = 0.42) and b) in northern Finland (y = -0.164x + 2.27; R2 

= 0.09).
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3.3 Regulation of C concentrations 
and fluxes in lakes of different size

The largest lakes in Finland are typically of 
drainage type, with many smaller lakes up-
stream. In the NLS data the average proportion 
of water in the catchment is 15% in the lakes 
over 10 km2, but only 6.3% in the lakes un-
der 0.1 km2 (I). Control of TOC concentrations 
in lakes larger than 10 km2 by retention was 
indicated by the negative correlation (r=-0.61) 
between water percentage in catchment and lake 
water TOC concentration (I). The catchments 
of the largest lakes are correspondingly large; 
the average size of the catchments of the lakes 
over10 km2 was 1500 km2 (I), and furthermore, 
the catchments of the largest lakes (>100 km2) 
cover altogether 137 000 km2, 45% of the total 
area in Finland (III). The large catchments of the 
large lakes embrace the average land use in Fin-
land, whereas the small lakes are typically situ-
ated in forested upland areas, with little human 
activity (agriculture, settlements) (I). Despite 
the evidence of C retention along the lake chains 
before water reaches the largest lakes, the strong 
correlation between the annual precipitation in 
Finland and the average annual emission of CO2 
from the largest lakes (Figure 9) suggests that 
part of the organic C leached by precipitation 

from the catchments is carried downstream and 
processed in the largest lakes (III).

The C pool in Finnish lake sediments repre-
senting the whole period after the last glaciation 
was 0.62 Pg and the areal C stock in lakes was 
19 kg C m-2 (II). The largest C pool was found 
in the middle-sized lakes (0.1-10 km2) (Figure 
10). However, when the C stock was calculated 
per square metre of the lake area, the smallest 
lakes had the greatest stocks (II). Greater or-
ganic C burial in small impoundments than in 
large ones was also reported in U.S (Downing 
et al. 2008). The low areal stock in the large 
lakes is at least partly due to the low proportion 
of the total lake bottom serving as accumulation 
area, whereas in small lakes the whole bottom 
can often be classified as an accumulation area. 
The carbon burial efficiency in sediments has 
been shown to be negatively related to oxygen 
exposure time (Sobek et al. 2009). Many small 
lakes in our data are either eutrophic or humic, 
and both of these lake types are susceptible to 
oxygen deficiency (cf. VI), thus enhancing car-
bon burial in these lakes.

The annual CO2 emission estimates from 
Finnish lakes divided into five size classes 
(Table 3, III, IV) and multiplied by the area of 
the corresponding lake size classes suggest that 
Finnish lakes emit annually 1400 Gg C. This 
is approximately 20% of the average annual C 
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accumulation in Finnish forest soils and tree 
biomass (covering 56 % of the total land area) 
in the 1990s (Liski et al. 2006). On an annual 
level, both CO2 emission into the atmosphere 
and the burial of C into lake sediments were 
greater in the small lakes per unit area (Table 
3) (II, IV, Pajunen 2004). The smallest lakes 
are often very shallow and their water volume 
is small, and therefore the sediment area-to-vol-
ume ratio is high leading to efficient interaction 
between the sediment and the atmosphere. In 
summer the sediment temperature in the pela-
gial area can be expected to be higher in shallow 
lakes than in deep, strongly stratified lakes, thus 
enhancing the degradation. However, if the C 
fluxes are calculated into the absolute amounts 
of C processed annually, the large lakes are also 
important conduits for C fluxes (Table 3). The 
longer water retention times of the large lakes 
compared to small lakes probably enhance the 
role of the large lakes as units for C processing 
in the catchment. 

Emission into the atmosphere was a more 
important route for C departure from lakes 
than sedimentation. In the smallest lakes an-
nual CO2 emission was over 40 times higher 
than the burial of C into sediment. In the other 
lake size classes emission to the atmosphere 
was approximately 20 times higher than the 
sedimentation (Table 3, IV). However, as the 
retention times of water in shallow, small lakes 
are often short, the high rate of C processing 

and departure is rather unexpected. A strong 
positive relationship between organic C loss in 
the catchment and mean catchment water resi-
dence time has been reported in Sweden (Al-
gesten et al. 2004). It is possible that part of the 
CO2 and CH4 that is emitted to the atmosphere 
from the smallest lakes is not autochthonous, 
but transported in gaseous form from the catch-
ment and released into the atmosphere from 
lakes (Striegl and Michmerhuizen 1998). Kratz 
et al. (1997) found a strong positive relation-
ship between the sum of base cations in lakes 
and in their groundwater input. In this study 
we found a strong positive correlation between 
Ca and CO2 (V), and therefore it can be posited 
that CO2 can also be transported to lakes via 
groundwater. CO2 originating from the decom-
position processes in the catchment can also be 
transported to lakes via streams. The horizontal 
concentration gradients have shown methane to 
enter lakes from incoming streams or adjacent 
peatlands (Schmidt and Conrad 1993; Larmola 
et al. 2004; Murase et al. 2005; Repo et al. 
2007; Bastviken et al. 2008).

The average Holocene burial of C into the 
lake sediments is annually low, on average only 
2 g C m-2a-1 (Table 3) (II). The amount of C that 
is buried is small compared to the C burial esti-
mates from the sediment traps in small Swedish 
lakes (55 ± 44 g C m-2a-1) (von Wachenfeldt 
and Tranvik 2008). The difference between the 
long term and the short term estimates suggests 

Table 3. Estimated annual carbon emission into the atmosphere, average annual Holocene carbon accumulation in 
sediments, average annual carbon departure (CO2 emission + carbon accumulation in sediments) and emission/accu-
mulation ratio in different lake size classes.

Lake size (km2) <0.1 0.1-1 1.0-10 10-100 >100 All lakes

Number of lakes in Finland 172 185 13 114 2 283 279 47 187 888

Total lake area (km2) * 1671 3934 5703 7227 14 128 32 663

CO2-C emission (g C m-2 a-1) ** 102 66 56 37 25  42 ††

C accumulation (g C m-2 a-1) † 2.4 4.0 3.1 1.8 1.0 2.0

CO2-C emission (Gg C a-1) 170 260 320 270 350 1400

C accumulation (Gg C  a-1) 4 16 18 13 13 65

C departure (Gg C a-1) 174 276 338 283 363 1465

Emission/accumulation ratio 43 17 18 21 26 21

* Raatikainen and Kuusisto (1990)
** (III, IV)
Pajunen (2004) †
†† Area weighted average
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oligotrophic lakes (Algesten et al. 2005). The 
contradictory results may be a consequence 
of different time scales; the incubation period 
in the cited work was 1-2 days, whereas our 
results mainly reflect the situation after a few 
months of stratification. The very low rate of 
the long-term burial of C suggests that the deg-
radation continues in the sediment over a long 
time period. In an oligotrophic lake in Finland 
the annual CO2 production of deep profundal 
sediment has been estimated to be 30 g CO2 m

-2 
and in shallow littoral sediment 114 g CO2 m

-2 
(Bergström et al. 2010). 

Although methane is an important green-
house gas its implications for the whole lake 
carbon budget are small. Methane concentra-
tions in the lake pelagial area were very low 
especially in the large lakes in all seasons and 
depths, and consequently the total storage of 
methane in the water volume and the methane 
emissions were also small (VI). Pelagial meth-
ane concentrations and emissions were highest 
in shallow lakes, which are also the smallest 
lakes in the data. The high interaction between 
the whole water column and sediment in shal-
low lakes partly explains the differences, but 
in shallow lakes the proportion of the surface 
area covered with littoral vegetation can also 
be expected to be larger and the lake littoral 
areas have been shown to be large contribu-
tors of methane in previous studies (Smith and 
Lewis 1992; Juutinen et al. 2003; Kankaala et 
al. 2005; Bergström et al. 2007). In large and 
often deep lakes methane produced near the 
sediment during stratification can also be more 
susceptible to oxidation than outgassing into the 
atmosphere, due to more force and time needed 
for proper mixing of the water column (VI).

