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ABSTRACT 

 

Lakes serve as sites for terrestrially fixed carbon to be remineralized and transferred 

back to the atmosphere. Their role in regional carbon cycling is especially important in the 

Boreal Zone, where lakes can cover up to 20% of the land area. Boreal lakes are often 

characterized by the presence of a brown water colour, which implies high levels of 

dissolved organic carbon from the surrounding terrestrial ecosystem, but the load of 

inorganic carbon from the catchment is largely unknown. Organic carbon is transformed 

to methane (CH4) and carbon dioxide (CO2) in biological processes that result in lake 

water gas concentrations that increase above atmospheric equilibrium, thus making boreal 

lakes as sources of these important greenhouse gases. However, flux estimates are often 

based on sporadic sampling and modelling and actual flux measurements are scarce. Thus, 

the detailed temporal flux dynamics of greenhouse gases are still largely unknown.  

One aim here was to reveal the natural dynamics of CH4 and CO2 concentrations and 

fluxes in a small boreal lake. The other aim was to test the applicability of a measuring 

technique for CO2 flux, i.e. the eddy covariance (EC) technique, and a computational 

method for estimation of primary production and community respiration, both commonly 

used in terrestrial research, in this lake. Continuous surface water CO2 concentration 

measurements, also needed in free-water applications to estimate primary production and 

community respiration, were used over two open water periods in a study of CO2 

concentration dynamics. Traditional methods were also used to measure gas concentration 

and fluxes. The study lake, Valkea-Kotinen, is a small, humic, headwater lake within an 

old-growth forest catchment with no local anthropogenic disturbance and thus possible 

changes in gas dynamics reflect the natural variability in lake ecosystems. 

CH4 accumulated under the ice and in the hypolimnion during summer stratification. 

The surface water CH4 concentration was always above atmospheric equilibrium and thus 

the lake was a continuous source of CH4 to the atmosphere. However, the annual CH4 

fluxes were small, i.e. 0.11 mol m
-2

 yr
-1

, and the timing of fluxes differed from that of 

other published estimates. The highest fluxes are usually measured in spring after ice melt 

but in Lake Valkea-Kotinen CH4 was effectively oxidised in spring and highest effluxes 

occurred in autumn after summer stratification period.  

CO2 also accumulated under the ice and the hypolimnetic CO2 concentration increased 

steadily during stratification period. The surface water CO2 concentration was highest in 

spring and in autumn, whereas during the stable stratification it was sometimes under 

atmospheric equilibrium. It showed diel, daily and seasonal variation; the diel cycle was 

clearly driven by light and thus reflected the metabolism of the lacustrine ecosystem. 

However, the diel cycle was sometimes blurred by injection of hypolimnetic water rich in 

CO2 and the surface water CO2 concentration was thus controlled by stratification 

dynamics. The highest CO2 fluxes were measured in spring, autumn and during those 

hypolimnetic injections causing bursts of CO2 comparable with the spring and autumn 

fluxes. The annual fluxes averaged 77 (±11 SD) g C m
-2

 yr
-1

. In estimating the importance 

of the lake in recycling terrestrial carbon, the flux was normalized to the catchment area 

and this normalized flux was compared with net ecosystem production estimates of -50 to 

200 g C m
-2

 yr
-1 

from unmanaged forests in corresponding temperature and precipitation 



 

 

 

 

regimes in the literature. Within this range the flux of Lake Valkea-Kotinen yielded from 

the increase in source of the surrounding forest by 20% to decrease in sink by 5%. 

The free water approach gave primary production and community respiration estimates 

of 5- and 16-fold, respectively, compared with traditional bottle incubations during a 5-

day testing period in autumn. The results are in parallel with findings in the literature. 

Both methods adopted from the terrestrial community also proved useful in lake studies. A 

large percentage of the EC data was rejected, due to the unfulfilled prerequisites of the 

method. However, the amount of data accepted remained large compared with what would 

be feasible with traditional methods. Use of the EC method revealed underestimation of 

the widely used gas exchange model and suggests simultaneous measurements of actual 

turbulence at the water surface with comparison of the different gas flux methods to revise 

the parameterization of the gas transfer velocity used in the models. 
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1. INTRODUCTION 
 

Inland waters play an important role in both 

global and regional carbon cycling (Cole et 

al. 2007, Battin et al. 2009, Tranvik et al. 

2009). Their role is especially pronounced 

in the Boreal Zone (Kortelainen et al. 2004, 

Roehm et al. 2009), where lakes can locally 

cover up to 20% of the land area 

(Raatikainen & Kuusisto 1990). A distinct 

feature of the majority of these boreal lakes 

is in the brown water colour, implying a 

high load of terrestrial material through 

lateral transport processes, mainly in the 

form of dissolved organic carbon (DOC). 

Mineralization of this allochthonous carbon 

leads to carbon dioxide (CO2) 

supersaturation in lakes (e.g. Jonsson et al. 

2003, Sobek et al. 2003, Duarte & Prairie 

2005), although some other sources such as 

weathering and hydrologic input of CO2 

can be locally significant (Striegl & 

Michmerhuizen 1998, Stets et al. 2009). 

Nevertheless, the role of lateral transport of 

dissolved inorganic carbon (DIC) to lakes 

is largely unknown. Most lakes worldwide 

are considered to be net heterotrophic and 

supersaturated with CO2 (Cole et al. 1994) 

and act as atmospheric sources of CO2. 

Since boreal forests are a globally 

important carbon sink (e.g. Schulze et al. 

1999), detailed knowledge of the amount of 

terrestrial carbon processed naturally in 

adjacent bodies of water and finally emitted 

back to the atmosphere as CO2 is needed to 

define the regional role of boreal 

landscapes in carbon cycling. Accurate 

determination of gas exchange between 

lakes and the atmosphere is also a vital 

point in lacustrine studies of carbon 

dynamics.  

Due to the high concentrations of 

coloured humic matter of terrestrial origin, 

boreal lakes are often steeply stratified with 

hypoxic or even anoxic hypolimnia. Under 

anoxic conditions, methane (CH4) is the 

final product of decomposition of organic 

matter in the absence of alternative electron 

acceptors (   
-
,    

  and    
 -

; cf. Capone 

& Kiene 1988). In boreal humic lakes with 

anoxic hypolimnia, CH4 concentrations can 

be more than 1000-fold higher than 

atmospheric equilibrium (Kortelainen et al. 

2000, Huttunen et al. 2002, Kankaala et al. 

2005). CH4 can be biologically oxidized to 

CO2 in the presence of oxygen (O2) in the 

water column when part of the carbon in 

CH4 is incorporated into the cells of 

methanotrophic microbes (e.g. Hanson & 

Hanson 1996). Anaerobic oxidation of CH4 

is also possible (e.g. Schink 1997, 

Raghoebarsing et al. 2006). However, 

surface waters of boreal lakes usually have 

CH4 concentrations higher than 

atmospheric equilibrium, indicating that a 

proportion of CH4 escapes oxidation and is 

released to the atmosphere, especially 

during the spring and autumn turnover 

periods (Michmerhuizen et al. 1996, Riera 

et al. 1999). In the atmosphere, CH4 is a 

greenhouse gas contributing to global 

radiative forcing and its global warming 

potential (GWP) is 25-fold higher than CO2 

when the time horizon is 100 years 

(Solomon et al. 2007). 

CO2 also accumulates in the hypolimnia 

of stratified lakes from where, similar to 

CH4, it is released to the atmosphere during 

turnover periods (e.g Riera et al. 1999). 

Hypolimnetic concentrations of CO2 in 

small boreal lakes tend to have a rather 

steady trend to increase over the time of 

stable stratification, whereas surface waters 

show more variable concentrations over 

diel and day-to-day courses (e.g. Sellers et 

al. 1995, Cole & Caraco 1998, Riera et al. 

1999, Hanson et al. 2003). However, the 

natural variability of surface water CO2 and 
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CH4 of boreal lakes is still somewhat 

uncertain (Ojala et al. 2011) and even 

annual flux estimates are often based on 

sporadic or scanty samples (e.g. Bastviken 

et al. 2004, Kortelainen et al. 2004). 

Estimates of gas exchange between 

lakes and the atmosphere are commonly 

based on gas exchange models. In addition 

to the concentration difference across the 

air-water interface, turbulence is the major 

driver of gas exchange (MacIntyre et al. 

1995) and thus wind speed, creating 

turbulence due to wind shear at the 

interface and, being a rather easy parameter 

to measure, is most commonly used to 

describe the gas transfer velocity in models 

(e.g. Wanninkhof et al. 1985, Cole & 

Caraco 1998). However, gas transfer is not 

always dependent on wind speed under 

low-wind conditions (Ocampo-Torres & 

Donelan 1994, MacIntyre et al. 1995, Cole 

& Caraco 1998), indicating that other 

factors besides wind may control gas 

transfer. The finding also suggests that in 

small boreal lakes where low-wind 

conditions prevail, it may be worthwhile to 

use other techniques in parallel with the gas 

exchange models. In addition to gas 

exchange models, the most commonly used 

technique in gas flux measurement over 

lakes is the closed chamber technique (e.g. 

Duchemin et al. 1999, Riera et al. 1999, 

Striegl et al. 2001). Both methods have the 

advantage of being relatively easy and 

inexpensive. However, they are very 

labour-intensive when high temporal and 

spatial coverage is needed and the 

chambers are prone to some problems, such 

as possible modification of the flux at the 

water-air interface (e.g. Belanger & Korzun 

1991). Techniques for measuring CO2 

concentration continuously have been 

developed recently and they help to 

overcome the problem of temporal 

representativeness in gas exchange models 

(e.g. DeGrandpre et al. 1995, Sellers et al. 

