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Abstract
We have examined how some major catchment disturbances may aﬀect the aquatic greenhouse gas ﬂuxes in the
boreal zone, using gas ﬂux data from studies made in 1994–1999 in the pelagic regions of seven lakes and two reservoirs
in Finland. The highest pelagic seasonal average methane (CH4 ) emissions were up to 12 mmol m 2 d 1 from eutrophied
lakes with agricultural catchments. Nutrient loading increases autochthonous primary production in lakes, promoting
oxygen consumption and anaerobic decomposition in the sediments and this can lead to increased CH4 release from
lakes to the atmosphere. The carbon dioxide (CO2 ) ﬂuxes were higher from reservoirs and lakes whose catchment areas
were rich in peatlands or managed forests, and from eutrophied lakes in comparison to oligotrophic and mesotrophic
sites. However, all these sites were net sources of CO2 to the atmosphere. The pelagic CH4 emissions were generally
lower than those from the littoral zone. The ﬂuxes of nitrous oxide (N2 O) were negligible in the pelagic regions, apparently due to low nitrate inputs and/or low nitriﬁcation activity. However, the littoral zone, acting as a buﬀer for
leached nitrogen, did release N2 O. Anthropogenic disturbances of boreal lakes, such as increasing eutrophication, can
change the aquatic greenhouse gas balance, but also the gas exchange in the littoral zone should be included in any
assessment of the overall eﬀect. It seems that autochthonous and allochthonous carbon sources, which contribute to the
CH4 and CO2 production in lakes, also have importance in the greenhouse gas emissions from reservoirs.
Ó 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Forests and wetlands in the boreal zone contain large
amounts of organic matter in vegetation and soils (Ka-
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uppi et al., 1997). This emphasizes their role in the
global carbon (C) and nitrogen (N) cycles, including the
atmospheric budgets of radiatively important greenhouse gases CH4 , CO2 and N2 O. Numerous studies have
assessed the greenhouse gas balances in boreal terrestrial
ecosystems, such as peatlands (e.g., Nyk€
anen et al.,
1998), whereas aquatic ecosystems in these landscapes
have generally been neglected. However, because there
are a large number of lakes in the boreal zone, data
on their greenhouse gas exchange would improve our
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understanding of the fundamentals of boreal regional
greenhouse gas budgets. The CO2 and CH4 emissions
from the worldÕs freshwater reservoirs have recently
been estimated to be equivalent to 4% and 18% of other
anthropogenic CO2 and CH4 emissions, respectively (St.
Louis et al., 2000). However, to obtain a better estimate
of the atmospheric importance of natural lakes, more
data are needed from lakes situated in diﬀerent geographical regions.
Biogeochemical processes in lakes are closely linked
to their immediate terrestrial ecosystems because lakes
receive allochthonous C and nutrients from their catchment areas via streams and through groundwater and
surface water inﬂow. For example, in the boreal zone, the
organic C content in lake water depends on the abundance of wetlands and forests in the catchment (Hope
et al., 1996). A part of the terrigenous organic C entering
lakes from the catchment is respired as CO2 to the
atmosphere. Due to the large supplies of allochthonous
organic C, northern lakes can be Ônet heterotrophicÕ, i.e.
the respiration in the lakes exceeds phytoplankton primary production (Cole, 1999; Cole et al., 2000). The lake
CO2 saturation can additionally be enhanced by inputs
of dissolved inorganic C (e.g., Striegl and Michmerhuizen, 1998). Cole et al. (1994) demonstrated that of the
samples collected from lakes situated around the world,
most were supersaturated with CO2 with respect to the
atmospheric equilibrium. Therefore, the worldÕs lakes
appear to predominantly release CO2 to the atmosphere.
Due to the close linkage between lakes and their catchments, it is obvious that catchment disturbances, such as
land-use changes, can disrupt the lake greenhouse gas
balances.
In boreal rural regions, agriculture and forestry are
important sources of the nutrients entering lakes, with
nitrogen and phosphorus (P) being the most important
elements (Cooke and Prepas, 1998). Increased nutrient
input into lakes causes eutrophication (Carpenter et al.,
1998). The increased availability of easily degradable
autochthonous organic matter increases decomposition
and oxygen consumption, promoting oxygen depletion
in the water column and sediment. Anoxic conditions
can increase CH4 emissions from lakes by enhancing the
CH4 production and/or decreasing the CH4 oxidation
(Kiene, 1991) and low oxygen availability can also
promote N2 O production. Nitrous oxide generation in
lakes generally requires steep oxygen gradients allowing
sequential aerobic nitriﬁcation and anaerobic denitriﬁcation to take place (Seitzinger, 1990). High emissions of
CH4 (Casper et al., 2000) and increased concentrations
of N2 O (Mengis et al., 1997) have been measured from
the water columns of nutrient enriched temperate lakes.
This implies that eutrophied boreal lakes could also be
supersaturated with CH4 and N2 O and act as sources of
these gases to the atmosphere. Lakes with high primary
production can have an inﬂux of CO2 from the atmo-

sphere due to increased photosynthesis (Schindler et al.,
1972; Cole et al., 2000).
We summarize here the results from studies on the
greenhouse gas ﬂuxes from Finnish lakes and reservoirs,
and show how some major catchment disturbances that
aﬀect the lake water quality may induce changes in the
greenhouse gas emissions from boreal lakes. The CH4
and CO2 ﬂuxes are compared with those previously reported from other temperate and boreal ecosystems to
provide an overview of the potential importance of
aquatic greenhouse gas emissions in boreal regions.