In Finland, where chain-like lake systems 
are very common, the smallest lakes are of-
ten situated at the top of the lake chains and it 
can be hypothesized that the largest particulate 
matter, both autochthonous and allochthonous, 
sediments in the first basins. Kortelainen et al. 
(1986) reported that the proportion of high mo-
lecular weight organic matter (i.e. particulate 
and colloidal fractions) was high in humic first 
order lakes with large catchments, where the 
retention times are short and the input of alloch-

Figure 10. a) Proportion of the total lake area (LA) of 
Finland occupied by the five size classes (cf. Raatikainen 
and Kuusisto, 1990), b) distribution of sediment C 
stock in the five lake size classes based on values mea-
sured from the 118 lakes and calculated for the NLS 
lakes using equation √ Average C stock (kg m-2 LA) 
= 7.01 – 0.312 ln LA (m2) + 0.544√ Field (%) +  0.402 
ln Fetot (µg l-1) – 0.247 ln NO3-N (µg l-1) and c) total C 
pool in the five lake size classes in Finland. N repre-
sents number of study lakes and number of NLS lakes 
in the five lake size classes. Four outliers in the size 
class <0.1 were excluded from the measured values (II).
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not only that the degradation of organic matter 
is efficient in lake sediments, but also that the 
degradation products (CO2, CH4) are emitted 
into the upper water layers and from the surface 
water also to the atmosphere (IV, VI). These 
results are in contradiction with incubation 
experiments in which the sediment respiration 
contributed only 10 % to the CO2 emission in 
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thonous organic matter is high, whereas in the 
clear water first order lakes with long retention 
time low molecular weight organic matter (i.e. 
dissolved) dominated. Low molecular weight 
organic matter was also shown to dominate in 
the lower reaches of the watercourse, with an 
assumption that the main part of the high mo-
lecular organic matter had settled or decom-
posed in the upper lakes. In our study of the 
total C pool in the Finnish lake sediments, the 
Holocene sediment C stock had a strong posi-
tive correlation with the present lake water Fe 
content (II). Kortelainen et al. (1986) observed 
that high molecular organic matter had a strong 
positive correlation with total Fe concentration. 

Raymond and Bauer (2001) observed in long 
term, dark incubations of river water that young 
labile DOC was first degraded and that remain-
ing DOC was much older than the original ma-
terial. Therefore, probably only the most labile 
and young organic matter is decomposed in 
the first basins of the lake chains and the older 
and more refractory matter flows through. The 
degradation of more refractory organic matter 
is more efficient in the larger and often more 
clear water basins down stream, with longer 
residence times and more favourable conditions 
for photo-oxidation. Furthermore, von Wachen-
feldt et al. (2008) observed that flocculation of 
allochthonous DOC was stimulated by light, 
thus enhancing sedimentation of C in lakes.

3.4 Regulation of lake water 
carbon in different seasons 

In the NLS dataset, which was sampled dur-
ing the fall overturn, the input of TIC from the 
catchments determined the concentrations in 
lakes. TIC was of weathering origin, as sug-
gested by the correlation with lake water Ca, 
Mg and SiO2. The decomposition of organic 
matter was generally not an important source 
for the main part of TIC, although decomposi-
tion contributed to the CO2 content of the lakes 
because in the statistical analyses there was no 
correlation between TIC and TOC. Further-
more, TIC was more closely linked to catch-
ment characteristics than pCO2, suggesting that 
although TIC mainly enters the lakes from the 

surrounding catchments, CO2 is also produced 
within the lake ecosystem (V). 

Two sources of CO2 in lakes during fall 
overturn could be identified by the statistical 
analysis of the NLS data: weathering processes 
in the catchment, supported by the correlation 
between CO2 and Ca, Mg, SiO2 and TIC; and 
decomposition of organic matter in the lake, 
supported by the correlation between CO2 and 
TOC, TN and TON (V). In a solute budget con-
structed for the Ipswich River basin, Williams et 
al. (2005) found that chemical weathering was 
the largest source of Ca, Mg and SiO2. In their 
study, and also in our data, the agricultural and 
urban areas of the catchment had strong posi-
tive correlations with base cation concentra-
tions in the water. Billett et al. (2007) suggested 
that carbonate weathering may be an important 
source of DIC in UK peatland streams. The 
mixing of carbonate rich groundwater with low 
pH organic-rich peatland soil solutions can lead 
to the formation of significant amounts of free 
CO2. They further proposed different sources 
for DOC and CO2 on the basis of the different 
ages and δ13 signatures of DOC and CO2. The 
importance of the weathering processes in the 
catchment as a source of TIC and CO2 can be 
expected to be characteristic to fall. In fall, the 
water discharge from the catchments is often 
higher than in winter and summer, and there-
fore, in-lake processes are expected to dominate 
in winter and summer, whereas the influence of 
the catchments is emphasized in fall. 

Degradation of organic matter was an impor-
tant source of CO2 and CH4 in lakes, especially 
during the stratification periods, as was suggest-
ed by the strong negative correlation with O2 
saturation (IV,VI). Degradation as a source of 
CO2 during winter stagnation in Finnish lakes 
was also demonstrated by the 13C content of 
DIC (Striegl et al. 2001). Lake water CO2 had 
a positive correlation with TOC in both GL (IV) 
and NLS (V), as shown for Swedish lakes by 
Sobek et al. (2003). CH4 in lakes also correlated 
with TOC (VI). 

In the GL data there were measurements 
from four seasons, thus enabling comparison 
between the seasons. The PCA analysis sug-
gests that different processes control the CO2 
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and CH4 concentrations in different seasons. 
In-lake degradation as an important CO2 and 
CH4 source during the stagnation periods was 
suggested by stronger interaction between TOC 
and CO2 or CH4 during the winter and sum-
mer than in other seasons. In fall the connec-
tion with TOC was weaker, indicating either 
the allochthonous source of CO2 and CH4 or 
the efficient loss of gases into the atmosphere 
(Figure 11). During the summer stratification 
the bottom water CO2 and CH4 had a closer 
connection with the total nutrients TN and TP 
than with TOC, probably due to the continuous 
supply of easily degradable fresh organic matter 
to the sediment. A close connection between 
CO2, TOC, TN and TP in the bottom water dur-
ing winter (Figure 11) suggests a homogeneous 
organic matter source for degradation, which is 
in good agreement with stagnant winter condi-
tions with little supply of new material. This 
also is in agreement with the large lakes data, in 
which high discharge in the fall predicted high 
CO2 emission in the next spring, suggesting that 
the allochthonous organic matter transported to 
the lakes during the fall period is processed and 
decomposed during winter and that decomposi-
tion products (CO2) are released with the ice 
melt (III, Striegl 2001). In summer the response 
was more rapid, and the high precipitation in 
the summer months predicted high CO2 concen-
trations during the same summer (III). 

Degradation during the stagnation periods, 
winter and summer, was indicated to be con-
centrated either in the hypolimnion or in the 
sediments. There was a strong vertical gradient 
in CO2 and CH4 concentrations, with the high-
est concentrations near the sediment and also a 
strong negative correlation with the O2 satura-
tion rate (IV, VI). The CO2 concentrations in 
surface water had a strong positive correlation 
with the CO2 concentrations near the sediment 
demonstrating that also surface water CO2 orig-
inates partly from the hypolimnion during stag-
nation periods (IV). The PCA analysis showed 
closer connection between CO2 and TOC in 
the hypolimnion than in epilimnion, further 
suggesting that degradation mainly occurred 
in hypolimnion or in sediment. CH4 concentra-
tions did not exhibit similar correlation between 

surface water and near sediment water layers, 
suggesting different sources. CH4 is typically 
produced in the anoxic hypolimnion and in the 
sediment and consumed in the oxic epilimnion 
by methanotrophs (Rudd and Hamilton 1978; 
Liikanen et al. 2002; Kankaala et al. 2006). 
Furthermore, the surface water CH4 probably 
originated from other sediments than just be-
low the sampling point, for example from the 
littoral sediments, and were transported to the 
sampling point due to lateral mixing of water 
(Bastviken et al. 2008) (VI).