1995, Carignan 1998), but uncertainty in 

gas transfer velocity still remains.  

The micrometeorological eddy 

covariance (EC) technique provides a tool 

to directly measure ecosystem-scale fluxes 

continuously without affecting natural gas 

transfer when the methodological 

requirements, i.e. the presence of steady-

state turbulent flow, are fulfilled. The 

technique is the most direct way to measure 

the fluxes between ecosystems and the 

atmosphere and it is widely used to 

measure surface fluxes in terrestrial and 

agricultural sciences (Baldocchi 2003). The 

technique has also been introduced to lake 

ecosystem studies of CO2 exchange 

(Anderson et al. 1999, Eugster et al. 2003, 

II, Jonsson et al. 2008), but it has not been 

used in long-term measurements involving 

years. Simultaneous EC and continuous 

surface water CO2 concentration 

measurements also provide a promising 

tool to determine gas transfer velocity and 

its dependence on environmental variables 

(Jonsson et al. 2008).  

In addition to studies of gas exchange 

between surface water and the atmosphere, 

continuous measurements of metabolic 

gases, i.e. CO2 and O2, have been used in 

attempts to estimate the metabolic 

processes of lacustrine plankton 

communities (Cole et al. 2000, Hanson et 

al. 2003). These free-water measurements 

avoid the ambiguities of traditional 

methods for estimating primary production, 

which are based on O2, 
14

C and bottle 

incubations (Peterson 1980, Hanson et al. 

2003) and allow more frequent, even 

continuous estimates of metabolic 

processes. Probes for measurements of 

dissolved O2 have been commercially 

available for decades, whereas CO2-
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measuring systems have been more or less 

self-made combinations of commercially 

available gas analysers and researchers’ 

imagination and engineering. Thus, free-

water estimates of lake metabolism have 

usually been based on measurements of O2, 

which has been considered a more reliable 

and cost-effective method (Cole et al. 2000, 

Hanson et al. 2003). However, carbon is a 

better parameter for evaluating production, 

since it is the initial and the end product of 

organic metabolism and thus, there is no 

need for using uncertain photosynthetic or 

respiratory quotients (Wetzel 2001). With 

the use of high-frequency measurements, 

some of the problems inherent in the 

traditional methodology can be avoided and 

measurements of metabolic processes in 

aquatic ecosystems can be brought more in 

line with continuous, high-frequency EC 

measurements, which are already 

commonly used in terrestrial ecology. 

One aim of this thesis was to adopt the 

measuring techniques (II, V) and 

computational methods (IV) commonly 

used in terrestrial research and test their 

applicability in lake ecosystems, thus 

narrowing the gap between these 

disciplines. This enhances the possibility of 

comprehensive understanding of landscape-

level carbon cycling. The CO2 flux data 

presented over the five consecutive open-

water periods are now the longest time 

series available for CO2 exchange between 

a lake and the atmosphere measured with 

EC (V). The approach presented here for 

estimating lake primary production and 

community respiration is also a step ahead 

in estimating the metabolic processes of the 

lake (IV). The study lake is a small pristine 

body of water that is the uppermost lake of 

a lake chain surrounded by an unmanaged 

old-growth forest. Thus, it is a true 

reference lake under minimal 

anthropogenic influence and the 

information given here can be utilized, e.g. 

in studies on the effects of climate change 

on boreal lacustrine ecosystems. The site 

also serves as a reference for studies of 

land-use effects on lakes. By investigating 

a small lake, the focus also deliberately 

changes from large- and medium-sized 

lakes to small lakes, which represent the 

bulk of the global freshwater area 

(Downing et al. 2006), but have so far been 

inadequately represented in studies. The 

other aim was to study the natural 

dynamics of concentrations and fluxes of 

CH4 (I) and CO2 (II, III, V) in a pristine 

boreal lake.  

The specific objectives of the thesis 

were: 

 determine the natural course of the 

CH4 and CO2 concentrations of a 

boreal, pristine lake 

 determine the CH4 efflux to the 

atmosphere as related to the 

diffusion of CH4 from the sediment 

and methanotrophic activity in the 

water column 

 determine the natural course and 

level of CO2 efflux of a boreal, 

pristine lake 

 test the applicability of the EC 

technique in long-term 

measurements in a lake  

 compare the CO2 fluxes obtained 

with the widely used gas exchange 

model and EC 

 test the computational methods used 

in forest ecology to determine 

aquatic photosynthesis and 

community respiration from surface 

water CO2 concentration data 

 estimate the importance of a lake in 

an undisturbed catchment as a 

conduit of terrestrial carbon to the 

atmosphere 
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The concentration and flux of CH4 was 

studied over an entire year from ice-out 

until the end of spring turnover of the 

following year (I). The applicability of EC 

in measuring CO2 fluxes over the lake was 

tested (II) and the flux dynamics were 

further examined over the five consecutive 

open-water periods (V). The diel, daily and 

seasonal variations in surface water CO2 

were determined over two consecutive 

open-water periods and the winter in 

between (III). The computational methods 

used in forest ecology were modified and 

applied to determinations of aquatic 

photosynthesis and community respiration 

from surface water CO2 concentration data 

(IV).   

 

 
2. MATERIAL AND METHODS 
 

All the studies were conducted in Lake 

Valkea-Kotinen during 2002–2007. The 

focus was on CO2 (II–V) whereas only one 

study dealt with the concentration and flux 

of CH4 (I). The CH4 measurements covered 

one year from ice-out in 2002 until the end 

of spring turnover in 2003, whereas the 

CO2 concentration and fluxes were 

measured during five consecutive open-

water periods in 2003–2007.  

 

2.1 Study site 

 

The study lake (Fig. 1), Lake Valkea-

Kotinen (61°14’ N, 25°04’ E), is situated in 

nature reserve area in Evo, southern 

Finland. The area has been protected since 

1955 and is the major Finnish site of the 

International Cooperative Programme on 

Integrated Monitoring of Air Pollution 

Effects on Ecosystems (ICP IM). The 

monitoring of water properties was initiated 

in Lake Valkea-Kotinen in 1989 (Rask et 

al. 1998). The site was originally selected 

because it is representative of its 

biogeographical province, is primarily 

forested and is in as natural a state as 

possible. Moreover, its catchment area is 

distinct and unambiguous. The area also 

belongs to the Natura 2000 of the European 

Union and the Finnish Long-Term 

Ecological Research (LTER) network. 

Maps for the location and bathymetry of 

the lake as well as topography of the area 

can be found in I and II, respectively. 

Lake Valkea-Kotinen is a small 

headwater lake with a surface area of 0.041 

km
2
. The mean and maximum depths are 

2.5 m and 6.5 m, respectively. There is no 

inlet to the lake, whereas it has a small 

outlet. Due to the humic water and 

sheltered position of the lake it is thermally 

stratified and in summer the hypolimnion 

below 1.5–3 m becomes anoxic (Keskitalo 

et al. 1998). The euphotic zone is restricted 

to the shallow surface layer of 1–1.5 m in 

thickness and during summer stratification 

the mixing layer equals the eupthotic zone 

in depth or is somewhat shallower. The 

water is slightly acidic and its buffer 

capacity low. Hence, most of the inorganic 

carbon present is in the form of CO2. 

Although appearing as a rather typical 

boreal lake, it has surprisingly high annual 

primary production that often results in low 

surface water CO2 concentration in 

summer. The mean values over seven 

consecutive open-water periods (1990–

1996) for daily primary production, annual 

production, daily net production, daily 

community respiration and chlorophyll a 

concentration are 177 mg C m
-2

 d
-1

, 30.9 g 

C m
-2

 yr
-1

, 58.4 mg C m
-2

 d
-1

, 191.3 mg C 

m
-2

 d
-1

 and 21.7 mg m
-3

, respectively 

(Keskitalo et al. 1998). The basic chemical 

characteristics of Lake Valkea-Kotinen can 

be found in Keskitalo et al. (1998) and their 
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mean values over seven consecutive open-

water periods (1990–1996) are given in 

Table 1. In terms of nutrients, Lake Valkea-

Kotinen can be classified as oligotrophic or 

mesotrophic, but due to the occasionally 

high chlorophyll a concentrations, the lake 

appears to be meso-eutrophic (Wetzel 

2001). The narrow lake littoral zone has 

scant growth of water lilies (Nymphaea L. 

spp. and the yellow water-lily Nuphar lutea 

[L.] Sm.) and a dense mat of sphagnum 

mosses (Sphagnum L. spp.). 

 

 

 

 

Figure 1. Lake Valkea-Kotinen and its forested catchment. The red circle illustrates the location 

of a measuring platform.  
©
 Ilpo Hakala. 

Table 1. Chemical characteristics of Lake Valke-Kotinen in the epilimnion (0–1 m) and 

hypolimnion (3–5 m) as mean values calculated over the open-water periods of 1990–1996 (data 

from Keskitalo et al. 1998). N.D. stands for ‘not determined’. 

 pH Conductivity 

mS m
-1
 

Colour  

g Pt m
-3
 

TN 

mg m
-3

 

NH4-N 

mg m
-3

 

NO3-N 

mg m
-3

 

TP  

mg m
-3

 

Alkalinity  

eq m
-3
 

DIC  

g m
-3
 

DOC  

g m
-3
 

Epilimnion 5.2 3.0 136.7 487.4 12.1 7.5 18.6 0.005 0.6 11.3 

Hypolimnion 5.3 3.3 161.6 640.3 137.0 12.5 22.9 0.053 5.2 N.D. 