2. Case studies in Finnish lakes and reservoirs
2.1. Study sites
The ﬂuxes of CH4 , CO2 and N2 O have been studied
in years 1994–1999 in the pelagic regions of seven lakes
and two hydroelectric reservoirs in the boreal zone in
Finland (Fig. 1). The lakes in Finland are post-glacial
(Saarnisto, 2000). The bedrock in Finland is mostly
Precambrian covered by quaternary deposits. Most of

Fig. 1. Locations of the boreal Finnish ponds, lakes and reservoirs where the greenhouse gas ﬂuxes have been studied
during the period 1994–1999. The sites are: (1) Lake Hein€alampi,
(2) Lake Vehmasj€arvi, (3) Lake M€akij€arvi, (4) Lake Postilampi,
(5) Lake Kev€at€
on, (6) J€ank€al€aisenlampi Pond, (7) Reservoir
Lokka, (8) Reservoir Porttipahta and (9) Kotsamolampi
Pond.
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the C in Finnish lakes is of biogenic origin (Pajunen,
2000). Finnish lakes are generally brown due to the
presence of humic substances and relatively rich in total
P. Only 3% of Finnish lakes are considered to be N
limited (Mannio et al., 2000). About 9% of the lakes in
the country are clearly eutrophied, having total P concentration above 35 lg l 1 (Mannio et al., 2000). The
lakes can thermally stratify during summer and winter
ice-cover. In the transition of the southern and middle
boreal zones, where ﬁve of the nine sites (sites 1–5, Fig.
1) were located, the lakes are generally ice-covered from
late November to early May. The reservoirs in the
northern boreal zone are ice-covered from late October
to early June.
The study lakes were small varying in area from 0.01
to 4.07 km2 , whereas the reservoirs were among the
largest in western Europe (Table 1). In Finland, the
lakes with an area of 0.01–10 km2 account for 99% of
the total number and 34% of the total area of lakes
larger than 0.01 km2 (Raatikainen and Kuusisto, 1990).
Both the study lakes and reservoirs were shallow, as are
most lakes in Finland (Raatikainen and Kuusisto, 1990).
The trophic state of the sites varied from oligotrophic to
eutrophic (Table 1). Reservoirs Lokka and Porttipahta
have been ﬂooded for hydroelectric power generation
since 1967 and 1970, respectively, and previous peatlands or upland forests dominate their bottoms. The
catchment of humic J€ank€al€aisenlampi Pond (average
water colour 140 mg Pt l 1 ) is dominated by peatlands,
while upland forests dominate the catchment of the
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clear, acidic Kotsamolampi Pond. Lakes Postilampi,
Hein€
alampi and Kev€
at€
on have become more eutrophic
as a result of intensive agriculture in their catchments,
and Lakes Hein€
alampi and Kev€
at€
on have also received
sewage. The eutrophic Lake Vehmasj€
arvi had the
darkest epilimnic water (colour up to 240 mg Pt l 1 )
indicating high organic matter input from the catchment
area rich in peatlands and managed forests. The oligotrophic Lake M€
akij€
arvi had forest clear-cutting in its
catchment during the ﬁrst study year. The possible effects of the cutting on the water quality could not be
properly assessed because there were no appropriate
long-term data on the water quality in the lake.
The 4–5 sampling stations in the reservoirs were
chosen to represent various bottom types and water
depths (Huttunen et al., 2002b). The station in Lake
Hein€
alampi had a depth of 3.5 m, whereas the ponds and
Lake Postilampi were sampled in the deepest pelagic
zone. Lakes Kev€
at€
on, Vehmasj€
arvi and M€
akij€
arvi were
the most intensively studied sites with monthly gas ﬂux
measurements from May to October in 1997 and 1998
(Huttunen et al., 1999) and with measurements of the
accumulation of gases in the water column during winter
in 1997–1999 (Huttunen et al., 2001a). These lakes had
three sampling stations: (i) at the deepest point of the
lake, (ii) in the 3–5 m deep shallow pelagic zone, and (iii)
in the <2 m deep infralittoral (Huttunen et al., 1999). The
two deepest stations were situated in the open water area,
whereas the infralittoral stations were dominated by
Nuphar lutea (L.) Sibth. and Sm. In Lakes Postilampi

Table 1
Summary of the characteristics of the reservoirs, ponds and lakes in the Finnish greenhouse gas ﬂux studies
Site

Yeara

Area
(km2 )

Mean
depth (m)

Max.
depth (m)

Trophic stateb

Bottom/catchment
characteristicsc

Reservoir Lokka
Reservoir Porttipahta
J€
ank€
al€
aisenlampi Pond
Kotsamolampi Pond
Lake Postilampi