Figure 11. PCA analysis of the bottom water quality 
and catchment variables in the gas lakes (GL) data in 
the subsets a) winter and b) fall. 
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3.5 Extrapolation of CO2 emission 
to the atmosphere and Holocene 
carbon pools in lake sediments

The randomly selected lake datasets of this 
study enable extrapolation of the results to all 
lakes of the boreal region. Lake size was chosen 
as an extrapolation tool since both areal C pool 
in lake sediments and CO2 emission into the 
atmosphere were larger in small, shallow lakes 
than in large deep lakes. Furthermore, lake size 
can easily be determined for a representative 
lake population. 

We estimated the total annual CO2 emission 
from boreal lakes to be 47 Tg C, by multiplying 
the lake area specific CO2 emission estimates 
(Table 3, IV) by the total area of the correspond-
ing lake size classes in the whole boreal region. 
The other approach, multiplying the average 
Finnish CO2 emission estimate, 42 g C m-2, 
by the total area of the boreal lakes, gave an 
estimate of 59 Tg C a-1 (IV). Globally, it has 
been estimated that CO2 emission from lakes 
is 0.53Pg C annually (Tranvik et al. 2009), of 
which, according to our results, the Boreal lakes 
represent 9-11%. 

Correspondingly, we estimated the total lake 
sediment C pool in the boreal region to be 21 Pg 
by multiplying the lake area specific C stock es-
timates (Table 3, II) by the total area of the cor-
responding lake size classes in the whole boreal 
region. A slightly larger estimate (27 Pg) was 
obtained if the average lake area weighted C 
stock in Finnish lakes, 19 kg m-2, was multiplied 
by the total area of boreal lakes. Assuming that 
C has accumulated in boreal lakes at a constant 
rate over the 10 000 years since the continental 
ice retreat, the annual sink in boreal lakes would 
be 2-3 Tg C a-1 (II). Therefore, our estimation 
for the annual C emission from boreal lakes was 
on average 21-fold higher compared to the av-
erage permanent C accumulation in Holocene 
lake sediments (IV).

These results clearly demonstrate that lakes 
are important sites for C cycling in the boreal 
region by burying C and also by transferring 
terrestrially fixed C into the atmosphere. There 
are, however, several potential sources of error 
in extrapolations of this kind. First of all, our 

data is restricted to lakes with a minimum size 
of 0.04 km-2. Downing et al. (2006) estimated 
that global extent of natural lakes is twice as 
large as previously known and dominated in ar-
ea by millions of small waterbodies. If it holds 
true that both C accumulation and emission into 
the atmosphere are higher in small lakes, both 
calculated boreal C stock and C emission may 
be underestimates because the smallest lakes 
are not included. Secondly, results from Finn-
ish lakes are not representative for the entire 
boreal region, because, for example, there are 
no mountainous areas in Finland, and further-
more, our acidic Precambrian bedrock is a very 
different setting for lakes compared to the more 
calcareous areas. Possible source of error are 
described in (IV, p. 1564).

3.6 Impacts of climate change on  
CO2 emission from lakes

Climate change may further enhance the role 
of lakes in C cycling in boreal landscapes. The 
snow-covered period has shortened in the north-
ern latitudes; in particular snowmelt occurs 
earlier (Lemke et al. 2007). As temperatures 
increase, the possibility of precipitation falling 
as rain rather than snow increases, especially 
at the beginning and end of the snow season 
and in areas where temperatures are close to 
freezing. The climate change scenarios predict 
increasing rainfall and temperature in North-
ern Europe, which means frequent snow melt 
events during winter, and increasing rain during 
summer (Lemke et al. 2007). In Finland the 
climate change scenarios predict that the annual 
mean precipitation will increase by 0–15 % by 
the 2020s. The corresponding increases by the 
2050s are 0–30% and by the 2080s 5%–40% 
(Jylhä et al. 2004).

The annual CO2 emission from the large 
lakes in Finland followed closely the precipita-
tion pattern (III). The close connection between 
annual CO2 emission and precipitation implies 
that CO2 is transported to lakes from the catch-
ments or that the organic C produced in the 
terrestrial ecosystem is carried to the lakes and 
decomposed there, generating supersaturation 
of CO2. Interannual variability in pCO2 in lakes 
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in Quebec was also suggested to be driven by 
regional patterns in precipitation (Roehm et al. 
2009). Organic C export simulations based on 
climate change scenarios and neural network 
modelling indicate increasing DOC fluxes in 
Canadian rivers (Clair et al. 1999) and in Finn-
ish headwater streams (Holmberg et al. 2003). 
Our results suggest that increasing precipitation 
will also increase CO2 emissions from lakes.

Climate change-induced higher transport of 
substances to lakes can also result in eutrophi-
cation. Our results show higher CO2 and CH4 
flux from eutrophic lakes compared to oligo-
trophic lakes; especially under the ice cover 
strongly elevated CO2 and CH4 concentrations 
were found (IV, VI). The biological, chemical 
and physical processes involved in organic mat-
ter mineralization consume oxygen, which can 
result in oxygen depletion and further acceler-
ate the eutrophication process (III, IV).

4 Conclusions

Lakes in different landscapes vary in their C 
quantity and quality. In both agricultural and 
peatland-dominated areas C content in lakes is 
high, but the proportion of inorganic C in lakes 
is much higher in agricultural areas compared 
to the lakes surrounded by peatlands. Corre-
spondingly, the organic matter quality shows 
differences between agricultural and peatland 
areas, as estimated by TOC/TON ratio. In 
catchments with homogeneous land use/cover 
there is a close relationship between TOC and 
CO2 in lakes, probably due to the homogeneous 
quality of the allochthonous C in the lake. In 
the case of mixed land use the allochthonous 
C originates from several sources, and there-
fore there is no clear connection between TOC 
and CO2 in lakes. Lake water TIC is strongly 
dependent on the bedrock and soil quality in 
the catchment, especially in areas where hu-
man influence in the catchment is low. In in-
habited areas both agriculture and habitation 
in the catchment increase TIC concentrations 
in lakes, probably because in the disturbed soils 
both weathering and leaching are more efficient 
than in pristine areas. 

TOC concentrations in lakes are related to ei-
ther catchment sources, mainly peatlands, or to 
retention in the upper watercourses. Retention 
as a regulator of the TOC concentrations domi-
nated in southern Finland, whereas the peatland 
sources were more important in the north. The 
homogeneous land use and the restricted catch-
ment sources of TOC together with the large 
proportion of seepage lakes contribute to the 
close relationship between peatlands and the 
TOC concentrations in the northern lakes. In 
southern Finland the more favorable climate for 
degradation and the heterogeneous catchments 
leading to multiple sources of TOC highlight 
the importance of retention. 

Both CO2 and CH4 concentrations and emis-
sions were high in the eutrophic lakes. Autoch-
thonous sources of organic matter combined 
with allochthonous sources contribute to the net 
heterotrophy also in the productive lakes. High 
availability of nutrients and fresh organic mat-
ter enhance degradation in these lakes. Eutro-
phic lakes are often small and shallow, enabling 
intensive contact between the water column and 
the sediment. At the landscape level, the lakes 
in agricultural areas are often eutrophic due to 
fertile soils and fertilization of the catchments, 
and therefore they also showed the highest CO2 
and CH4 concentrations. 

C processing was intensive in the small lakes. 
Both CO2 emission and the burial of C into sedi-
ments per square meter of the lake area were 
highest in the smallest lakes. However, because 
the total area of the small lakes on the areal 
level is limited, the large lakes are important 
units in C processing in the landscape scale.

Both import from the catchments and in-lake 
degradation were suggested to be important 
sources of CO2 and CH4 in fall when the lake 
water column was intensively mixed and the 
transport from the catchment was high due to 
the rainy season. In the stagnant periods, espe-
cially in the winter, in-lake degradation as a gas 
source was highlighted due to minimal mixing 
and little transport of C from the catchment. 

The strong relationship between the annual 
CO2 level of lakes and the annual precipitation 
suggests that climate change can have a major 
impact on C cycling in the catchments. Increase 
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in precipitation enhances DOC and DIC export 
from the catchments and leads to increasing 
greenhouse gas emissions from lakes.