 

The catchment area is app. 30 ha in size 

and is mainly covered by old-growth 

coniferous forest dominated by 80–150-yr-

old Norway spruce (Picea abies [L.] H. 

Karst.), while some birch (Betula L. spp.), 

aspen (Populus tremula L.) as well as old 

Scots pines (Pinus sylvestris L.) grow 

among the spruce. Upland forest covers 

62% and peatlands 25% of the catchment 

area. The riparian zone is also formed of 

peaty soil. The annual mean temperature is 

3.1 °C, annual mean precipitation is 618 

mm and the growing season (T > 5 °C) is 

112 days long (Mäkelä 1995).   
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2.2 Gas concentration 

measurements 

 

2.2.1 CH4 concentration 

 

The concentration of CH4 in the water (I) 

was measured, using the headspace 

equilibrium technique (McAuliffe 1971). 

The sampling frequency was once per 

week, starting right after ice-out in 2002 

and continuing until the freeze-over. 

Samples were taken once per month during 

the ice-covered time. Duplicate samples of 

water (30 mL) were taken into 60-mL 

polypropylene syringes (Terumo Europe N. 

V., Leuven, Belgium) that were closed with 

three-way stopcocks (Luer-lock, Codan 

Ltd, Wokingham, Berkshire, UK). The 

headspace of the syringes was filled with 

30 mL of nitrogen gas (N2), followed by 

vigorous shaking of the syringes to 

equilibrate the sample with the headspace, 

from which the CH4 concentration was 

measured, using gas chromatography (GC) 

[Hewlet-Packard 5710A (Hewlett-Packard, 

Palo Alto, CA, USA) and Agilent 6890N 

(Agilent Technologies Inc., Palo Alto), 

flame ionization detector (FID)]. The CH4 

concentration in the water was calculated 

as described in Huttunen et al. (2001). 

Samples for the different depths were taken 

with a Limnos (2 L) tube sampler. 

Temperature and O2 profiles of the lake 

were measured twice a week at 0.5 m 

intervals with an oxygen thermometer (YSI 

55; Yellow Springs Instrument Co. Inc., 

Yellow Springs, OH, USA). 

 

2.2.2 CO2 concentration 

 

The concentration of CO2 in the water (II, 

III, V) was calculated from the DIC, pH 

and temperature according to Butler 

(1982). For DIC analyses the samples were 

taken in duplicate 25-mL glass stoppered 

bottles that were allowed to overflow to at 

least three times their own volume to 

ensure that no air bubbles were left inside. 

The bottles were taken to the laboratory in 

a darkened icebox and the DIC was 

measured within 3 hours by lowering the 

pH of the sample with strong acid and 

measuring the CO2 released with an 

infrared (IR) gas analyser (URAS 3G; 

Hartmann & Braun AG, Frankfurt am 

Mein, Germany). The samples for pH were 

measured in the laboratory (Orion Research 

SA 720 pH/ISE; Orion Research Inc., 

Beverly, MA, USA). Samples for the 

different depths were taken with a Limnos 

2-L tube sampler. Temperature and O2 

profiles of the lake were measured twice 

per week at 0.5 m intervals with an oxygen 

thermometer (YSI 55; Yellow Springs). 

The equilibrium concentration with the 

atmosphere (Ceq) was calculated, using the 

air CO2 concentration and the temperature-

adjusted Henry’s law constant. 

 

2.2.3 Continuous CO2 concentration 

measurements 

 

Continuous CO2 measurements (III, IV) 

were conducted at depths of 0.1, 0.5 and 

1.5 m with a measuring system in which 

the continuous airstream was circulated by 

a diaphragm pump in a closed loop that 

consisted of gas-impermeable tubing, CO2 

analyser (CARBOCAP® GMP343, Vaisala 

Oyj, Helsinki, Finland), semipermeable 

tubing and the pump. The pumps and CO2 

analysers were placed on the same raft with 

the EC equipment (see below) in a 

temperature-controlled box, whereas the 

semipermeable tubing was placed in the 

water at the measuring depth. The 

semipermeable tubing, CO2 analyser and 

the pump were connected with gas-
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impermeable tubing. The gas 

concentrations of the continuous airstream 

within the loop equilibrated with that in the 

water around the semipermeable tubing. 

Thus, the CO2 concentration of the water 

could be continuously measured in the 

gaseous phase with a CO2 analyser. The 

concentration of CO2 in the water (C; µmol 

L
-1

) could then be determined, using the 

dependence of solubility of CO2 as a 

function of temperature with the 

appropriate Henry’s law constant (KH ; mol 

(L atm)
-1

): 

(1)           , 

where xCO2 is the CO2 concentration ( = 

probe output, parts per million) and P is the 

pressure (atm).  

 

2.3 CH4 flux measurements 

 

2.3.1 Chamber measurements 

 

The CH4 efflux from the water surface to 

the atmosphere was measured weekly 

during the open-water period, using the 

static chamber technique (I). Air samples 

were transferred from three floating 

chambers (volume 5.8 L, height 0.125 m) 

into 60-mL polypropylene syringes through 

a tube mounted on the top of the chambers 

at 5-min intervals for 30 min. The 

headspace of the chambers was mixed by 

pumping air in and out of the syringe 

several times before closing the sample 

inside the syringe. The air temperature in 

the chambers during the incubation was 

measured. The concentration of CH4 was 

measured by GC. CH4 efflux was 

calculated as a linear increase (P < 0.05) in 

CH4 over time according to the Ideal Gas 

Law.  

 

2.3.2 Boundary-layer diffusion (BLD)  

 

Another estimate of CH4 efflux (I) was 

calculated with the boundary-layer 

diffusion (BLD) equations presented by 

Kling et al. (1992) and Phelps et al. (1998):  

(2)      
 

  

  
           ,  

 

where zb is the thickness of the aqueous 

boundary layer, Csur the concentration of 

CH4 at 0–30-cm depths and Ceq the 

concentration of CH4 in equilibrium with 

the air. The values of Ceq were calculated 

with Henry’s law constants for surface 

temperatures (Lide & Fredikse 1995), 

assuming a stable atmospheric CH4 

concentration of 1.745 ppm (Houghton et 

al. 2001). The diffusion coefficient (Db, 

cm
2 

s
-1

) and boundary-layer thickness (zb, 

µm) were calculated as 

(3)                             

and  

(4)                           , 

where T is the water temperature (°C) at the 

surface and U10 the wind speed at 10 m 

height (m s
-1

). The value for U10 was 

obtained by multiplying the measured wind 

speed at a height of 1.0 m above the lake 

surface by a factor of 1.22 (Crusius & 

Wannikhof 2003). This approach does not 

take into account any stability effects.  

 

2.4 CO2 flux measurements 

 

2.4.1 Eddy covariance technique 

 

The CO2 exchange between the lake 

surface and the atmosphere was measured 
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with the EC technique (II, V). A platform 

for the EC equipment was moored 

approximately 280 m from the northwest 

end of the lake and 35 m from the eastern 

shore (Fig. 1). The platform consisted of 

three rafts attached to each other to form a 

triangle, with each side about 5 m in length. 

The EC measurement tower (1.5 m) was set 

up on the platform’s angle pointing to the 

longest fetch.  

The measurement system consisted of a 

Metek ultrasonic anemometer (USA-1; 

Metek GmbH, Elmshorn, Germany), which 

measured the three wind components and 

virtual temperature, coupled with a closed-

path IR gas analyser (IRGA, LI-7000; Li-

Cor Inc., Lincoln, NE, USA), which 

measured the CO2 and H2O mixing ratio. 

The micrometeorological fluxes of CO2 

were calculated as covariances between the 

CO2 mixing ratio and vertical wind speed 

according to commonly accepted 

procedures (Aubinet et al. 2000). The 

upward fluxes were defined as positive. In 

addition to the flux calculation used in II, 

the spectral correction method (Moore 

1986, Horst 1997, Massman 2000, 2001) 

was introduced in calculations of the fluxes 

in V. Furthermore, data quality selection 

also evolved between II and IV and new 

criteria for turbulent mixing and wind 

direction were added (see below). Both II 

and IV share some features of data 

selection. First, the momentum flux must 

be directed downwards; second, flux 

instationarity was required to remain below 

0.3 (Foken & Wichura 1996); third, the 

skewness and kurtosis of vertical wind 

speed and CO2 concentration were required 

to remain within the range of [-2,2] and 

[1,8], respectively (Vickers & Mahrt 1997). 

In II, data only from the longest fetch were 

accepted, i.e. from 290°–350°, whereas in 

V both wind directions along the lake were 

approved, i.e. 110°–170° and 290°–350°. In 

V, to ensure sufficient turbulent mixing, a 

threshold value for standard deviation of 

vertical wind speed (σw) was empirically 

determined as described in Launiainen et 

al. (2005). In comparison to the threshold 

values of 0.07 m s
-1

 and 0.11 m s
-1

 for the 

two different setups in Launiainen et al. 

(2005), the threshold value in Lake Valkea-

Kotinen was much higher, i.e. σw > 0.3 m s
-

1
, above which the variation in CO2 flux 

decreased drastically. These data quality 

criteria were set to ascertain that the 

requirements of steady-state turbulent flow 

were satisfied and that the fluxes 

represented the lake-atmosphere exchange. 