1994–95
1995
1994
1995
1996–98

417d
214d
0.01
0.01
0.03

5.0d
6.3d
NDe
ND
3.2

10.0d
34.5d
1.8
3.2
4.3

Eutrophic
Mesotrophic
Mesotrophic
Mesotrophic
Eutrophic

Lake Hein€
alampi

1996

0.098

ND

5.0

Eutrophic

Lake Kev€
at€
on

1997–99

4.07

2.3

10.1

Eutrophic

Lake Vehmasj€
arvi

1997–99

0.41

3.9

18.7

Eutrophic

Lake M€
akij€
arvi

1997–99

0.20

3.4

8.7

Peatland 76%, upland forest 21%
Peatland 45%, upland forest 55%
Peatland 95%, upland forest 5%
Peatland 20%, upland forest 80%
Peatland 0%, upland forest 60%,
agricultural land 31%
Peatland 6%, upland forest 63%,
agricultural land 23%
Peatland 3%, upland forest 35%,
agricultural land 30%
Peatland 25%, upland forest 61%,
agricultural land 3%
Peatland 5%, upland forest 73%,
agricultural land 0%

a

Oligotrophic

Year of the greenhouse gas ﬂux studies.
Classiﬁed based on average summertime total phosphorus or chlorophyll a concentrations in the epilimnion according to Forsberg
and Ryding (1980).
c
Bottom characteristics are given for reservoirs, and catchment characteristics for ponds and lakes. Peatlands consist about 30% of
the catchments of the reservoirs.
d
Maximum values in the regulated reservoirs.
e
Not determined.
b
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and Kev€at€
on, greenhouse gas ﬂuxes have been measured
in the littoral zone and other lake-associated wetlands
(Huttunen et al., 2000; Juutinen et al., 2003). The cycling
of greenhouse gases and nutrients has been studied in the
sediment cores of Lake Kev€at€
on, and CH4 oxidation in
its water column has been determined (Liikanen, 2002).

column was then calculated allowing us to make an estimation of potential CH4 , CO2 and N2 O emissions at
spring ice melt (Huttunen et al., 2001a, 2003; also see
Striegl and Michmerhuizen, 1998). Ebullition was studied in Lake Postilampi in winter (Huttunen et al., 2003).

2.2. Gas ﬂux measurements

3. Greenhouse gas ﬂuxes in Finnish lakes and reservoirs

The ﬂuxes of CH4 , CO2 and N2 O across the water–
air interface were measured during the open water season with ﬂoating static chambers (Huttunen et al.,
2002a,b), usually with two aluminum and one transparent chambers. In the reservoirs and ponds, only aluminum chambers were used for the measurement of the
CO2 ﬂux, which may cause some overestimation of the
actual CO2 release resulting from the disturbances in
the photosynthetic CO2 uptake in the surface water. For
the other lakes, a transparent chamber was used in the
CO2 exchange studies. Submerged funnel gas collectors
were used for the monitoring of CH4 ebullition (Huttunen et al., 2001b) during the summer at all of the stations. Ebullition did not contribute signiﬁcantly to the
CO2 and N2 O emissions (Huttunen et al., 2001b, 2002b).
The water column in Lakes Kev€at€
on, Vehmasj€arvi,
M€
akij€arvi and Postilampi was sampled during late
winter stratiﬁcation for dissolved greenhouse gas concentrations. The accumulation of gases in the water

3.1. Greenhouse gas ﬂuxes during open water season
The seasonal mean CH4 ﬂuxes varied greatly among
the Finnish study sites, and between the years, but all
sites were sources of CH4 to the atmosphere during the
open water season (Table 2). There are results that the
CH4 production in freshwater sediments increases with
increasing lake trophy (Casper, 1992), and furthermore
the CH4 production is dependent on the input of fresh
organic matter to the sediment (Kelly and Chynoweth,
1981). Methane oxidation in the aerobic surface sediment can consume over 90% of the CH4 produced (Kiene, 1991). High rates of CH4 oxidation are also possible
in the stratifying water columns present in northern
lakes (Kiene, 1991; Liikanen, 2002). Therefore, CH4
oxidation can eﬀectively reduce the diﬀusive ﬂux of CH4
from lakes to the atmosphere. In the Finnish data (Table
2), highly eutrophic Lakes Postilampi and Kev€
at€
on in
the agricultural catchments had the highest mean CH4

Table 2
Mean CH4 and CO2 ﬂuxes to the atmosphere from some Finnish reservoirs, ponds and lakes during the open water season
Site

Year

Stations

CH4
(mmol m
Meana

Reservoir Lokka
Reservoir
Porttipahta
J€
ank€
al€
aisenlampi
Pond
Kotsamolampi
Pond
Lake Postilampi

Lake Hein€
alampi
Lake Kev€
at€
on
Lake Vehmasj€
arvi
Lake M€
akij€
arvi
a

2

CO2
(mmol m

d 1)

Range
b

0.45–1.2
0.33–7.4b
0.16–0.30

Reference
2

d 1)