Yhteenveto

Hiili esiintyy järvissä sekä orgaanisessa että 
epäorgaanisessa muodossa. Orgaaninen hiili 
voi olla peräisin järvessä tapahtuvasta perus-
tuotannosta tai huuhtoutua järveen ympäröivän 
valuma-alueen kasvillisuudesta tai maaperäs-
tä. Epäorgaaninen hiili esiintyy järvessä joko 
liuenneina bikarbonaatteina, karbonaatteina 
tai kaasumaisessa muodossa hiilidioksidina ja 
metaanina. Bikarbonaatti on peräisin maape-
rässä tapahtuvasta rapautumisesta, mutta hiili-
dioksidi muodostuu pääosin orgaanisen aineen 
hajoamisen seurauksena. Hapettomissa oloissa 
hajoamisen seurauksena muodostuu metaania. 

Järvet ovat tärkeä osa ekosysteemin hii-
lenkiertoa, koska maaekosysteemistä huuhtou-
tunutta orgaanista ainesta hajoaa järvissä muo-
dostaen ilmastoa lämmittäviä metaani- ja hiilid-
ioksidikaasuja. Osa järvessä muodostuvasta ja 
ympäröivältä valuma-alueelta tulevasta hiilestä 
varastoituu järvien pohjasedimenttiin.  Tässä 
tutkimuksessa selvitimme järvien roolia hii-
likaasujen lähteenä ja hiilen varastona. Lisäksi 
tutkimme valuma-alueelta järviin tulevan hiilen 
alkuperää sekä hiilen eri muotojen (orgaaninen, 
epäorgaaninen) suhteellista osuutta erilaisissa 
järvissä. Tutkimus perustuu satunnaisotannalla 
valittuun Pohjoismaiseen järvikartoitusaineis-
toon, joka käsittää 874 järveä etelärannikolta 
pohjoisimpaan Suomeen. Laaja aineisto mah-
dollistaa tulosten yleistämisen Suomen ja koko 
boreaalisen alueen mittakaavassa. 

Erityyppisillä alueilla sijaitsevat järvet 
poikkesivat toisistaan järviveden hiilen määrän  
suhteen. Hiilen kokonaismäärä vedessä oli su-
urin maatalous- tai turvemaavaltaisilla alueilla. 
Turvemaavaltaisilla alueilla orgaaninen hiili 
oli pääasiallinen hiilen muoto järvissä, mutta 
maatalousvaltaisilla alueilla sekä orgaanisen 
että epäorgaanisen hiilen pitoisuudet olivat 
suuria. Metsäisillä mineraalimailla sijaitsevat 
järvet olivat tyypillisesti vähähiilisiä. Tutkimus-
tulosten perusteella voitiin havaita että järvien 
orgaanisen hiilen pitoisuudet määräytyivät 

järveä ympäröivältä valuma-alueelta, lähinnä 
turvemailta, tulevan kuormituksen perusteel-
la etenkin Pohjois-Suomessa. Yläpuolisissa 
järvissä tapahtuva orgaanisen aineen pidätty-
minen hajoamisen tai sedimentoitumisen myötä 
oli etenkin eteläisessä Suomessa keskeinen 
järvien orgaanisen hiilen määrää säätelevä 
tekijä, mikä johtui valuma-alueiden pohjoista 
monipuolisemmasta maankäytöstä (maatal-
ous, asutus) ja orgaanisen aineen hajoamiselle 
suotuisemmista olosuhteista etelässä. Valuma-
alueen kallioperä ja maaperä vaikuttivat järvien 
epäorgaanisen hiilen pitoisuuksiin. Asutuilla 
alueilla maanviljelys lisää järvien epäorgaan-
isen hiilen pitoisuuksia, sillä maanviljelys on 
myös tyypillisesti keskittynyt hienojakoisille 
maille, joissa rapautuminen on nopeampaa. 

Tämän tutkimuksen tulosten perusteella jär-
vien rehevöityminen lisää järvien luontaisia 
hiilidioksidi- ja metaanipäästöjä. Orgaanisen 
aineen hajotus tehostuu, kun ravinteita on riit-
tävästi saatavilla ja lisäksi rehevät järvet tuot-
tavat runsaasti helposti hajoavaa orgaanista 
ainetta. Rehevimmät järvet ovat usein pieniä 
ja matalia, mikä tehostaa myös pohjalietteestä 
vapautuvien kaasujen pääsyä ilmakehään. 
Maatalousalueilla sijaitsevat järvet ovat usein 
keskimääräistä rehevämpiä pelloilta huuhtoutu-
vien ravinteiden vuoksi. Verrattaessa hiilen 
prosessointia eri kokoisissa järvissä havaittiin, 
että orgaanisen aineen hajotus ja sedimentaa-
tio olivat tehokkaimmillaan pienissä järvissä. 
Hiilidioksidi ja metaanipäästöt järvistä sekä 
hiilen pysyvä varastoituminen järvisediment-
tiin olivat pinta-alaan suhteutettuina suurimpia 
pienissä järvissä. Pienten järvien kokonaispin-
ta-ala Suomessa on kuitenkin suuriin järviin 
verrattuna pieni, joten kokonaispäästöiksi ja 
varastoiksi laskettuina myös suuret järvet ovat 
tärkeitä valuma-alueiden hiilenkierrossa. 

Eri vuodenaikoina järvien hiilidioksidi ja 
metaanipitoisuuksien säätelyssä havaittiin ero-
ja. Syksyisin, kun sademäärät usein ovat suuria 
ja valuma-alueelta veden mukana kulkeutuvia 
aineita on järvissä paljon, sekä järven sisäisissä 
prosesseissa syntyvillä että valuma-alueelta 
kulkeutuvilla hiilidioksidilla ja metaanilla oli 
merkitystä järvien pitoisuuksiin. Talvella, kun 
järven ulkopuolelta tuleva kuormitus on pieni, 
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järven oman hajotustoiminnan tuloksena synty-
vien kaasujen määrä oli ratkaiseva. Vuosittaisen 
sademäärän ja järvien vuosittaisten hiilidiok-
sidipäästöjen väliltä löydettiin voimakas riip-
puvuus, joka todennäköisesti johtui siitä, että 
sateisina vuosina valuma-alueilta huuhtoutui 
järviin enemmän orgaanista ainetta. Tämä tulos 
viittaa siihen, että jos sademäärä kasvaa ilmas-
tonmuutoksen myötä, myös luonnon lähteistä 
tulevat hiilidioksidipäästöt kasvavat. 

Järvisedimetteihin viime jääkauden jälkeen 
Suomessa varastoitunut hiilimäärän arvioitiin 
olevan 0,62 Pg, joka on kolmanneksi suurin 
luonnon hiilivarasto Suomessa soiden ja met-
sämaiden jälkeen. Suomen järvien vuotuisiksi 
hiilidioksidipäästöiksi arvioitiin 1400 Gg.

Acknowledgements

This study was carried out at Finnish Environ-
ment Institute (SYKE) and funded by the Acad-
emy of Finland and by the Ministry of Environ-
ment. I want to especially acknowledge my su-
pervisor and colleague Pirkko Kortelainen for 
sharing her wide expertise on carbon dynamics 
and for all the encouragement during the years. 
I would like to thank the head of the department 
in SYKE prof. Martin Forsius for the support 
and encouragement. I also would like to thank 
all my co-workers in SYKE for many enlight-
ening conversations and hilarious moments at 
the coffee table. My special gratitude belongs 
to Tuija Mattsson and Irina Bergström for the 
mental support during the years, and especially 
for shearing my agony during the final stages of 
the dissertation process. Sari Juutinen deserves 
my gratitude for sharing her expertise on CH4 
dynamics, Sari, I really learned a lot! I grate-
fully acknowledge the reviewers of this work, 
Dr. Anne Ojala and Dr. Robert Striegl for many 
valuable comments that improved this thesis. 
I would also thank Ritva Koskinen and Seija 
Turunen for the layout and Michael Bailey for 
revising the English language of this thesis and 
the articles. This work would not have been 
possible without the co-operation and support 
from the local authorities and field and labora-
tory staffs in the Regional Environment Cen-
tres. I would also like to express my gratitude 

for Prof. Pertti Martikainen, Docent Jouko Sil-
vola, Docent Jukka Alm and Dr. Tuula Larmola 
for the help and support during the extended 
gas sampling process and for sharing their 
expertise and widening my understanding on 
greenhouse gas dynamics. Jari Huttunen, who 
passed away before this work was completed, 
is acknowledged for sharing his wide under-
standing on CO2 and CH4 chemistry. I could 
always contact Jari when I got myself totally 
muddled up with my calculations. The staff at 
Geological Survey of Finland and especially 
Dr. Hannu Pajunen and Prof. Matti Saarnisto 
are acknowledged for their co-operation and 
great effort on sediment sampling and carbon 
analyses and for sharing their wide expertise on 
lake sediments. Docent Paula Kankaala, Docent 
Lauri Arvola, Eeva Huitu, Suvi Mäkelä and Jus-
si Huotari are acknowledged for their fruitful 
co-operation, assistance and discussions during 
the common research projects. Finally, I would 
like to express my loving gratitude for my fam-
ily. Anssi, I would not have ever completed this 
work without your support. My greatest thanks 
belong to my mother Silja for taking care of the 
children giving me an opportunity to concen-
trate on my work. 