Due to the differences in data 

calculation and quality selection there are 

two divergent CO2 flux estimates for 2003 

in II and V. Those in V were regarded as 

more reliable and used in further 

discussion. 

 

2.4.2 Boundary-layer method (BLM) 

 

The CO2 exchange between the lake and 

the atmosphere (II, III) was also estimated 

from the concentration difference between 

the lake surface and the overlying air (Csur 

– Ceq) and using the gas transfer velocity 

(k) according to the equation 

(5)      
              . 

The value of k for the gas can be computed 

if it is known for another gas, using the 

dependence of k on the Schmidt number 

(Sc): 

(6)  
     

     
  

      

      
 
  

 . 
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Gas exchange velocities are usually 

normalized to Sc = 600, which is the 

Schmidt number of CO2 at 20 °C in 

freshwater and is referred to as k600. The 

Schmidt number is the ratio of the 

kinematic viscosity of water and the 

molecular diffusion coefficient of the gas 

and is a function of temperature. The 

Schmidt number for CO2 was calculated 

from Jähne et al. (1987) and for k600 the 

empirically determined equation by Cole & 

Caraco (1998) was used: 

(7)                     
   . 

Thus, kCO2 could be calculated with 

equation 

(8)              
     

   
 
  

, 

where n is 0.67 determined for low-wind 

speed conditions and taken from Jähne et 

al. (1987).  

 

2.5 Methanotrophy 

 

Methanotrophic activity was measured 

weekly from 12 June to 16 October 2002 

and five times during the following winter 

and spring. Lake water from depths of 0, 2, 

4 and 6 m taken with the Limnos sampler 

was transferred into dark 2-L bottles that 

were carefully flushed with water from the 

sampling depth before filling and then 

closed with glass stoppers to avoid air 

headspace. In the laboratory, CH4 oxidation 

was measured as a linear decrease in CH4 

concentration in sterile glass syringes 

(SAMCO Interchangeable, S. Murray & 

Co., Old Woking, Surrey, England; 50-mL 

volume). Ten syringes for each sampling 

depth were filled half full (25 mL) with the 

lake water, carefully avoiding air bubbles, 

and closed with three-way stopcocks, and 

the connection between the plunger and the 

syringe was covered by Parafilm 

(American National Can Group, Chicago, 

IL. USA). For each depth, the 

concentration of CH4 was analysed from 

three syringes immediately after filling. 

The other syringes were incubated in 

darkness in temperatures simulating those 

measured in the field (± 2 °C), and their 

CH4 concentration was measured after 4, 8 

and 24 h of incubation. Only those time 

series with a significant linear decrease in 

CH4 (p < 0.05) were accepted as the results 

of methanotrophic activity, whereas 

unchanged CH4 concentration during 24 h 

indicated that no methanotrophic activity 

had occurred. 

 

2.6 Free-water approach for 

determination of primary production 

and community respiration 

 

Continuous measurements of surface water 

CO2 concentration were used in an effort to 

compute the planktonic primary production 

and community respiration of the lake 

ecosystem (IV). The surface water CO2 

concentration was measured, as described 

in section 2.2.3. The change in surface 

water CO2 concentration is comprised of 

the biological exchange between living 

organisms and water (g) and the physical 

fluxes of surface water CO2 between air 

(Fa) and the deeper water layers (Fu). The 

mass balance of CO2 in the surface water 

layer above depth hb is 

(9)          
        

  

 

  
        , 

where C(h,t) is the CO2 concentration in 

the water as a function of depth (h) and 

time (t). The fluxes F are positive when 
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they are upwards. Fa was calculated using 

the BLM as described in 2.4.2. Since about 

60 % of the volume of Lake Valkea-

Kotinen is below 1.0 m and the 

measurements were conducted during the 

autumn turnover, Fu was estimated as 60% 

of the Fa. The factor   is comprised of 

photosynthesis (p) and respiration (r); when 

p is larger than r, g is positive. 

The photosynthetic rate and, hence, 

primary production in brown-water lakes 

can be limited by irradiance and thus a 

saturating Michaelis-Menten-type 

dependence of p on photosynthetically 

active radiation (PAR, 400–700 nm) (I) 

was applied. Respiration was assumed to be 

determined by temperature (T) and the 

daytime respiration rate was set equal to the 

nighttime rate (e.g. Carignan et al. 2000). 

Thus,   can be formulated as 

(10)       
    

   
        

    
, 

where pmax is maximum photosynthesis, b 

the half-saturation constant and r0 is basal 

respiration. Q10 was assumed to be 2.0 

(Reynolds 1984). The values of the 

parameters of pmax, b and r0 were estimated 

by minimizing the residual sum of squares. 

 

2.7 Additional measurements 

 

The profile of the water temperature was 

measured with a string of temperature 

sensors (Vemco, Halifax, NS, Canada) with 

various depth combinations (9–13 sensors 

at 0.2–4.5 m) over the years; the logging 

interval varied from 15 min to 1 h. The 

water temperature was also measured at the 

depths of continuous CO2 concentration 

measurements with Philips KTY81-110 

temperature probes (Philips 

Semiconductors, Eindhoven, The 

Netherlands). The strength of the 

stratification was estimated as a Brunt-

Väisälä stability frequency (Ns) (s
-1

) 

calculated from the density gradient 

(        ) across 0.2–1.5 m (or 0.5–1.5 m 

in III), using the equation:  

(11)      
 

  
 
   

  
, 

where g (m s
-2

) is the acceleration due 

to gravity,    (kg m
-3

) the water density 

and z (m) the depth. The dissolved O2 

profile was measured weekly during open-

water periods and monthly in winter 2005–

2006 with a YSI 55 dissolved oxygen meter 

(Yellow Springs). 

 

 

3. RESULTS 
 

3.1 Stratification of the lake 

 

The temperature stratification of the lake 

followed the same general pattern every 

study year. The isothermal phase in spring 

after ice-out was very short or absent and 

thus the lake often lacked the complete 

spring turnover (Fig. 2, Fig. 3 in I). The 

surface water warmed up very quickly and 

a steep temperature gradient was formed in 

a matter of days. The mixing depth, 

determined as where the temperature 

gradient reached the value of 1 °C m
-1

 the 

first time, was occasionally very shallow, 

i.e. 0.5 m, and based on the daily average 

temperatures, 1-m mixing depths were a 

common occurrence in June and July (Fig. 

3 in III). Stratification sometimes started to 

break up already in August and the autumn 

turnover occurred by mid-October. The 

mixing continued until freeze-over. Figure 

2 is shown as an example of the annual 
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temperature profiles over the years 2005 

and 2006.  

The O2 profile of Lake Valkea-Kotinen 

confirmed incomplete spring turnover and 

only in spring 2007 was the bottom of the 

lake aerated (not shown). The anoxic 

boundary ascended until July–August 

reaching 2 m every study year, after which 

it descended until the autumn turnover. 

Figure 3 is shown as an example of the 

annual O2 profiles over the years 2005 and 

2006. A high under-ice O2 concentration 

due to primary production was seen in 

April 2006 and discussed in III.  

 

Figure 2. Temperature (°C) stratification pattern in Lake Valkea-Kotinen in 2005–2006 (III). 

Grey bars represent the ice-covered times.  

 

Figure 3. Oxygen (mg L
-1

) stratification in Lake Valkea-Kotinen in 2005–2006. Grey bars 

represent the ice-covered times. 
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3.2 CH4 dynamics and flux to the 

atmosphere 

 

The surface water CH4 concentration 

ranged from 0.005 mmol m
-3

 in early 

winter to 3.0 mmol m
-3

 at the onset of 

autumn turnover, but compared with the 

atmospheric concentration, the lake surface 

was always supersaturated with CH4. The 

CH4 concentration in the hypolimnion 

increased in parallel with anoxia, so that 

the maximum concentration of 236 mmol 

m
-3

 was recorded at 6 m in mid-September 

when only the uppermost 2 m in the lake 

were oxygenated. At that time the surface 

water CH4 concentration was 3.0 mmol m
-3 

(Fig. 4). The oxygenated layer was < 2 m in 

late August when there was a CH4 peak 

(3.4 mmol m
-3

) at 2 m. The CH4 storage in 

the water column was maximal in mid-

September (1890 mol CH4 per lake) when 

it was > 80% higher than CH4 storage 

under the ice (I). The spring turnover 

during both study years was incomplete, 

and the O2 concentration near the bottom (6 

m) did not increase above the detection 

limit (Fig. 3 in I). However, the CH4 

concentration at 6 m was lowest, i.e. 17 

µmol m
-3

, in spring 2002 after ice melt. 

 

Figure 4. CH4 concentration at depths of 0.2 m, 2.0 m and 6.0 m in Lake Valkea-Kotinen in 2002. 

Note the different y-axis for the depth of 6 m.  

During the ice-free period, CH4 was 

continuously released from the lake surface 

to the atmosphere (Fig. 5). From late April 

to late August, the CH4 efflux rate varied 

between 0.1 and 0.8 mmol CH4 m
-2 

d
-1

, but 

the highest effluxes (1.2–5.1 mmol CH4 m
-2 

d
-1

) were measured from mid-September to 

early October during the autumn turnover. 

Overall, the efflux rates estimated with the 

BLD correlated significantly with the 

chamber measurements (r
2 

= 0.91), but the 

peak values with the BLD, especially 

during the autumn turnover, were only 

about half of those with the chamber 

measurements. The CH4 flux measured 

with the chambers and integrated over the 

open-water period gave a total flux of 0.11 

mol CH4 m
-2 

yr
-1

. 