Meana

Range

24
45
35

11–39
20–73
20–52

1994
1995
1995

5
5
4

0.77
2.1
0.22

1994

1

0.47

12

Huttunen et al. (2002a)

1995

1

0.22

0.38

Huttunen et al. (2002a)

1996
1997
1998
1996
1997
1998
1997
1998
1997
1998

1
1
1
1
3
3
2
3
2
3

3.6
3.7
4.9
0.37
5.1
3.2
0.35
0.11
0.18
0.11

6.6
18
29
13
14
15
11
28
5.8
12

Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished

0.98–12
0.28–8.3
0.33, 0.36
0.07–0.14
0.15, 0.21
0.09–0.12

)1.8–25
9.1–19
3.9, 19
25–32
4.7, 6.8
8.4–15

Huttunen et al. (2002b)
Huttunen et al. (2002b)
Huttunen et al. (2002b)

data,
data
data,
data
data
data,
data
data,
data
data,

Huttunen et al. (2001b)
Huttunen et al. (2000)

Huttunen et al. (1999)
Huttunen et al. (1999)
Huttunen et al. (1999)

Mean ﬂuxes for the sites measured by ﬂoating chambers, and the range of the mean ﬂuxes at the diﬀerent sampling stations. The
potential ﬂuxes at spring ice melt are not included in the data.
b
The CH4 ebullition, measured with the funnel gas collectors during open water season averaged 12 and 2.9 mmol m 2 d 1 in Lokka
in 1994 and 1995, respectively, and 0.05 mmol m 2 d 1 in Porttipahta in 1995 (Huttunen et al., 2002b).
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emissions (3.2–5.1 mmol m 2 d 1 ), which were attributed
to their high productivity that could support signiﬁcant
CH4 production in the sediments (Huttunen et al., 1999,
2000, 2001b; also see Liikanen, 2002). In Lake Kev€at€
on,
for example, the CH4 ﬂux to the atmosphere increases
during the summer with increasing water temperature
and the development of oxygen deﬁciency near the
sediment (Fig. 2). According to microcosm experiments
in the laboratory, temperature and oxygen availability
are the important factors controlling the CH4 release
from the sediments of Lake Kev€at€
on (Liikanen, 2002).

In spite of the high CH4 oxidation in the water column
of the lake during the short summer stratiﬁcation (Liikanen, 2002), the CH4 emissions to the atmosphere
were generally high. In Lakes Kev€
at€
on and Postilampi,
ebullition played an important role in the total CH4
emissions (see Fig. 3) (Huttunen et al., 1999, 2000, 2001b).
Bubbling is an important mechanism for CH4 to escape
from organic-rich, methanogenic sediments through the
water column to the atmosphere, and the ebullition
rate is closely tied to the production of CH4 (Kiene,
1991). When CH4 is released from the sediments by
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Fig. 2. The seasonal variation in the ﬂuxes of CH4 and CO2 at the water–air interface, and the concentrations of dissolved CH4 , CO2
and oxygen, and water temperature at a depth of 1 m above the sediment at the deepest station in the highly eutrophic Lake Kev€at€
on in
1997–1998.
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Fig. 3. The CH4 emissions measured by the chambers and the CH4 ebullition monitored by the funnel gas collectors at the stations at
diﬀerent depths in the highly eutrophic Lake Kev€at€
on in 1998. Note diﬀerent scales in each part. Error bars represent standard deviation.

ebullition, it largely bypasses CH4 oxidation in the uppermost sediment and water column (Kiene, 1991). The
relatively high CH4 emissions from eutrophic Reservoir
Lokka (Table 2) were also primarily associated with the
anaerobic decomposition of autochthonous, labile organic matter, rather than with decomposition of ﬂooded
old peat deposits (Huttunen et al., 2002b). At the stations in Reservoir Lokka, the CH4 ebullition (seasonal
average up to 41 mmol CH4 m 2 d 1 ) was usually higher
than the CH4 ﬂuxes measured by the chambers (Table
2), indicating episodic bubbling in this shallow and exposed reservoir (Huttunen et al., 2002b). There were
only low CH4 emissions from highly eutrophic and oxygen depleted Lake Hein€alampi (Table 2). The low CH4
ebullition rates in the lake suggested low CH4 production in the sediment (unpublished data). However, the
station at the depth of 3.5 m in Lake Hein€alampi was
not situated in the deepest pelagic zone (Table 1) which
could be the zone of the highest CH4 release based on
the results from Lake Kev€at€
on (Fig. 4).