References
Algesten G., Sobek S., Bergström A.-K., Ågren A., 

Tranvik L. J. and Jansson M. 2004. Role of lakes for 
organic carbon cycling in the boreal zone. Global 
Change Biol. 20: 141-147.

Algesten G., Sobek S., Bergström A.-K., Jonsson A., 
Tranvik L. J. and Jansson M. 2005. Contribution of 
sediment respiration to summer CO2 emission from 
low productive Boreal and Subarctic lakes. Microb. 
Ecol. 50: 529-535.

Andersson E. and Kumblad L. 2006. A carbon budget 
for an oligotrophic clearwater lake in mid-Sweden. 
Aquat. Sci. 68:52–64.

Bade D.L., Carpenter S.R., Cole J.J., Pace M.L., Kritzberg 
E., Van de Bogert M.C., Cory R.M. and McKnight 
D. M. 2007. Sources and fates of dissolved organic 
carbon in lakes as determined by whole-lake carbon 
isotope additions. Biogeochemistry 84:115–129.

Bastviken D., Cole J., Pace M. and Tranvik L. 2004. 
Methane emissions from lakes: Dependence of lake 
characteristics, two regional assessments and, and a 
global estimate. Glob. Biogeochem. Cycles 18:GB4009, 
doi: 10.1029/2004GB002238. 



34 	 Rantakari Monographs of the Boreal Environment Research No. 35

Bastviken D., Cole J.J., Pace M., and Van de Bogert 
M.C. 2008. Fates of methane from different lake 
habitats: Connecting whole-lake budgets and 
CH4 emissions. J. Geophys. Res. 113: G02024, doi: 
10.1029/2007JG00068.

Bergström I., Mäkelä S., Kankaala P. and Kortelainen P. 
2007. Methane efflux from littoral vegetation stands 
of southern boreal lakes: an upscaled regional esti-
mate. Atmos. Environ. 41:339-351.

Bergström I., Kortelainen P., Sarvala J. and Salonen K. 
2010. Effects of temperature and sediment proper-
ties on benthic CO2 production in an oligotrophic 
boreal lake. Freshwat. Biol. (in press). 

Billett M.F., Palmer S.M., Hope D., Deacon C.M., Store-
ton-West R., Hargreaves K.J., Flechard C., Fowler 
D. 2004. Linking land-atmosphere carbon fluxes in 
a lowland peatland system. Glob. Biogeochem. Cycles 
18:GB1024. 

Billett M.F., Garnett M.H. and Harvey F. 2007. UK 
peatland streams release old carbon dioxide to the 
atmosphere and young dissolved organic carbon to 
rivers. Geophys. Res. Lett. 34: L23401.

Boyer J. N., and Groffman P. M. 1996. Bioavailability of 
water extractable organic carbon fractions in forest 
and agricultural soil profiles. Soil Biol. Biochem. 
28(6): 783-790.

Butler J.N. 1982. Carbon Dioxide Equilibria and their Ap-
plications. Addison-Wessley Publishing Company, 
Reading, Massachusetts. 

Casper P., Maberly S.C., Hall G.H. and Finlay B.J. 2000. 
Fluxes of methane and carbon dioxide from a small 
productive lake to the atmosphere. Biogeochemistry 
49: 1-19.

Clair T.A., Ehrman J.M. and Higuchi K. 1999. Changes 
in freshwater carbon exports from Canadian terres-
trial basins to lakes and estuaries under a 2xCO(2) 
atmospheric scenario. Glob. Biogeochem. Cycles 13: 
1091-1097.

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

Cole J. J., and Caraco N. F. 1998. Atmospheric exchange 
of carbon dioxide in a low-wind oligotrophic lake 
measured by the addition of SF6. Limnol. Oceanogr. 
43: 647–656.

Cole J. J., and Caraco N. F. 2001. Carbon in catchments: 
connecting terrestrial carbon losses with aquatic 
metabolism. Mar. Fresh. Res. 52:101-110.

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

Cooke S.E. and Prepas E.E. 1998. Stream phosphorus 
and nitrogen export from agricultural and forested 
watersheds on the Boreal Plain. Can. J. Fish. Aquat. 
Sci. 55: 2292-2299.

Correll D.L., Jordan T.E. and Weller D.E. 2001. Effects 
of precipitation, air temperature, and land use on 
organic carbon discharges from Rhode river water-
sheds. Water, Air, and Soil Pollut. 128: 139–159.

D’Arcy P. and Carignan R. 1997. Influence of catchment 
topography on water chemistry in southeastern 
Québec Shield lakes. Can. J. Fish. Aquat. Sci. 54: 
2215–2227.

Dawson J.J.C., Bakewell C., Billett M.F. 2001. Is in-
stream processing an important control on spatial 
changes in carbon fluxes in headwater catchments? 
Sci. Total. Environ. 265:153–167.

del Giorgio P.A., Cole J.J., Cimbleris A. 1997. Respira-
tion rates in bacteria exceed phytoplankton produc-
tion in unproductive aquatic systems. Nature 385: 
148-151.

del Giorgio P.A., Cole J.J., Caraco N.F. and Peters R.H. 
1999. Linking planktonic biomass and metabolism 
to net gas fluxes in northern temperate lakes. Ecol-
ogy 80: 1422-1431.

Downing J.A., Prairie Y.T., Cole J.J., Duarte C.M., Tran-
vik L.J., Striegl R.G., McDowel W.H., Kortelainen 
P., Caraco N.F., Melack K.J.M. and Middelburg J.J. 
2006. The global abundance and size distribution of 
lakes, ponds, and impoundments. Limnol. Oceanogr. 
51: 2388–2397.

Downing J.A., Cole J.J., Middelburg J. J., Striegl R.G., 
Duarte C.M., Kortelainen P., Prarie Y.T., and Laube 
K.A. 2006. Sediment organic carbon burial in 
agriculturally eutrophic impoundments over the 
last century. Glob. Biogeochem. Cycles 22: GB1018, 
doi:10.1029/2006GB002854.

Eckhardt B. W. and Moore T. R. 1990. Controls of dis-
solved organic carbon concentrations in streams, 
Southern Québec, Can. J. Fish. Aquat. Sci. 47: 
1477–1483.

Gaillardet J., Dupré B., Louvat P. and Allegre C.J. 1999. 
Global silicate weathering and CO2 consumption 
rates deduced from the chemistry of large rivers. 
Chem. Geol. 159: 3–30.

Granéli W., Lindell M. and Tranvik L. 1996. Photo-
oxidative production of dissolved inorganic carbon 
in lakes of different humic content. Limnol. Oceanogr. 
41(4): 698-706.

Hamilton J.D., Kelly C.A., Rudd J.W.M., Heslein R.H., 
and Roulet N.T. 1994. Flux to the atmosphere of CH4 
and CO2 from wetland ponds on the Hudson Bay 
Lowlands (HBLs). J. Geophys. Res. 99(D1): 1495-1510.  

Hanson P.C., Pollard A.I., Bade D.L., Predick K., Car-
penter S.R. and Foley J.A. 2004. A model of carbon 
evasion and sedimentation in temperate lakes. 
Global Change Biol. 10: 1285-1298. 