The CH4 efflux by ebullition from the 

sediment was most probably insignificant 
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in this lake, because no gas bubbles 

were trapped in subsurface funnels (n = 8) 

during a 3-week period in July 2003 

(Huotari unpubl. data).  

The highest methanotrophic activities 

were always measured at the oxic–anoxic 

interfaces (Fig. 6). The highest activities 

were measured at 6 m after the incomplete 

spring turnover (6–18 mmol CH4 m
-3

 d
-1

), 

but during the summer and winter 

stratification periods, no activity was 

measured at that depth, presumably 

because of O2 limitation. At 4 m, 

methanotrophic activity was observed from 

June to mid-July and again from the onset 

of autumn turnover in September to mid-

October and during the next winter and 

spring from March to May. In the 

epilimnion, methanotrophic activity was 

measured at 2 m from late June to mid-

October (0.04–1.8 mmol CH4 m
-3

 d
-1

) and 

at the surface water layer (0–0.3 m) from 

July to mid-October (0.02–1.3 mmol CH4 

m
-3

 d
-1

). 

 

 

 

 

 

 

 

 

Figure 5. Methane efflux from Lake Valkea-Kotinen in 2002 determined with two different 

methods (I). © 2006, by the American Society of Limnology and Oceanography, Inc.  
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Figure 6. Methanotrophy (mmol CH4 m
-3

d
-1

) in the water of Lake Valkea-Kotinen measured from 

June 2002 until May 2003 at 0-, 2-, 4- and 6-m depths. At 2 m, results after CH4 addition to the 

water samples are also given. Black horizontal bar on the top denotes ice cover (I). © 2006, by the 

American Society of Limnology and Oceanography, Inc. 

3.3 CO2 dynamics and exchange 

between the lake and the 

atmosphere 

 

The CO2 concentration in Lake Valkea-

Kotinen showed a yearly pattern similar to 

that of CH4. The lake was also steeply 

stratified in terms of CO2 from May until 

the autumn turnover and the spring 

turnover was usually incomplete (Fig. 6 in 

II), i.e. high hypolimnetic concentrations 

extended until the autumn turnover. In 

summer during the stratification period, the 

CO2 concentrations in the epilimnion were 

usually less than 60 mmol m
-3

, and at the 

very surface in midsummer lower than 30 

mmol m
-3

, when the concentrations at or 

below equilibrium were not uncommon 

(Fig. 7). Below the thermocline the 

concentration was usually more than 300 

mmol m
-3

, i.e. one order of magnitude 

higher than in the surface water. In the 

anoxic hypolimnion, the CO2 accumulates 

throughout the stagnation period, so that 

just before the fall turnover the 

concentrations at the very bottom may 

reach 600 mmol m
-3

 (Fig. 6 in II). 

The highest surface water CO2 

concentrations are usually measured in 

spring after ice melt, although the 

concentrations in autumn may reach the 

same level (Fig. 7). The concentration 

rapidly decreases close to atmospheric 

equilibrium in spring and often CO2 is 

consumed below the equilibrium by 

primary producers in the surface water 

during spring and summer. Occasional 

increases in surface water CO2 were seen 

throughout the summers until the greater 

burst of hypolimnetic CO2-rich water to the 
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surface at the onset of the break in 

stratification. During autumn turnover 

surface water CO2 concentration remains 

well above the equilibrium until the lake 

freezes over. 

The diel cycle is visible in the surface 

water CO2 concentration almost throughout 

the growing season, slowly fading away 

towards freeze-over together with 

decreasing irradiance (Fig. 7 in III, Fig. 3 in 

IV). The concentration is highest in the 

morning after sunrise and lowest in the 

evening and thus clearly governed by 

irradiance and reflecting the metabolism of 

the lacustrine ecosystem. The diel cycle is 

sometimes blurred by pulses of CO2-rich 

hypolimnetic water, which are due to 

weather changes (III). Surface water CO2 

concentrations are clearly associated with 

the strength of the stratification (Fig. 8). 

The euphotic zone and the mixing depth are 

restricted within the first metre of the lake 

surface during stratification, below which 

there is a high level of storage of CO2 (Fig. 

7, Fig. 6 in II). Hence, when the mixing 

depth increases, CO2 from the hypolimnetic 

water is supplied to the surface and 

simultaneously, the light climate of 

planktonic primary producers deteriorates 

and productivity and carbon uptake 

decrease.   

 

 

Figure 7. Daily averages of surface water CO2 concentrations (µmol L
-1

) at different depths, CO2 

concentrations calculated from DIC and pH (Ccalc) and atmospheric equilibrium concentration 

(Ceq). Shaded blocks represent ice-covered periods (III). 



 

 

       24 

 

 

 

Figure 8. Relationship between surface water CO2 concentration and stability frequency (Ns). The 

curve follows the first-order exponential decay function CO2 = 106.07exp(-Ns/0.0157) + 24.74 

(III). 

Lake Valkea-Kotinen was annually a 

source of CO2 to the atmosphere. The time 

of the ice-out in late April or early May and 

the following spring turnover was quite 

distinct in the annual CO2 flux dynamics, 

although the turnover was often incomplete 

and short (Fig. 9). During the summer 

months the lake regularly acted as a CO2 

sink, but in general the summertime 

variation in CO2 fluxes was large. 

Occasional event-type deepening of the 

epilimnion due to cooling of the air 

temperature and often simultaneous 

increase in wind speed or precipitation 

caused bursts of CO2, resulting in fluxes 

above the normal variation. The 

thermocline began to deepen in late July or 

August and in September the lake became a 

continuous source of CO2. The autumn 

turnover occurred by mid-October at the 

latest. The ice cover in autumn, mainly 

consisting of congelation ice, proved to be 

gastight, since the ice-over days with zero 

fluxes are visible in the flux data (Fig. 9).  

The mean annual CO2 flux of Lake 

Valkea-Kotinen over the 5-yr measuring 

period was 77 (± 11 SD) g C m
-2

. The mean 

daily CO2 flux in spring, averaged over the 

period from ice-out until late May, was 

0.31 (± 0.16) g C m
-2 

d
-1

 (Fig. 2 in V) and 

the spring period contributed 13.4% (± 

6.3%) to the annual flux. Annually, most of 

the CO2 was emitted to the atmosphere in 

late summer, when the thermocline was 

deepening, and during the autumn turnover 

in September–October. The mean daily 

CO2 fluxes during the monthly periods 

from August until freeze-over were 0.52 (± 

0.18) – 0.56 (± 0.22) g C m
-2

d
-1

 (Fig. 2 in 

V), and this period contributed up to 77% 

to the annual fluxes. The flux decreased 

until freeze-over concomitantly with the 

decrease in surface water CO2 

concentration, which however did not reach 

atmospheric equilibrium. Differences in 

annual fluxes could not be associated with 

differences in DOC or precipitation. The 

length of the ice-covered period of the 

preceding winter correlated best with 

annual fluxes (V).  
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Figure 9. Half-hourly CO2 fluxes over open-water periods of 2003–2007. Positive values indicate 

upward transport (emission). Capital letters M and F represent times of ice melt and freeze-over, 

respectively. Upward arrows represent bursts of CO2 during summer stratification, as discussed in 

the text. 



 

 

       26 

 

 

Since in addition to the EC 

measurements, the CO2 fluxes for years 

2003 (II), 2005 (III) and 2006 (III) were 

determined with BLM, the different 

methods could be compared. In II, the 

BLM estimate was based on a sporadic 

weekly sampling of the surface water CO2 

concentration, whereas in III the surface 

water CO2 was measured continuously 

except for some gaps in the measurements, 

which were filled based on weekly 

samplings and linear interpolation. 

Regardless of the method used, the same 

seasonal pattern was found, but the EC 

gave higher estimates than the BLM. When 

all three years were included in comparison 

of the monthly fluxes, the EC gave flux 

estimates almost twice as high as those of 

the BLM. When year 2003 with sporadic 

sampling was omitted, the estimates were 

closer to each other but EC gave still 

almost 40% higher estimates than the 

BLM. The Pearson’s correlation coefficient 

of the two datasets was 0.790 (P < 0.01).  

When the datasets from III and V for 

year 2006 were combined, the dependence 

of CO2 flux on the concentration difference 

(expressed here as partial pressure) was 

clear and it explained 37% of the variation 

in CO2 flux (Fig. 10, P = 0.000). The factor 

k600 could be resolved from the combined 

dataset according the equations 5, 6 and 8. 

Its dependence on wind speed was unclear 

when the entire dataset was examined (not 

shown), but in autumn (September–-

October) the wind speed explained 39 % of 

the variation in k600 (Fig. 11). Commonly, 

the wind speed measured at or converted to 

a reference height of 10 m is used. 

However, the true wind speed 

measurements at 1.5 m above the lake 

surface were used, because when 

converting wind speeds to a height of 10 m 

using a logarithmic wind profile, the R
2
 

value was notably lower.  

 

 

Figure 10. Relationship between CO2 flux and the difference between pCO2 of surface water and 

atmospheric equilibrium (Csur-Ceq). 
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Figure 11.  Relationship between normalized gas transfer velocity (k600) and wind speed. The 

linear relationship is in the form of y = 1.5447x + 1.1195 and wind speed explained 39% of the 

variation in k600. Red squares (C&C) and green triangles (Wanninkhof) represent the widely used 

empirically determined relationships by Cole & Caraco (1998) and Wanninkhof et al. (1985), 

respectively. 