The mesotrophic ponds, oligotrophic Lake M€
akij€
arvi
and eutrophic Lake Vehmasj€
arvi had the seasonal mean
CH4 emissions from 0.11 to 0.47 mmol m 2 d 1 , similar
to the CH4 release from mesotrophic Reservoir Porttipahta (Table 2). In these lakes, ebullition was not detected (Huttunen et al., 1999, 2002a) and in Reservoir
Porttipahta it was negligible (Huttunen et al., 2002b).
These low CH4 emissions are likely associated with: (i) a
limitation of the sediment CH4 production by a low
supply of fresh organic matter, and/or (ii) a high capacity of CH4 oxidation. The shallow ponds were mostly
well mixed and oxygenated throughout their depth
(Huttunen et al., 2002a), but the thermal stratiﬁcation
and decreased hypolimnic oxygenation did not enhance
to any major extent the CH4 release from either Lakes
M€
akij€
arvi or Vehmasj€
arvi during the summer (Huttunen
et al., 1999). These results suggest that highly eutrophied
boreal lakes can have high CH4 emissions. In these
conditions, the CH4 ebullition probably has a crucial
role in the CH4 release (see above).
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Fig. 4. Seasonal mean CH4 and CO2 ﬂuxes (June–October in 1998) from the stations at diﬀerent depths in the highly eutrophic Lake
Kev€
at€
on, the eutrophic Lake Vehmasj€arvi, and the oligotrophic Lake M€akij€arvi.

The studied ponds, lakes and reservoirs were all net
sources of CO2 to the atmosphere during the open water
season (Table 2). The reservoirs had the highest mean
CO2 emissions, but the emissions widely varied between
the stations. In Lake Kev€at€
on, there was an increase in
the CO2 release during the summer (Fig. 2), indicating
increased mineralization of organic matter. The CO2
emissions were highly variable from Lake Vehmasj€arvi
and the eutrophied lakes in the agricultural catchments,
but on average, they released more CO2 than oligotrophic Lake M€akij€arvi and the mesotrophic ponds,
which had no signiﬁcant anthropogenic disturbance
(Table 2). The net heterotrophy and CO2 supersaturation of lakes subsidized by allochthonous C is well
documented in lake ecosystems (e.g., Cole, 1999). Therefore, high CO2 emissions could even be expected from

the humic Lake Vehmasj€
arvi in the catchment dominated by peatlands and managed forests, and from the
humic J€
ank€
al€
aisenlampi Pond compared with the clear
Kotsamolampi Pond. However, although lakes can
show uptake of CO2 from the atmosphere due to high
primary production (e.g., Schindler et al., 1972), the
highly eutrophic lakes in the Finnish data showed evidence of large CO2 emissions to the atmosphere in spite
of their clearly high primary production. Some temperate lakes in Wisconsin, USA, have retained net heterotrophy in spite of experimental nutrient loading (Cole
et al., 2000).
Altogether, the seasonal mean N2 O ﬂuxes were negligible (Table 3). The present results thus suggest that the
pelagic regions of shallow boreal lakes are not large
sources for atmospheric N2 O during open water season.
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Table 3
Mean N2 O ﬂuxes to the atmosphere from some Finnish reservoirs, ponds and lakes during the open water season
Site
Reservoir Lokka
Reservoir Porttipahta
J€
ank€
al€
aisenlampi Pond
Kotsamolampi Pond
Lake Postilampi

Lake Hein€
alampi
Lake Kev€
at€
on
Lake Vehmasj€
arvi
Lake M€
akij€
arvi

Year
1994
1995
1995
1994
1995
1996
1997
1998
1996
1997
1998
1997
1998
1997
1998

Stations
5
5
4
1
1
1
1
1
1
3
3
2
3
2
3

N2 O (lmol m

2

d 1)

Reference
a

Mean

Range

0.26
2.1
2.6
0.34
)0.14
)0.11
0.48
7.0
)1.8
)0.56
)0.16
)0.13
5.9
)0.24
2.1

)0.39–1.0
)2.0–6.1
)0.50–5.8

)1.7–0.31
)0.91–0.44
)2.0, 1.7
3.0–8.5
)1.7, 1.2
)3.4–9.6

Huttunen et al. (2002b)
Huttunen et al. (2002b)
Huttunen et al. (2002b)
Huttunen et al. (2002a)
Huttunen et al. (2002a)
Unpublished data
Unpublished data
Huttunen et al. (2000)
Unpublished data
Unpublished data
Unpublished data
Unpublished data
Unpublished data
Unpublished data
Unpublished data

a

Mean ﬂuxes for the sites measured with ﬂoating chambers, and the range of the mean ﬂuxes at the diﬀerent sampling stations. The
potential ﬂuxes at spring ice melt are not included in the data.

3.2. Greenhouse gas ﬂuxes at spring ice melt
Northern lakes accumulate greenhouse gases in the
water column during winter when the gas exchange with
the atmosphere is prevented by ice. These gas stores are
potentially released to the atmosphere during overturn
of the water column after the spring ice melt (Striegl and
Michmerhuizen, 1998; Huttunen et al., 2001a, 2003).
The potential spring CH4 emission at the deepest station
in Lake Kev€at€
on was 1400 mmol m 2 in 1999 (Huttunen
et al., 2001a). The deepest pelagic region in a neighboring eutrophied, artiﬁcially oxygenated lake (Lake
P€
olj€anj€arvi) had potential CH4 emissions from 0.06 to
19 mmol m 2 . This emphasizes the importance of oxygen
conditions in the wintertime accumulation of CH4 in
eutrophied boreal lakes (Huttunen et al., 2001a). In
Lake Kev€at€
on, oxygen concentration drops after the
lake obtains its ice cover, and the accumulation of CH4
begins (Fig. 2). However, the estimated spring CH4
emission from Lake Kev€at€
on was only 16 mmol m 2 at
ice melt in 1999 when the data from the three stations
was integrated with depth-versus-volume data for the
entire lake, being much less than the point emission at
the deepest station. This is due to the shallow morphology of Lake Kev€at€
on (Table 1). The shallow pelagial and infralittoral regions dominate the lake volume
and area distribution; the 6–9 m deep region accounts
only for 3.4% of the lake area. In Lakes Vehmasj€arvi
and M€akij€arvi, the spring CH4 emissions were even
lower, 0.7 and 1.6 mmol m 2 at the ice melt in 1999,
respectively. These data indicate that eutrophied boreal
lakes could also show increased CH4 release at spring ice
melt (Huttunen et al., 2001a, 2003).