Henriksen A., Skjelkvåle B.L., Lien L., Traaen T.S., Man-
nio J., Forsius M., Kämäri J., Mäkinen I., Berntell A., 
Wiederholm T., Wilander A., Moiseenko T., Lozovik 
P., Filatov N., Niinioja R., Harriman R. and Jensen 
P. 1996. Regional Lake Surveys in Finland – Nor-
way – Sweden – Northern Kola – Russian Karelia 
– Scotland – Wales 1995. Coordination and Design. 
Acid Rain Research Report 40, NIVA, Oslo. 

Holmberg M. 2003. Modelling studies on soil-mediated 
response to acid deposition and climate variability. DS 
thesis, University of Technology, Helsinki, 109 pp.

Houghton J.T., Ding Y., Griggs D.J., Noguer M., van der 
Linden P.J. and Xiasu D. (Eds.) 2001. Climate Change 
2001: The Scientific Basis. Contribution of Working 
Group I to the Third Assessment Report of the Intergo-
vernmental Panel on Climate Change . Cambridge Uni-
versity Press, Cambridge, United Kingdom 944 pp.



35The role of lakes in carbon cycling in boreal catchments

Huotari J., Ojala A., Peltomaa E., Pumpanen J., Hari P. 
and Vesala T. 2009. Temporal variations in surface 
water CO2 concentration in a boreal humic lake 
based on high-frequency measurements. Boreal Env. 
Res. 14 (suppl. A): 48–60.

Hope D., Kraz T.K. and Riera J.L. 1996. Relationship be-
tween PCO2 and dissolved organic carbon in North-
ern Wisconsin lakes. J. Environ. Qual. 25: 1442-1445.

Hope D., Palmer S.M., Billett M.F. and Dawson J.J.C. 
2001. Carbon dioxide and methane evasion from a 
temperate peatland stream. Limnol. Oceanogr. 46(4): 
847-857.

Huttunen J.T., Hammar T., Alm J., Silvola J. and 
Martikainen P.J. 2001a. Greenhouse gases in non-
oxygenated and artificially oxygenated eutrophied 
lakes during winter stratification. J. Environ. Qual. 
30: 387-394. 

Huttunen J.T., Lappalainen K.M., Saarijärvi E., Väisänen 
T. and Martikainen P.J. 2001b. A novel sediment 
gas sampler and a subsurface gas collector used 
for measurement of the ebullition of methane and 
carbon dioxide from a eutrophied lake. Sci. Total 
Environ. 266: 153-158.

Huttunen J.T., Väisänen T.S., Hellsten S.K., Heikkinen 
M., Nykänen H., Jungner H., Niskanen A., Virtanen 
M.O., Lindqvist O.V., Nenonen O.S. and Marti-
kainen P.J. 2002a. Fluxes of CH4, CO2 and N2O in hy-
droelectric reservoirs Lokka and Porttipahta in the 
northern boreal zone in Finland. Glob. Biogeochem. 
Cycles 16(1): 1003, doi:10.1029/2000GB001316.

Huttunen J.T., Väisänen T., Heikkinen M., Hellsten 
S., Nykänen H., Nenonen O. and Martikainen P.J. 
2002b. Exchange of CO2, CH4 and N2O between the 
atmosphere and two northern boreal ponds with 
catchments dominated by peatlands or forests. Plant 
and Soil 242: 137-146.

Huttunen J.T., Alm J., Saarijärvi E., Lappalainen K.M., 
Silvola J. and Martikainen P.J. 2003. Contribution of 
winter to the annual CH4 emission from an eutro-
phied boreal lake. Chemosphere 50:247-250.

Jones R.I., Grey J., Quarmby C. and Sleep D. 2001.
Sources and fluxes of inorganic carbon in a deep, 
oligotrophic lake (Loch Ness, Scotland). Glob. Biogeo-
chem. Cycles 15 (4):863-870. 

Juutinen S., Alm J., Larmola T., Huttunen J.T., Morero 
M., Martikainen P.J. and Silvola J. 2003. Major impli-
cation of the littoral zone for methane release from 
boreal lakes. Glob. Biogeochem. Cycles 17 (4): 1117, 
doi:10.1029/2003GB002105.

Jylhä K., Tuomenvirta H. and Ruosteenoja K. 2004. 
Climate change projections for Finland during the 
21st century. Boreal Env. Res. 9: 127–152.

Jähne B., Heinz G. and Dietrich W. 1987. Measurement 
of the Diffusion Coefficients of Sparingly Soluble 
Gases in Water. J. Geophys. Res. 92(C10): 10 767–10 
776.

Kankaala P., Käki T., Mäkelä S., Ojala A., Pajunen H. 
and Arvola L. 2005. Methane efflux in relation to 
plant biomass and sediment characteristics in stands 
of three boreal mesoeutrophic lakes. Glob. Change 
Biol. 11:145-153. 

 Kankaala P., Huotari J., Peltomaa E., Saloranta T. and 
Ojala A. 2006. Methanotrophic activity in relation to 
methane efflux and total heterotrophic bacterial pro-
duction in a stratified, humic, boreal lake. Limnol. 
Oceanogr. 51:1195-1204. 

Kling G.W., Kipphut G.W., Miller M.C. 1991. Arctic 
Lakes and Streams as Gas Conduits to the Atmo-
sphere: Implications for Tundra Carbon Budgets. 
Science 251: 298–301.

Kling G.W., Kipphut G.W., Miller M.C. 1992. The flux of 
CO2 and CH4 from lakes and rivers in arctic Alaska. 
Hydrobiologia 240:23–46

Kortelainen P., Mannio J. and Pennanen V. 1986. 
Characteristics of the allochthonous organic matter 
in Finnish lakes and reservoirs, National Board of 
Waters, Finland, Publications of the Water Research 
Institute 65.

Kortelainen P. and Mannio J. 1988. Natural and anthro-
pogenic acidity sources for Finnish lakes, Water, Air 
and Soil Pollut. 42: 341– 352.

Kortelainen P., Mannio J., Forsius M., Kämäri J. and 
Verta M. 1989. Finnish Lake survey: The role of 
organic and anthropogenic acidity. Water, Air and 
Soil Pollut.46: 235–249.

Kortelainen P. 1993. Content of total organic carbon in 
Finnish lakes and its relationship to catchment char-
acteristics. Can. J. Fish. Aquat. Sci. 50: 1477-1483.

Kortelainen P., Saukkonen S. and Mattsson T. 1997. 
Leaching of nitrogen from forested catchments in 
Finland. Glob. Biogeochem. Cycles 11(4): 627-638. 

Kortelainen P. and Saukkonen S. 1998. Leaching of nu-
trients, organic carbon and iron from Finish forestry 
land. Water, Air, and Soil Pollut. 105: 239-250. 

Kortelainen P., Huttunen J.T., Väisänen T., Mattsson 
T., Karjalainen P. and Martikainen P.J. 2000. CH4, 
CO2, and N2O supersaturation in 12 Finnish lakes 
before and after ice melt. Verh. Int. Ver. Limnol. 27: 
1410-1414.

Kortelainen P., Mattsson T., Finér L., Ahtiainen M., 
Saukkonen S. and Sallantaus T. 2006. Controls of 
export of C, N, P and Fe from undisturbes boreal 
catchments, Finland. Aquat. Sci. 68: 453-468.

Kratz T. K., Schindler J., Hope D., Riera J. L. and Bowser 
C. J. 1997. Average annual carbon dioxide concentra-
tion in eight neighbouring lakes in northern Wiscon-
sin, USA. Verh. Int. Ver. Limnol. 26: 335-338. 

Kritzberg E.S., Cole J.J. and Pace M.L. 2004. Autoch-
thonous versus Allochthonous carbon sources 
of bacteria: Results from whole-lake 13C addition 
experiments. Limnol. Oceanogr. 49(2):588–596

Kuusisto E. (1992). Suomen järvien tilavuus (The vol-
ume of the lakes in Finland). Terra 104(1): 3-10. (In 
Finnish with English abstract).