3.4 Free-water approach for 

determination of primary production 

and community respiration 

 

The surface water CO2 concentration in 

October 2004 showed a diel cycle clearly 

driven by light (Fig. 3 in IV). The net CO2 

exchange between living organisms and 

water (g) could be calculated from the 

continuous CO2 concentration 

measurements with mass balance equation 

9. The dependence of g on light (PAR) 

(Fig. 12) could then be described with 

equation 10 and the parameters were 

estimated to be pmax = 0.54 ± 0.04 μmol m
-2

 

s
-1

, b = 59.1 ± 13.1 μmol m
–2 

s
–1

, and r0 = 

0.15 ± 0.005 μmol m
-2 

s
-1

. When the light 

dependence of the photosynthetic rate was 

integrated over time the mean rate of 9.39 ± 

2.00 mmol m
-2

 d
-1

 was obtained. The mean 

daily respiration r was estimated to be 20.5 

± 0.14 mmol m
-2 

d
-1

, resulting in a net 

ecosysterm exchange (NEE) of -11.1 mmol 

m
-2 

d
-1

.  

 

 
Figure 12. The Michaelis-Menten -type light (photosynthetically active radiation, PAR) 

dependence of CO2 exchange between living organisms and water (IV). © 2008, by the American 

Society of Limnology and Oceanography, Inc. 
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4. DISCUSSION  
 

As is typical of boreal brown-water lakes, 

Lake Valkea-Kotinen is steeply stratified 

and an anoxic hypolimnion is formed both 

in summer and winter. The very short or 

incomplete spring turnover, also common 

in Lake Valkea-Kotinen, is also a typical 

phenomenon in small, sheltered, boreal 

humic lakes, because stained humic 

substances rapidly absorb solar radiation 

and a warmer, lighter epilimnetic layer can 

be formed within a few days after melting 

of ice cover (Salonen et al. 1984, Keskitalo 

et al. 1998). These circulation and 

stratification patterns also have major 

effects on greenhouse gas dynamics of the 

lakes. 

 

4.1 CH4 concentration and flux 

 

Summer stratification and winter ice 

cover seal the hypolimnion from the 

exchange of gases with the atmosphere and 

thus substantial amounts of both CH4 and 

CO2 can be accumulated in the 

hypolimnion. The seasonal dynamics of the 

CH4 determined in I showed that contrary 

to studies stating the importance of ice melt 

and following spring turnover as a period 

of large CH4 emissions (Michmerhuizen et 

al. 1996, Phelps et al. 1998), spring was the 

time of smallest efflux in Lake Valkea-

Kotinen. Although the spring turnover was 

too short to re-aerate the hypolimnion in 

2002, it ensured enough O2 that instead of 

being emitted to the atmosphere, the CH4 

was mostly oxidized in the water column 

and the wintertime storage was effectively 

consumed. Increased primary production 

due to enhanced light availability in spring 

may have produced the O2 needed in the 

biological oxidation or the CH4 could also 

have been consumed in anaerobic oxidation 

(Raghoebarsing et al. 2006).  

During summer stratification, three 

times more CH4 was oxidized than emitted 

to the atmosphere, the most active depth of 

oxidation being between 2 and 4 m (I), thus 

creating an effective buffer to transport of 

CH4 by turbulent diffusion from the 

hypolimnion to the surface. However, the 

surface concentrations of CH4 were higher 

than at 2 m from February until mid-July, 

even before notable methanotrophic 

activity began at 2 m, implying that some 

of the CH4 diffused from the hypolimnion 

escaped oxidation. The estimated turbulent 

diffusion of CH4 across the thermocline 

exceeded the methanotrophy measured in 

the epilimnion (Fig. 7 in I), supporting the 

idea that surplus CH4 at the surface is 

transported across the active oxidation 

layer. The CH4 could also have entered the 

lake surface by lateral transport from the 

surrounding soils or littoral zone (Hofmann 

et al. 2010). Rain events can flush the CH4 

from the catchment to lakes, which was 

seen in 2004 in the larger Lake Pääjärvi 

nearby, where high surface water 

concentrations of CH4 were measured as a 

consequence of heavy rains (Ojala et al. 

2011). Furthermore, high concentrations of 

CH4 have been measured from the riparian 

soil at Lake Valkea-Kotinen (Rasilo, T. et 

al. manuscript), which may increase the 

surface water CH4 concentrations if 

transported to the lake by the surface 

runoff.  

In summer, the hypolimnetic 

accumulation of CH4 was notably higher 

than in winter and the highest CH4 fluxes 

were measured during autumn turnover. 

This differs from the pattern observed in 

northern Minnesota and Wisconsin, where 

the wintertime storage of CH4 was higher 

than in summer and springtime oxidation 
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was considered negligible compared with 

the efflux (Michmerhuizen et al. 1996, 

Striegl & Michmerhuizen 1998). However, 

high rates of CH4 oxidation can occur in 

winter throughout the water column of 

eutrophic and sheltered dystrophic lakes, 

resulting in lowered O2 concentration or 

even anoxia (Kuznetzov 1935, Rudd et al. 

1976, Wetzel 2001). The estimate that 80% 

of the CH4 diffusing from the sediment of 

Lake Valkea-Kotinen is oxidized in the 

water column, remainder being emitted to 

the atmosphere, compares well with the 

measurements by Striegl & Michmerhuizen 

(1998) who found corresponding 

percentages to be 62-79% in two lakes in 

Minnesota, USA. 

 

4.2 CO2 concentration and flux 

 

The stratification-driven seasonal 

pattern of CO2 dynamics was shown in III 

and V. As with CH4, CO2 accumulated in 

the hypolimnion during winter and 

summer, also resembling the pattern found 

in other lakes in the Boreal (Kortelainen et 

al. 2004), and Temperate Zones (Cole et al. 

1994, Michmerhuizen et al. 1996, Cole & 

Caraco 1998, Riera et al. 1999). The 

incomplete spring turnover, which was a 

common occurrence in Lake Valkea-

Kotinen and resulted in the high 

hypolimnetic CO2 storage extending to the 

end of summer and was not emitted until 

autumn turnover, was also reported from 

temperate humic lakes by Riera et al. 

(1999). The most interesting feature of CO2 

dynamics in Lake Valkea-Kotinen is 

probably the summertime surface water 

concentration, which was occasionally 

lower than the atmospheric equilibrium, 

implying net autotrophy of the euphotic 

zone and from time to time a role as a 

carbon sink. It is almost a paradigm that 

boreal humic lakes are oligotrophic systems 

in which heterotrophic respiration exceeds 

primary production and thus 

supersaturation of CO2 prevails. At the time 

of strongest stratification, the mixing layer 

in Lake Valkea-Kotinen can be even 

shallower than the euphotic layer and 

surface water CO2 can be consumed under 

atmospheric equilibrium by vigorous 

primary production. The system can 

occasionally support a high stock of 

primary producers with high annual 

chlorophyll a concentration. The algal 

community in Lake Valkea-Kotinen is 

mainly composed of flagellated species 

[e.g. the raphidophyte Gonyostomum semen 

(Ehr.) Diesing, chrysophytes and 

dinoflagellates] capable of overcoming 

nutrient limitation in the surface water by 

vertical migrations to the nutrient-rich 

hypolimnion, or very small eukaryotic 

picoplankton efficient in nutrient and light 

harvesting (Peltomaa & Ojala 2010). 

However, the surface water CO2 is also 

clearly controlled by the stability of 

stratification (Fig. 6, Fig. 3 in V); when the 

mixing layer deepens the hypolimnetic 

injections of CO2-rich water to the surface 

increase the surface water concentration 

and also phytoplankton can be mixed 

deeper than the euphotic zone, resulting in 

the shift from net autotrophy to 

heterotrophy in the surface mixing layer. 

Nordbo et al. (2011) showed that wind-

induced mixing events during stratification 

are rare in Lake Valkea-Kotinen and 

changes in the thermocline depth are 

mostly governed by convection. 

EC measurements of CO2 fluxes in 

lakes are scarce and there are only three 

published reports for comparison. The 

pioneering work by Anderson et al. (1999) 

presents data over five short periods of 2–8 

days during three different years from 
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Williams Lake in north-central Minnesota, 

USA. Eugster et al. (2003) had three 1–3 

day field campaigns at two sites: one at 

Toolik Lake, Alaska, USA, and another at 

Soppensee, Switzerland. Jonsson et al. 

(2008) measured almost a complete open-

water period in oligotrophic Lake 

Merasjärvi in northern Sweden. Anderson 

et al. (1999) measured decreasing CO2 

fluxes from 2.7 µmol m
-2 

s
-1

 to slightly 

negative values during a week right after 

ice melt. Their peak fluxes in spring were 

little higher than in Lake Valkea-Kotinen 

(Fig. 7), probably reflecting the fact that 

there was a complete spring turnover and 

the site in Williams Lake was more open to 

wind-induced turbulence that enhanced gas 

transfer. Eugster et al. (2003) measured in 

Toolik Lake, Alaska, USA, summertime 

fluxes of approximately -0.005 to 0.015 mg 

C m
-2 

s
-1

 which equal -0.42 to 1.25 µmol m
-

2 
s

-1
, and Jonsson et al. (2008) obtained 

fluxes of app. -800 to 1500 mg C m
-2 

d
-1

 

equalling -0.75 to 1.5 µmol m
-2

s
-1

; these are 

all comparable to our flux values. 