Carbon dioxide accumulated in the water column
during winter (Fig. 2), indicating the potential of release
of CO2 at ice melt. The potential spring CO2 emissions
in Lakes Kev€
at€
on, Vehmasj€
arvi and M€
akij€
arvi were 840,
710 and 450 mmol m 2 at the ice melt in 1999, respectively. The N2 O concentration shows only minor changes in the water column during winter, thus the spring
N2 O emissions from shallow boreal lakes are probably
low (Huttunen et al., 2001a).

3.3. Annual emissions
The spatial variability in the mean summertime CH4
and CO2 emissions from Lakes Kev€
at€
on, Vehmasj€
arvi
and M€
akij€
arvi (Fig. 4) emphasized the importance of
the lake morphology in the estimation of the greenhouse
gas ﬂuxes for the whole-lake area. The pelagic CH4
emission from Lake Kev€
at€
on was 0.17 mol m 2 yr 1
during the open water period (June–October, assumed
150 days) in 1998. When the potential spring CH4
emission is included, the pelagic CH4 emission totaled
0.18 mol m 2 yr 1 (open water period 1998 and spring
1999) of which 9% was released in spring. The corresponding annual estimates for Lakes Vehmasj€
arvi and
M€
akij€
arvi were 0.020 and 0.018 mol CH4 m 2 yr 1 , of
which the springtime emissions accounted for 4% and
9%, respectively. In Lake Postilampi, where results were
available for both the accumulation of dissolved CH4 in
the water column and ebullition during winter, the CH4
emission at ice melt (0.22–0.49 mol m 2 ) was estimated
to contribute between 22 and 48% to the annual CH4
release (Huttunen et al., 2003).
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The annual CO2 emissions (open water period 1998
and spring 1999), integrated for the lake area, were 2.9,
5.3 and 2.5 mol m 2 yr 1 from Lakes Kev€at€
on, Vehmasj€arvi and M€akij€arvi, of which the spring emissions
accounted for 29%, 13% and 18%, respectively. For
these lakes, only 0.4–6% of the annual C loss of 2.5–5.3
mol m 2 yr 1 to the atmosphere was in the form of CH4 .