Kuusisto E. and Hakala J. 2007. Suomen järvien syvyys-
suhteet (The depth characteristics of the lakes in 
Finland). Terra 119(3-4): 181-312. (In Finnish with 
English abstract).

Kähkönen A.–M. 1996. Soil geochemistry in relation to 
water chemistry and sensitivity to acid deposition in 
Finnish Lapland. Water Air Soil Pollut. 87: 311-327. 

Lahermo P., Väänänen P., Tarvainen T., Salminen R., 
Ilmasti m., Kallio E., Lehto O., Lakomaa T., Leh-
muspelto P., Lampio E., Vartiainen T. and Alfthan 
G. 1996. Suomen geokemian atlas. Osa 3: Ympäristögeo-
kemia – purovedet ja -sedimentit. Geochemical Atlas of 
Finland. Part 3: Environmental geochemistry – stream 
waters and sediments, 149 pp, Geologian tutkimusk-
eskus, Espoo, Geological survey of Finland, Espoo, 
Finland.



36 	 Rantakari Monographs of the Boreal Environment Research No. 35

Larmola T., Alm J., Juutinen S., Huttunen J.T., Mar-
tikainen P.J. and Silvola J. 2004. Contribution of 
vegetated littoral zone to winter fluxes of carbon 
dioxide and methane from boreal lakes. J. Geophys. 
Res. 109: D19102, doi:10.1029/2004JD004875.

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

Lauster G.H., Hanson P.C. and Kratz T.K. 2006. Gross 
primary production and respiration differences 
among littoral and pelagic habitats in northern Wis-
consin lakes. Can. J. Fish. Aquat. Sci. 63:1130–1141. 

Lemke P., Ren J., Alley R.B., Allison I., Carrasco J., Flato 
G., Fujii Y., Kaser G., Mote P., Thomas R.H., d Zhang 
T. 2007. Observations: Changes in Snow, Ice and 
Frozen Ground. In: Solomon S, Qin D, Manning M, 
Chen Z, Marquis M, Averyt KB, Tignor M, Miller 
HL editors. Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA.

Lide D.R. and Fredrikse H.P.R. 1995. CRC Handbook 
of Chemistry and Physics, 76th ed., CRC Press, Boca 
Raton, Fla, 1995.

Liikanen A., Huttunen J.T., Valli K. and Martikainen 
P.J. 2002. Methane cycling in the sediment and 
water column of mid-boreal hyper-eutrophic lake 
Kevätön. Arch. Hydrobiol. 154: 585-603. 

Lindroos A.-J., Derome J. Mustajärvi K., Nöjd P., Beuker 
E. and Helmisaari H.-S. 2008. Fluxes of disolved 
organic carbon in stand throughfall and percolation 
water in 12 boreal coniferous stands on mineral soil 
in Finland. Boreal Env. Res.13 (suppl B): 22-34.

Liski J., Lehtonen A., Palosuo T., Peltoniemi M., Eggers 
T., Muukkonen P. and Mäkipää R. 2006. Carbon 
accumulation in Finland’s forests 1922-2004 –an es-
timate obtained by combination of forest inventory 
data with modeling of biomass litter and soil. Ann. 
For. Sci. 63(7): 687-697. 

MacIntyre S., Wanninkhof R. and Chanton J.P. 1995. 
Trace gas exchange across the air-water interface 
in freshwater and coastal marine environments. In: 
PA Matson & RC Harriss (Eds.) Biogenic Trace Gases: 
Measuring Emissions from Soil and Water. Blackwell 
Science, Oxford, pp. 98-125. 

Mannio J., Räike A. and Vuorenmaa J. 2000. Finnish 
lake survey 1995: regional characteristics of lake 
chemistry. Verh. Int. Ver. Limnol. 27: 362–367. 

Mattsson T., Kortelainen P., Lepistö A. and Räike A. 
2007. Organic and minerogenic acidity in Finnish 
rivers in relation to land use and deposition. Sci. 
Total Environ. 383: 183-192. 

McAuliffe C. C. 1971. GC determination of solutes by 
multiple phase equilibration. Chem. Technol. 1: 46-51.

McTiernan K.B., Jarvis S.C., Scholefield D. and Hayes 
M.H.B. 2001. Dissolved organic carbon losses from 
grazed grasslands under different management 
regimes. Water Res. 35: 2565–2569.

Meili M. 1992. Sources, concentrations and characteris-
tics of organic matter in softwater lakes and streams 
of the Swedish forest region. Hydrobiologia 229:23–41

Meybeck M. 1995. Global distribution of lakes. In: Ler-
man A., Imboden D.M. and Gat J.R. (eds.), Physics 
and Chemistry of lakes Springer-Verlag, Berlin, pp. 
1-35.

Michmerhuizen C.M., Striegl R.G. and McDonald M.E. 
1996. Potential methane emission from north-
temperate lakes following ice melt. Limnol. Oceanogr. 
41: 985-991.

Mulholland P.J. 2003. Large-scale patterns in dissolved 
organic carbon concentration, flux, and sources. 
In: Findlay, S.E.G & Sinsabaugh, R.L (eds.), Aquatic 
ecosystems: Interactivity of dissolved organic matter, 
Academic Press, San Diego, CA, USA, pp. 139-159.

Murase J., Sakai Y., Kametani A. and Sugimoto A. 2005. 
Dynamics of methane in mesotrophic Lake Biwa, 
Japan. Ecol. Res. 20: 377–385.

Myneni R.B., Dong J., Tucker C.J., Kaufmann R.K., 
Kauppi P.E., Liski J., Zhou L., Alexeyev V. And 
Hughes M.K. 2001. A large carbon sink in the woody 
biomass of Northern forests. PNAS 98: 14784-14789.

Pajunen H. 2004. Järvisedimentit kuiva-aineen ja hiilen 
varastoina (Lake sediments as a store of dry matter 
and carbon). Report of Investigation 160, Geological 
Survey of Finland, Espoo, 308pp (In Finnish with 
English Summary). 

Plummer L.N. and Busenberg E. 1982. The solubili-
ty of calcite, aragonite, and vaterite in CO2-H2O 
solutions between 0 and 90°C, and an evaluation of 
the aqueous model for CaCO3-CO2-H2O equilibria. 
Geochim. Cosmochim. Ac. 46:1011–1040.

Raatikainen M. and Kuusisto E. 1990. Suomen järvien 
lukumäärä ja pinta-ala (The number and surface 
area of the lakes in Finland). Terra 102(2): 97-110. (In 
Finnish with English abstract).

Rantakari M., Mattsson T., Kortelainen P., Piirainen S., 
Finér L. and Ahtiainen M. 2010. Organic and inorga-
nic carbon concentrations and fluxes from managed 
and unmanaged boreal first-order catchments. Sci. 
Total. Env. 408:1649-1658. 

Rapp G. JR., Allert J.D., Liukkonen B. W. and Ilse J. A. 
1985. Acid deposition and watershed characteristics 
in relation to lake chemistry in northeastern Min-
nesota. Environ. Int. 11: 425–440. 

Rasmussen J. B., Godbout L. and Schallenberg M. 1989. 
The humic content of lake water and its relationship 
to watershed and lake morphometry. Limnol. Ocea-
nogr. 34 (7): 1336–1343.

Raymond P. A. and Bauer J. E. 2001. Riverine export of 
aged terrestrial organic matter to the North Atlantic 
Ocean. Nature 409: 497–500.

Raymond P. A. and Cole J. J. 2003. Increase in the 
Export of Alkalinity from North America’s Largest 
River. Science 301: 88–91.

Reche I., Pace M.L. and Cole J.J. 1998. Interactions of 
photobleaching and inorganic nutrients in determi-
ning bacterial growth on colored dissolved organic 
carbon. Microb. Ecol. 36:270–280.

Redfield A.C., Ketchum B.H. and Richards F.A. 1963. 
The influence of organisms on the composition of 
seawater. In: Hill M.N. (ed.) The Sea, vol.2, Wiley, 
Chicherster.



37The role of lakes in carbon cycling in boreal catchments

Repo M.E., Huttunen J.T., Naumov A.V., Chichulin A.V., 
Lapshina E.D., Bleuten W. and Martikainen P.J. 2007. 
Release of CO2 and CH4 from small wetland lakes in 
western Siberia. Tellus 59:788-796, doi:10.1111/j.1600-
0889.2007.00301.x.