Compared with the traditional ways to 

estimate CO2 exchange between lake and 

atmosphere, EC provides a clear 

improvement in temporal and spatial 

coverage of ecosystem-scale CO2 fluxes in 

a lake. However, a large part of the data 

had to be rejected, because the main 

requirement of the method, i.e. a steady 

state turbulent flow, could not always be 

fulfilled. A substantial amount of data was 

also rejected due to unfavourable wind 

direction (II, V). However, the accepted 

data included on average 9.8% of all the 

measured fluxes, which equals 2.4 hours 

per day during five consecutive open-water 

periods (V). This is much more than would 

be feasible with the traditional labour-

intensive techniques relying on gas 

concentration measurements or closed 

chambers. In a larger lake the EC 

measurements would probably result in a 

larger proportion of acceptable data, 

although the source area of the 

measurements may significantly increase 

(II). Motion of the raft due to waves was 

not a problem in Lake Valkea-Kotinen, but 

in larger lakes it should be measured and 

taken into account in post-processing of the 

data, or handled through use of a stable 

platform. 

The CO2 flux correlated well with the 

surface water CO2 concentration (Fig. 3 in 

V) and also with the strength of 

stratification (V). Consistent with the 

surface water CO2 concentration 

measurements (III), EC showed an 

occasional influx to the lake, while the 

hypolimnetic CO2 injections to the surface 

water and concomitant bursts to the 

atmosphere during stratification were also 

detected with EC (Fig. 7). Surprisingly, 

these bursts of CO2 during the stratification 

period were similar in magnitude to the 

spring and autumn turnovers, but they 

lasted only a short period of time. 

Generally, summer fluxes from boreal or 

north temperate humic lakes are regarded 

to be considerably lower than during 

turnover periods, due to lower surface 

water CO2 concentrations. Ojala et al. 

(2011) reported summer fluxes as high as 

in spring and autumn from Lake Pääjärvi, 

20 km from Lake Valkea-Kotinen, and they 

associated the fluxes with lateral transport 

of CO2 from the catchment, due to 

exceptional heavy rains in 2004. The 

effects of the same rains were also seen in 

Lake Valkea-Kotinen, causing two distinct 

bursts of CO2 (Fig. 7).  

The mean annual CO2 flux in Lake 

Valkea-Kotinen, i.e. 77 g C m
-2 

yr
-1

 (V), 

which equals 6.4 mol m
-2

 yr
-1

, compares 

well with other published annual flux 
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estimates. For instance, Riera et al. (1999) 

obtained a flux of 6.7 mol m
-2 

yr
-1

 in a 0.5-

ha bog lake in northern Wisconsin, USA 

using the BLM of Cole & Caraco (1998). 

Striegl & Michmerhuizen (1998) measured 

with chambers an annual efflux of 8.0 mol 

m
-2 

yr
-1

 from 65-ha Shingobee Lake in 

north-central Minnesota, and Ojala et al. 

(2011) 5.5 and 6.9 mol CO2 m
-2 

yr
-1

, based 

on the model of Cole & Caraco (1998) and 

chamber measurements, respectively, of 

13.4-km
2 

Lake Pääjärvi. The long-term 

average in Lake Valkea-Kotinen was 30% 

lower than estimated for small lakes from a 

large sample of statistically selected lakes 

in Finland (Kortelainen et al. 2004). 

Kortelainen et al. (2004) showed that the 

partial pressure of CO2 (pCO2) and thus the 

amount of CO2 emitted to the atmosphere is 

inversely proportional to lake size, which 

was also reported by Kelly et al. (2001), 

and lakes < 1 km
2
 annually emit on average 

102 g C m
-2 

yr
-1

, i.e. 8.5 mol m
-2 

yr
-1

. 

Moreover, the proportion of agricultural 

land in the catchment and high 

concentrations of nitrogen (N) and 

phosphorus (P) predicted high CO2 

concentrations and flux, whereas the 

relationship between peatland proportion in 

the catchment and CO2 concentration was 

negative. The lower fluxes in Lake Valkea-

Kotinen, having a surface area of 0.041 

km
2
, probably reflect the undisturbed 

catchment with peaty soils. The various 

methods used for determining the fluxes 

may also explain the higher estimate by 

Kortelainen et al. (2004); they estimated 

fluxes with the BLM (Cole & Caraco 

1998), used a constant U10 value of 3 m s
-1

 

to calculate the k600 and integrated the 

annual fluxes from only four annual 

(winter, spring, summer, autumn) 

concentration measurements. Although 

Kelly et al. (2001) stated that four evenly 

distributed samples per year is enough for 

determining the average pCO2, the 

continuous measurements from Lake 

Valkea-Kotinen showed that the annual 

course of CO2 is so dynamic that it is easy 

to miss episodic events. Even sampling at 

fixed times of the day can also result in 

erroneous estimates of the daily averages, 

due to significant diel cycles in the surface 

water CO2 concentration (III). Sellers et al. 

(1995) also pointed out the importance of 

frequent measurements of surface water 

CO2 in estimates of CO2 flux. Small and 

sheltered lakes may also be subject to lower 

winds and U10 values taken from 

measurements elsewhere may not be 

applicable to them. 

 

4.3 CO2 exchange between Lake 

Valkea-Kotinen and the atmosphere, 

obtained with different methods 

 

The discrepancy between the fluxes 

modelled and the EC measurements was 

also evident when estimates for the years 

2005 and 2006 in Lake Valkea-Kotinen 

were compared (III, IV). The BLM (Cole & 

Caraco 1998) gave annual fluxes of 3.7 and 

2.5 mol m
-2

 (III), whereas the fluxes 

measured were 6.2 and 7.4 mol m
-2

 (IV), 

respectively. It is notable that the 20-day 

open water period from 30 November until 

19 December was excluded from the flux 

modelled in 2006 since the measurements 

were stopped on 3 November due to freeze-

over. Leaving this 20day period out from 

the EC estimate resulted in a flux of 6.1 

mol m
-2 

yr
-1

. Thus, EC resulted in 70% and 

144% higher flux estimates in 2005 and 

2006, respectively. The discrepancy was 

similar to that reported in Cole & Caraco 

(1998), who used different models for gas 

transfer velocity in Mirror Lake, New 

Hampshire, USA, i.e. the annual flux 
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estimate was 70% higher when they used 

wind speed- and precipitation-based 

calculations for gas transfer velocity than 

when only a wind speed-based calculation 

was used. This demonstrates uncertainty in 

the use of gas exchange models. Cole & 

Caraco’s (1998) empirically determined 

relationship between wind speed and k600 is 

widely used in the scientific community, 

especially for studies of gas exchange 

under low-wind conditions. However, gas 

transfer is probably not dependent on wind 

speed, especially under low-wind 

conditions (Ocambo-Torres & Donelan 

1994, Cole & Caraco 1998), but other 

factors such as heat loss are more likely to 

control gas exchange (MacIntyre et al. 

1995).  

The importance of other factors besides 

wind speed became evident when trying to 

establish the relationship between gas 

transfer velocity and wind speed for the 

combined datasets from III and V for the 

year 2006. The lack of general relationship 

was evident when the entire dataset was 

used, since the wind speed explained only 

1.7% of the variation in normalized gas 

transfer velocity (k600). However, when 

only the autumn (September–October) was 

considered the wind speed explained 

almost 40% of the variation in gas transfer 

velocity (Fig. 9), implying that the 

relationship is time-dependent and in spring 

and summer some other factors are more 

important in controlling k600. However, 

throughout the year data a single factor 

could at most explain only 6% of the 

variation in k600. The time-dependent nature 

of the relationship between gas transfer 

velocity and wind speed was also reported 

by López Bellido et al. (2009) from Lake 

Pääjärvi, who calculated the gas transfer 

velocities from simultaneous chamber 

measurements and measurements of air-

surface water CO2 differences and found 

that the dependency for wind was stronger 

right after the ice melt during spring 

turnover than in autumn. Anderson et al. 

(1999), who determined gas transfer 

velocities from EC measurements and 

models, also concluded that “there are 

temporal mechanisms determining when 

models and measurements agree”. The 

relationship between k600 and wind speed 

found for the autumn data was steeper in 

Lake Valkea-Kotinen than as determined 

by Cole & Caraco (1998), and a steeper 

relationship was also reported by Jonsson 

et al. (2008). The footprint (source area) 

modelling over Lake Valkea-Kotinen 

revealed that turbulence generated above 

the surrounding forest is transported with 

wind over the lake (II) and this may partly 

explain the steeper relationship between 

k600 and wind speed. This is most probably 

a universal phenomenon and should be 

taken into account when estimating gas 

fluxes over sheltered lakes. However, these 

results suggest that actual measurements of 

turbulence of the surface water should be 

conducted together with flux and surface 

water gas concentration measurements to 

reveal if the gas transfer velocity can be 

reliably modelled from wind speed or from 

any other easily measured environmental 

variable. 

In addition to the turbulence that with 

the concentration difference across the 

water-air interface are the major drivers of 

the gas exchange (MacIntyre 1995), the 

monthly averaged CO2 flux was clearly 

dependent on the surface water pCO2 (V). 