4. General discussion and conclusions
4.1. Catchment–lake interactions and the lake CH4 and
CO2 emissions
Any generalization of the eﬀects of catchment disturbances on the greenhouse gas ﬂuxes in lakes requires
data on the ﬂuxes from lakes with diﬀerent catchment
characteristics. Although the number of the lakes in the
presented Finnish studies is low, not allowing a statistical treatment of the data, the results may show the
potential responses of the aquatic greenhouse gas ﬂuxes
to some major anthropogenic stresses threatening boreal
lakes. The Finnish data indicated that the highly eutrophied lakes could have high CH4 emissions both
during the open water season and at spring ice melt. The
CH4 concentrations measured from the water column in
other 12 Finnish lakes in winter support the importance
of the trophic state in the lake CH4 content; the concentration of dissolved CH4 in lakes was positively related to total N and P concentrations (Kortelainen et al.,
2000). Thus, increasing eutrophication of freshwaters,
for example, as a result from intensiﬁcation of agriculture or climate change (Carpenter et al., 1998; Schindler,
2001), could increase the CH4 emissions from lakes. This
stresses the importance of the controls of nutrient
leaching and eutrophication in the mitigation of anthropogenic CH4 emissions.
All of the ponds and lakes studied in Finland released
CO2 , emphasizing the role of boreal lakes as conduits of
terrestrial C into the atmosphere. The fueling of the lake
CO2 saturation by allochthonous C has been hypothesized in several studies (e.g., Cole et al., 2000). Recently,
Striegl et al. (2001) demonstrated that the CO2 saturation in Finnish lakes receiving large amounts of dissolved organic C from surrounding peatlands was
greater than the CO2 saturation in lakes set in noncarbonate till and bedrock in Wisconsin and Minnesota,
USA. High amounts of organic C are transported to
lakes from forests, peatlands and agricultural land
(Hope et al., 1996; M€
uller et al., 1998). Certain land-use
practices that increase the leaching of C to lakes would
be anticipated to increase the CO2 emissions from lakes.
In the boreal areas, organic matter input to lakes may
increase in response to climate change (IPCC, 2001),
which would be reﬂected in the lake CO2 balances. The
leaching of C depends on a complicated interaction of
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several environmental factors (e.g., Neﬀ and Asner,
2001), thus there should be a large regional variability in
the responses of lake CO2 balances to climate change.
When reservoirs are constructed, they change the C
and N cycling properties in the landscape, including the
ﬂuxes of greenhouse gases. In an experimentally ﬂooded
wetland in Ontario, Canada, the large CH4 and CO2
emissions resulted from the intense decomposition of
ﬂooded labile organic matter (Kelly et al., 1997). Although the amount of easily degradable organic matter
should decrease with the age of a reservoir, large CH4
and CO2 ﬂuxes have still been reported from some reservoirs several decades after ﬂooding (see St. Louis et al.,
2000). The eutrophic Reservoir Lokka showed high CH4
emissions still nearly 30 years after ﬂooding, which
suggested that intensive anaerobic decomposition continued in its sediment, and this was likely fueled by fresh
autochthonous organic matter (Huttunen et al., 2002b).
The bottom of a regulated reservoir, as found for the
Reservoir Lokka, can be an important source of nutrients to the primary production, possibly being the key
factor for the continuing CH4 emissions. If this internal
nutrient loading maintains high trophic state and oxygen-depleted conditions in the sediment, then intensive
CH4 production may continue for decades (Huttunen
et al., 2002b). The erosion of peat from the shallow regions and margins of regulated reservoirs provides not
only nutrients but also organic C to the pelagic zone,
which additionally contributes to the reservoir C cycle,
most likely via CO2 production. These sources of degradable organic C, and inputs of allochthonous C from
the catchment, could explain the large CH4 and CO2
emissions recently reported for some old reservoirs.
4.2. N2 O ﬂuxes
The pelagic N2 O ﬂuxes have been negligible in the
Finnish studies, although there were some lakes with
high N loads. The sediment of Lake Kev€
at€
on has
showed signiﬁcant N2 O production in laboratory microcosm studies when nitrate was available (Liikanen,
2002). The N2 O production and emissions would thus
seem to require an external nitrate load. The pelagic
regions of shallow boreal lakes do not seem to contribute signiﬁcantly to the atmospheric N2 O budget, which
supports previous proposals that freshwater lakes are
only moderate sources of N2 O (Mengis et al., 1997).
4.3. Comparison with other ecosystems
The ﬂuxes of CH4 and CO2 from Finnish lakes and
reservoirs (Table 2) are similar to those reported for
temperate lakes, but lower than the emissions from boreal wetland ponds and beaver ponds (Table 4). The net
losses of CO2 to the atmosphere from the Finnish sites
point to inputs of allochthonous C from the catchment.
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Table 4
Mean CH4 and CO2 ﬂuxes to the atmosphere during the open water season from various aquatic ecosystems in temperate and boreal
regions
Site (trophic state),a location

CH4 (mmol m

2

d 1)

Reservoirs
Temperate and boreal reservoirsb

0.19–3.37

5.0–78.4

St. Louis et al. (2000)

Temperate and alpine lakes
Crystal Bog (dys.), Wisconsin, USA
Trout Bog (dys.), Wisconsin, USA
Crystal Lake (oligo.), Wisconsin, USA
Sparkling Lake (meso.), Wisconsin, USA
Williams Lake, Minnesota, USA
Shingobee Lake, Minnesota, USA
Red Rock Lake, Colorado, USA
Rainbow Lake, Colorado, USA
Long Lake, Colorado, USA
Pass Lake, Colorado, USA
Mirror Lake (oligo.), New Hampshire, USA
Four lakes, Wisconsin, USAd
Priest Pot (hyper.), UK

1.24
1.71
0.12
0.18
6.3
8.7
2.94
1.80
0.07
1.76
ND
ND
12

30.5
45.7
0.4
5.0
0.45
36.5
NDc
ND
ND
ND
6.7–11.5
)15–50
40

Riera et al. (1999)
Riera et al. (1999)
Riera et al. (1999)
Riera et al. (1999)
Striegl and Michmerhuizen (1998)
Striegl and Michmerhuizen (1998)
Smith and Lewis (1992)
Smith and Lewis (1992)
Smith and Lewis (1992)
Smith and Lewis (1992)
Cole and Caraco (1998)
Cole et al. (2000)
Casper et al. (2000)

Boreal ponds
Three wetland pond groups, Ontario, Canada
Two beaver ponds, Quebec, Canada
Four beaver ponds, Ontario, Canada
A beaver pond, Manitoba, Canada

6.86–11.2
0.87–1.0
8.66–57.3
6.79

81.8–261
ND
ND
141

Hamilton et al. (1994)
Ford and Naiman (1988)
Bubier et al. (1993)
Roulet et al. (1997)

CO2 (mmol m

2

d 1)

Reference

a

Trophic state if given in the reference, dys.––dystrophic, oligo.––oligotrophic, meso.––mesotrophic, hyper.––hypertrophic.
The preliminary results from Reservoirs Lokka and Porttipahta, as reviewed by St. Louis et al. (2000), are excluded from the data
(see Table 2).
c
Not determined.
d
Includes lakes with food web and nutrient manipulations.
b