Richey J.E., Melack J.M., Aufdenkampe A.K., Ballester 
V.M. and Hess L.L. 2002. Outgassing from Amazo-
nian rivers and wetlands as a large tropical source of 
atmospheric CO2. Nature 416: 617-620.

Riera J. L., Schindler J. E. and Kratz T. K. 1999. Seasonal 
dynamics of carbon dioxide and methane in two 
clear-water lakes and two bog lakes in northern Wis-
consin, U.S.A.. Can. J. Fish. Aquat. Sci.56: 265–274.

Roehm C.L., Prarie Y.T. and del Giorgio P.A. 2009 The 
pCO2 dynamics in lakes in the boreal region of 
northern Quebec, Canada. Glob. Biogeochem. Cycles 
23:GB3013, doi:10.1029/2008GB003297.

Rudd J.W.M. and Hamilton R.D. 1978. Methane cycling 
in a eutrophic shield lake and its effects on whole 
lake metabolism. Limnol and Oceanogr. 23(2):337-348.

Schmidt U. and Conrad R. 1993. Hydrogen, carbon mo-
noxide, and methane dynamics in Lake Constance. 
Limnol. Oceanogr. 38: 1214–1226.

Sinsabaugh R.L. and Findlay S. 2003. Dissolved organic 
matter: Out of the black box into the mainstream. 
In: Findlay, S.E.G & Sinsabaugh, R.L (eds.) Aquatic 
ecosystems: Interactivity of dissolved organic matter, pp. 
479-498.

Smith L.K. and Lewis M. W. 1992. Seasonality of 
methane emissions from five lakes and associated 
wetlands of the Colorado Rockies. Glob. Biogeochem. 
Cycles 6: 323–338.

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 
Biol. 9:630–641.

Sobek S., Tranvik L.J. and Cole J.J. 2005. Temperature 
independence of carbon dioxide supersaturation in 
global lakes. Global Biogeochem. Cycles 19: GB2003, 
doi:10.1029/2004GB002264.

Sobek S., Tranvik L.J., Prarie Y.T., Kortelainen P. and 
Cole J.J. 2007. Patterns and regulation of dissolved 
organic carbon: An analysis of 7,500 widely distri-
buted lakes. Limnol. Oceanogr. 52(3): 1208–1219.

Sobek S., Durisch-Kaiser E., Zurbrügg R., Wongfun N., 
Wessels M., Pasche N. and Wehrli B. 2009. Organic 
carbon burial efficiency in lake sediments control-
led by oxygen exposure time and sediment source. 
Limnol. Oceanogr. 54(6): 2243-2254.

Stets E.G. and Cotner J.B. 2008. Littoral zones as sources 
of biodegradable dissolved organic carbon in lakes. 
Can. J. Fish. Aquat. Sci. 65: 2454-2460. 

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. 
J.Geological. Res. 114: G01008.

Striegl R.G. and Michmerhuizen C.M. 1998. Hydrologic 
influence on methane and carbon dioxide dynamics 
at two north-central Minnesota lakes. Limnol. Ocea-
nogr. 43: 1519–1529.

Striegl R.G., Kortelainen P., Chanton J.P., Wickland K.P., 
Bugna G.C. and Rantakari M. 2001. Carbon dioxide 
partial pressure and 13C content of north temperate 
and boreal lakes at spring ice melt. Limnol. Oceanogr. 
46: 941-945.

Stumm W. and Morgan J.J. 1981. Aquatic Chemistry. An 
Introduction Emphasizing Chemical Equilibria in Natu-
ral Waters. Wiley, New York

Telmer K. and Veizer J. 1999. Carbon fluxes, pCO2 and 
substrate weathering in a large northern river basin, 
Canada: carbon isotope perspectives. Chem. Geol. 
159:61–86.

Teodoru C.R., del Giorgio P.A., Prarie Y.T. and Camire 
M. 2009. Patterns in pCO2 in boreal streams and 
rivers of northern Quebec, Canada. Glob. Biogeochem. 
Cycles 23:GB2012, doi:10.1029/2008GB003404.

Tranvik L.J., Downing J.A., Cotner J.B., Loiselle S.A., 
Striegl R.G., Ballatore T.J., Dillon P., Finlay K., 
Fortino K., Knoll L.B., Kortelainen P., Kutser T., 
Larsen S., Laurion I., Leech D.M., Leigh Mccallister 
S., McKnight D.M., Melack J.M., Overholt E., Porter 
J.A., Prarie Y., Renwick W.H., Roland F., Sherman 
B.S., Shindler 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. Limnol. 
Oceanogr. 54(6), part 2: 2298-2314. 

 von Wachenfeldt E., Sobek S., Bastviken D. and Tranvik 
L.J. 2008. Linking allochthonous dissolved organic 
matter and boreal lake sediment carbon sequestra-
tion: The role of light-mediated flocculation. Limnol. 
Oceanogr. 53(6):2416-2426.

von Wachenfeldt E. and Tranvik L.J. 2008. Sedimen-
tation in boreal lakes – The role of flocculation of 
allochthonous dissolved organic matter in the water 
column. Ecosystems 11: 803-814. 

Vuorenmaa J. 2004. Long-term changes of acidifying 
deposition in Finland (1973-2000). Environ Pollut. 
128:351–362.

Wetzel, R. G. 1983. Limnology, 2nd ed., 767 pp., Saun-
ders Collage Publishing, Philadelphia, PA.

Weyhenmeyer G. A. and Karlsson J. 2009. Nonlinear 
response of dissolved organic carbon concentrations 
in boreal lakes to increasing temperatures. Limnol. 
Oceanogr. 54(6), part 2: 2513-2519.

Williams M., Hopkinson C., Rastetter E., Vallino J. and 
Claessens L. 2005. Relationships of land use and 
stream solute concentrations in the Ipswich river 
basin, northeastern Massachusetts. Water, air and soil 
pollut. 161:55–74

Xenopoulos M. A., Lodge D. M., Frentress J., Kreps T. 
A., Bridgham S. D., Grossman E. and Jackson C. J. 
2003. Regional comparisons of watershed determi-
nants of dissolved organic carbon in temperate lakes 
from the Upper Great Lake region and selected 
regions globally, Limnol. Oceanogr. 48: 2321 – 2334.

Ågren A., Buffam I., Jansson M. and Laudon H. 2007 
Importance of seasonality and small streams 
for the landscape regulation of dissolved or-
ganic carbon export. J. Geophys.Res.112: G03003. 
doi:10.1029/2006JG000381.

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

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



N
o. 35   2010

M
O

N
O

G
R

A
P

H
S

 o
f th

e B
o

real E
nviro

n
m

en
t R

esearch

ISBN 978-952-11-3743-3 (print)
ISBN 978-952-11-3744-0 (PDF)
ISSN 1239-1875 (print)
ISSN 1796-1661 (online)


	The role of lakes in carbon cycling in boreal catchments
	Contents
	List of original publications and author’s contribution
	Abstract
	1 Introduction
	1.1 Objectives of this study

	2 Materials and methods
	2.1 The datasets
	2.2 Water chemistry
	2.3 Calculation of the gas fluxes
	2.4 Statistical analyses
	2.5 Extrapolation of the results over the Boreal region

	3 Results and discussion
	3.1 Regulation of lake water C concentrations in heterogeneous catchment land use types
	3.1.1 Sources of TIC
	3.1.2 Sources of TOC
	3.1.3 Sources and regulation of CO2 in lakes with variable catchments
	3.1.4 CH4 concentrations in lakes with variable catchments

	3.2 Sources and concentrations of TOC, TIC and CO2 in southern and northern Finland
	3.3 Regulation of C concentrations and fluxes in lakes of different size
	3.4 Regulation of lake water carbon in different seasons
	3.5 Extrapolation of CO2 emission to the atmosphere and Holocene carbon pools in lake sediments
	3.6 Impacts of climate change on CO2 emission from lakes

	4 Conclusions
	Yhteenveto
	Acknowledgements
	References