The difference between the surface water 

concentration and the atmospheric 

equilibrium explained 37% of the variation 

in the flux when the combined dataset was 

also considered (Fig. 8). This relationship 

in Lake Valkea-Kotinen is much stronger 
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than that measured with a comparable 

apparatus in oligotrophic Lake Merasjärvi 

in northern Sweden, where the amount of 

excess CO2 in the surface water explained 

only 15% of the variation in CO2 flux 

(Åberg et al. 2010). The range in surface 

water concentration in excess of 

atmospheric equilibrium in Lake 

Merasjärvi was only 20 µM, compared 

with 100 µM in Lake Valkea-Kotinen, 

which may partly explain the difference. In 

Lake Valkea-Kotinen there were several 

occasions in which surface water CO2 

concentration was within 30 µM above 

equilibrium, which implied influx into the 

lake. Although it may be just noise of the 

EC measurements, it is more likely that it 

was a result of the different source areas of 

EC and the surface water concentration 

measurements. EC integrated fluxes from 

an elusively defined area upwind from the 

measuring point that was, however, 

modelled to fit well within the lake surface 

area when the requirements of turbulent 

flow were fulfilled (II). The area occupied 

by the littoral flora is ~25% of the lake 

surface area (Keskitalo et al. 1998). Thus, 

the source area of the EC may have reached 

the shallow littoral area where the CO2 

concentration can be under atmospheric 

equilibrium, due to primary production of 

the littoral communities. The horizontal 

variability in the surface water CO2 

concentration was not measured in Lake 

Valkea-Kotinen, but its importance has 

been emphasized by Pace & Prairie (2005), 

who found daily variations in some shallow 

littoral areas to be 5-fold compared with the 

middle of the small bay of Lake 

Memphremagogg in Quebec, Canada. The 

source area of the surface water CO2 

concentration measurements was much 

smaller than that of the EC. Different 

source areas of the two measurements are 

probably also partly responsible for the 

lack of explanatory factors for k600 in 

summer, because in summer the lake most 

likely experiences the highest horizontal 

variability in surface water CO2.  

 

4.4 Free-water approach 

 

 The free-water approach, tested in IV 

for determination of primary production 

and community respiration in Lake Valkea-

Kotinen, showed much higher metabolic 

rates than the traditional bottle incubations 

conducted as a part of ICP IM activities 

(IV). The difference between the two 

methods in determining the primary 

production was app. 5-fold. The difference 

observed in Lake Valkea-Kotinen probably 

was partly explained by the fact that the 

free-water approach gave an estimate of 

gross primary production, whereas the 

result of the 
14

C method is much closer to 

net primary production, due to the long 

incubation time (24 h) (Peterson 1980 and 

references therein). In the case of 

respiration, the discrepancy was even 

larger, i.e. the free-water approach gave an 

approximately 16-fold higher estimate than 

the bottle incubation. The same type of 

discrepancy was reported by Pace & Prairie 

(2005). The free-water method is argued to 

give results different from bottle 

incubations, because they measure different 

compartments of the lake, i.e. the free-

water method integrates from bacteria to 

fish and from autotrophic picoplankton to 

macrophytes, resulting in estimates of total 

lake metabolism, including benthic, littoral 

and pelagic communities, whereas bottle 

incubation includes only the pelagic 

plankton enclosed in the bottle (Hanson et 

al. 2003, Pace & Prairie 2005). In these 

estimates, however, only the flux to the 

atmosphere is considered. The free-water 
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estimate can be restricted to pelagic 

communities only if fluxes from the 

euphotic zone to the air and from the 

deeper waters to the euphotic zone are 

known and if advection can be estimated. 

The accurate determination of these fluxes 

is important, as shown in Eq. 9 and thus the 

actual measurements of turbulence in the 

water are necessary to improve the 

reliability of the flux estimates and further 

the estimates of metabolic processes of the 

lake. The effect of advection in Lake 

Valkea-Kotinen could not be determined 

and the littoral communities may have 

affected the estimate of lake metabolism. 

The use of the free-water approach is 

advisable, since the inherent problems in 

bottle incubations can be avoided, i.e. 

nutrient availability, mixing, light climate 

and grazing pressure remain natural. The 

approach can be applied in all types of 

aquatic systems, assuming that pH is 

measured simultaneously with CO2 to 

calculate the mass balance of DIC in less 

acidic systems where bicarbonate 

dominates the inorganic carbon pool. In 

choosing the applied light response model 

carefully, the approach presented here can 

result in ecophysiologically relevant 

information on adaptations of 

phytoplankton communities under natural 

conditions. 

 

4.5 Regional relevance 

 

The importance of Lake Valkea-

Kotinen as a site of remineralization of 

terrestrial carbon can be assessed when the 

flux is calculated per catchment area. In V, 

the annual CO2 flux normalized to 

catchment area was 11 g C m
-2 

yr
-1

, which 

can be compared with estimates of the NEP 

of unmanaged boreal forests in 

corresponding temperature and 

precipitation regimes (Luyssaert et al. 

2007). The NEP estimates varied roughly 

from -50 to 200 g C m
-2

 yr
-1

 (Luyssaert et 

al. 2007) and thus in Valkea-Kotinen the 

CO2 flux normalized to the catchment area 

yielded a 20% addition to the source at one 

end and a 5% decrease in the sink on the 

other end of the range and showed that the 

lake is potentially a very important factor in 

regional carbon balance. The unmanaged 

forest surrounding Lake Valkea-Kotinen is 

in the phase of late succession, but the 

carbon loss from catchments under forest 

management with fast-growing stands 

building up tree biomass, is probably 

substantially lower (Jonsson et al. 2007, 

Ojala et al. 2011). The carbon loss from the 

lake in the form of CH4 and the long-term 

net sedimentation (2.8 g C m
-2 

yr
-1

; Pajunen 

2004) together are only 5% of the CO2 flux, 

and as minor components are not included 

in the comparison. However, in estimating 

the GWP, the flux of CH4 from Lake 

Valkea-Kotinen, 0.11 mol CH4 m
-2 

yr
-1

, 

equals 2.75 mol m
-2 

yr
-1 

in CO2 equivalents 

and thus contributes to 30% of GWP in 

Lake Valkea-Kotinen. These results 

strongly support the message by Cole et al. 

(2007), Battin et al. (2009) and Tranvik et 

al. (2009) that inland waters make a 

difference in regional and global carbon 

cycling and should also be taken into 

account in larger-scale studies of rates and 

processes. 

 

 

5. CONCLUSIONS 
 

Stratification dynamics controlled the gas 

concentration and flux dynamics in Lake 

Valkea-Kotinen. The role of stratification 

was clearer in the case of CO2; the highest 

fluxes occurred in spring when stable 

stratification had not yet formed and during 
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autumn turnover when stratification was 

lost, whereas during stable stratification in 

summer, the surface water CO2 

concentration could be consumed under 

atmospheric equilibrium by primary 

production, resulting in influx to the lake. 

When the mixing layer extended deeper, it 

brought CO2-rich water to the surface, 

causing a sudden burst of CO2 comparable 

to the fluxes in spring and autumn. The 

surface water CO2 concentration correlated 

with the strength of stratification. The lake 

was a source of CH4 throughout the open-

water period, but in spring CH4 was 

effectively oxidized and the highest fluxes 

occurred in the autumn turnover. Some 

CH4 escaped oxidation during the 

stratification period and diffused to the 

surface, resulting in small variations in 

summertime fluxes. 

EC proved useful in measurements of 

CO2 fluxes in lakes. The result was not as 

continuous information on CO2 fluxes over 

the lake, as anticipated due to high 

rejection percentage of the data, but it was 

still superior compared with that obtained 

with traditional methods. Together with 

continuous surface water CO2 

measurements, it revealed that the widely 

used gas exchange model, in which gas 

transfer velocity is related to wind speed, 

underestimates fluxes in this sheltered lake. 

This was probably because the flow 

measured above Lake Valkea-Kotinen was 

more turbulent than the flow with the same 

wind speed above larger lakes. The gas 

transfer velocity appeared to be time-

dependent over this lake, because some 

factor other than wind controlled the gas 

exchange in summer or the large horizontal 

variability in surface water CO2 

concentration smeared all the relations. 

Careful consideration in choosing a site for 

future EC studies on small lakes is 

suggested, however.  

The free water approach for 

determination of primary production and 

community respiration also appeared useful 

in measuring lake metabolism, but due to 

the short evaluation time in autumn, further 

examination and comparison with the other 

methods is needed. Careful determination 

of the fluxes from the euphotic zone to the 

air and from the deeper layers to the 

euphotic layer is prerequisite of the method 

and the actual measurements of these 

fluxes should be especially considered. 

Advection may also be important in mass 

balance of CO2 in the euphotic layer and 

should be kept in mind when interpreting 

the results. 

Actual turbulence, together with flux 

and concentration measurements of the 

surface water, are necessary to improve the 

estimates of the relationship between gas 

transfer velocities and wind speed, or to 

determine the possible relationships with 

other environmental factors. Measurements 

of surface water turbulence would also 

improve the free-water approach in 

determining the important fluxes 

contributing to the mass balance of the 

surface water CO2. 

High levels of uncertainty remain in the 

importance of Lake Valkea-Kotinen in 

regional carbon cycling, since there are no 

measurements of NEP from its catchment. 

However, the estimates from the literature 

of unmanaged forests in corresponding 

temperature and precipitation regimes 

suggest that Lake Valkea-Kotinen is 

potentially important in recycling terrestrial 

carbon and emitting it into the atmosphere. 

Its contribution ranges from increasing the 

source effect of the surrounding forest by 

20% to decreasing its sink effect by 5%. In 

Lake Valkea-Kotinen the contributions to 
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the GWP were 70% and 30% for CO2 and 

CH4, respectively. 
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