The terrigenous C entering the aquatic ecosystem is released to the atmosphere as CH4 and/or CO2 , transported downstream within the watercourse or stored in
the sediment. In general, the lakes are sources of CO2 to
the atmosphere (e.g., Cole et al., 1994), whereas boreal
forests and peatlands have sequestered atmospheric CO2
during the Holocene and slowly accumulate C in the soil
and peat. The annual C emissions from Lakes Kev€at€
on,
Vehmasj€arvi and M€
akij€arvi (2.5–5.3 mol m 2 yr 1 ) were
of the same order of magnitude than the present observed positive annual C balance (net accumulation) of
2.7–6.1 mol m 2 yr 1 reported for various microsites in
an oligotrophic pine fen in Finland (Alm et al., 1997).
An average long-term apparent carbon accumulation
rate of 1.5 mol m 2 yr 1 has been reported for the undrained peatlands in Finland (Turunen et al., 2002). In
Finnish upland forest soils, the simulated long-term C
accumulation (after initiating ﬁre prevention) is slower,
only 0.23 mol m 2 yr 1 (Liski, 1997). These examples
show that the C release from lakes may play an important role in the carbon balance of the catchments in
the lake-rich boreal region. For example, lakes cover
10% and 7.6% of the total surface area of Finland and
Canada, respectively (Raatikainen and Kuusisto, 1990;
Environment Canada, 1998). The preliminary estimates

for the long-term accumulation rates of C in the sediments of Finnish lakes are 0.5 and 0.4 mol m 2 yr 1 in
lake sizes of 0.01–1 and 1–10 km2 , respectively (Pajunen,
2000). If these rates were applicable for the three Finnish
lakes discussed above, the long-term accumulation of C
in the sediment would be 7–19% of the annual C-gas loss
from small boreal lakes to the atmosphere.
The contribution of CH4 to the total C emissions
from the lakes was small. The seasonal mean CH4
emissions from the ponds, lakes and reservoirs (0.11–5.1
mmol m 2 d 1 ) were lower than the seasonal average
emission of 8.6 mmol m 2 d 1 reported for undrained
Finnish fens (minerotrophic peatlands) (Nyk€
anen et al.,
1998). However, the lake CH4 emissions correspond to
the average emissions from undrained bogs (ombrotrophic peatlands) (3.1 mmol m 2 d 1 ) or drained peatlands (0.44 mmol m 2 d 1 ) in Finland (Nyk€
anen et al.,
1998). Based on the annual CH4 emissions estimated for
the three above Finnish lakes (see above), the contribution of winter to the annual CH4 release may be
similar in the lakes as in northern terrestrial wetlands
(see Huttunen et al., 2003). When ebullition in lakes
takes place during winter, the contribution of spring
emissions to the annual CH4 release is even higher
(Huttunen et al., 2003).
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The lakes in the Finnish gas ﬂux studies were small
and shallow and thus were susceptible to eutrophication.
The eﬀects of nutrient enrichment on the greenhouse
gas ﬂuxes in large lakes may diﬀer from those found in
the small lakes. In fact, the wintertime CH4 and CO2
concentrations in Finnish lakes were negatively related
to the lake area, maximum depth, mean depth and lake
volume (Kortelainen et al., 2000). Therefore, the data
presented here do not allow an estimation of how nutrient loading and allochthonous C may aﬀect the greenhouse gas exchange in large water bodies. Large lakes
could play an important role in the greenhouse gas
emissions from Finnish lakes, since lakes larger than
10 km2 represent over 60% of the total lake area in the
country (Raatikainen and Kuusisto, 1990). Seasonal depth
proﬁles of CH4 , CO2 and N2 O concentrations have recently been measured in about 200 Finnish lakes covering the entire country which will be used in a more
detailed examination on the regulation of the greenhouse gas ﬂuxes in boreal lakes.
The littoral zone may have an important role in total
greenhouse gas balances in boreal lake ecosystems. Littoral vegetation and lake-associated wetlands in Finland
have generally shown high CH4 emissions. In the littoral
region of Lake Kev€at€
on, the CH4 emissions have been
0.2–2.4 mol m 2 during the snow-free period (Juutinen
et al., 2003). In Lake Postilampi, the littoral zone and
lake-associated wetlands had average CH4 ﬂuxes from
2.2 to 16 mmol m 2 d 1 during the summer 1998 (Huttunen et al., 2000). The littoral zone, acting as a buﬀer
zone for nutrient leaching, also releases N2 O. In the
summer 1998, the average N2 O emissions from the littoral wetlands of Lake Postilampi were 14–23 lmol m 2 d 1
(Huttunen et al., 2000), which correspond to the emissions taking place in wetlands treating waste waters
(Freeman et al., 1997). Thus, the littoral zone could have
importance in the total CH4 and N2 O emissions from
lakes with extensive littoral area. At present, even the
total littoral area of Finnish lakes is not known. This
area, however, could be large given that the lakes in
Finland have a shoreline of about 190 000 km (Kuusisto,
1987).
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