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Abstract

We studied methanotrophic activity in the water column in relation to heterotrophic bacterial production and
efflux of methane (CH,) from the lake surface in a small, stratified, humic, boreal lake (Valkea-Katinen, southern
Finland). During summer and winter stratification, the highest methanotrophic activities were in the metalimnion,
where oxygen concentration was <6 mmol m~-23. During an incomplete spring turnover and summer stratification
period, 3-5 times more CH, was consumed by methanotrophs in the water column than was released to the at-
mosphere. The highest CH, effluxes (1.2-5.1 mmol m-2 d-*) to the atmosphere occurred during the autumnal
turnover despite observed methanotrophic activity in the whole water column. In winter, the amount of CH, con-
sumed by methanotrophs (0.20 mol CH, m=2 during 6.5 months) was of the same order of magnitude as that during
the ice-free period (0.22 mol CH, m~2 during 5.5 months). Annually ~80% of CH, diffused from the sediment was
consumed by methanotrophs in the water column, and only 20% (0.11 mol CH, m~=2 yr-*) was released to the
atmosphere. During the ice-free period, bacterial production measured as [“C]leucine uptake showed a bell-shaped
relation to CH, concentration. The highest production was found in the metalimnion at CH, concentrations ranging
from 5 to 10 mmol m-3. During summer stratification, net production of methanotrophs corresponded to 23-47%
of total bacterial production, but during the autumn turnover, this proportion was higher (27-81%), indicating that

methanotrophs offer a potentially significant source of carbon to zooplankton in stratified humic lakes.

Most lakes worldwide are net heterotrophic, with com-
munity respiration exceeding primary production (R > P);
thus, lakes are conduits of terrestrially fixed carbon to the
atmosphere (Cole et al. 1994; Algesten et a. 2003). Thisis
especialy pronounced in the boreal area, where numerous
small lakes with high concentrations of allochthonous dis-
solved organic matter are typical of flat landscapes with
catchments dominated by forested and peatland areas (Sa-
lonen et al 1983; Kortelainen 1993). Because of the high
concentrations of colored humic matter, small headwater
lakes are often steeply stratified in both summer and winter,
and anoxic conditions often prevail in the hypolimnion. In
freshwater ecosystems, methane (CH,) is the major terminal
product of the anaerobic decomposition of organic matter in
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the absence of alternative electron acceptors (NO; , Fef, and
SOz-; cf. Capone and Kiene 1988). Compared with atmo-
spheric concentration, boreal lake waters are typically su-
persaturated with CH,, and concentrations >1,000-fold sat-
uration have been observed in the anoxic hypolimnion of
stratified humic lakes (Kortelainen et a. 2000; Huttunen et
al. 2002; Kankaala et al. 2005a).

In the lake water column, CH, can be oxidized to carbon
dioxide (CO,) in the presence of oxygen and also partly in-
corporated into cells by methanotrophic microbes (e.g., Han-
son and Hanson 1996). In stratified eutrophic lakes, this pro-
cess has been shown to be limited to a narrow metalimnetic
zone at oxic—anoxic interfaces (Rudd et al. 1974; Fallon et
al. 1980; Bastviken et al. 2003). However, the supersatura-
tion level of CH, at lake surfaces indicates that some pro-
portion of CH, escapes methanotrophy and will be released
to the atmosphere, especialy during spring and autumnal
turnover periods (Michmerhuizen et al. 1996; Riera et al.
1999). In the atmosphere, CH, is a greenhouse gas contrib-
uting to global radiative forcing (Houghton et al. 2001). On
the other hand, stable carbon isotope signatures of zooplank-
ton have indicated that methanotrophs might be important
compartments of the food web in humic lakes (Jones et al.
1999). Thus, we wanted to study simultaneously (1) the im-
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Fig. 1. Location of Lake Valkea-Kotinen (61°14'36.6"N,
25°4’25.7"E) in Finland and the map of the lake with depth zones
for each meter. The volume of each zone is shown.

portance of a lake ecosystem in a boreal forested landscape
as a source of CH, to the atmosphere, (2) the release of CH,,
from the lake surface to the atmosphere related to diffusion
of CH, from the sediment and methanotrophic activity in the
water column, and (3) the potential importance of methan-
otrophs in the food web of a humic lake. The study was
carried out in a small humic headwater lake throughout a
year from ice breakup in spring, weekly during the ice-free
period, and for every 4-8 weeks during the ice-covered pe-
riod in winter until the end of the next spring overturn.

Study area

Lake Valkea-Kotinen is a small (area 0.04 km?, maximum
depth 6.5 m, volume 103,000 m?) headwater lake located in
aboreal coniferous forest area in southern Finland (61°14'N,
25°4'E; Fig. 1). Because of its sheltered position and high
concentration of alochthonous humic substances, the lake is
normally steeply stratified with respect to temperature and
oxygen. The spring turnover is usually short or incomplete,
and anoxic conditions in the hypolimnion prevail usually
from June until the autumn turnover in October. The lake is
covered by ice for 5.5-6 months each year. In 1990—1996,
the mean concentration of dissolved organic carbon varied
between 800 and 1,000 mmol m-2, and the mean concentra-
tion of total nitrogen and phosphorus in the epilimnion
ranged from 31 to 40 and from 0.5 to 0.7 mmol m=3, re-
spectively. Secchi disc transparency is generally 1.4-1.6 m,
and the euphotic zone reaches a depth of ~2 m. Annual
primary production of phytoplankton varied between 2.1 and
3.2 mol C m=2 yr-* during 1990-1996 (Keskitalo et al.
1998). The littoral zone of the lake is narrow, reaching to a
depth of 1.5-1.6 m, and the vegetation is dominated by
sparse stands of Nuphar lutea (L.) and submerged Sphagnum
sp. (Keskitalo and Heitto 1996).
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Methods

Methane concentration in water—Concentration of CH,
in the water column was measured in 2002, once a month
under the ice cover (January—April), weekly after melting of
the ice (24 April) until formation of new ice cover (17 Oc-
tober), and thereafter once a month until the end of May
2003 at the deepest area of the lake from surface to 6 m
depth at 1-m intervals. Duplicate samples of water (30 mL)
were taken from a 30-cm-long Limnos tube sampler (volume
2 liters) into 60-mL polypropylene syringes (Terumo, Leu-
ven, Belgium), which were closed with three-way stopcocks
(Luer-lock, Codan Steritex). The syringes were kept in
crushed ice (maximum 4 h) until the headspace of each was
filled with 30 mL of N, gas, from which CH, concentration
was measured according to McAuliffe (1971). During 2002,
from January to September, an HP 5710A gas chromato-
graph (flame ionization detector [FID] 100°C, oven 40°C,
HayeSepQ packed column with mesh 80/100, N, as a carrier
gas) was used for CH, analyses. From October 2002, the
analyses were made with an Agilent 6890N (Agilent Tech-
nologies) gas chromatograph (FID 205°C, oven 40°C,
CarbonPlot capillary column, He as the carrier gas). The
samples were injected through a 0.5-mL loop in a VALCO
10-port (or 1-mL loop in a 4-port) vave (VICI). Both in-
struments were calibrated with CH,, calibration gases (1.878
and 50.1 ppm, AGA). The CH, concentration in the water
was calculated as described by Huttunen et al. (2001). In the
middle of the lake, the coefficient of variation of CH, con-
centration between replicate samples was generally <10%,
and in the surface water samples (0-30 cm) taken from a
transect from the shoreline to the middle of the lake (n =
4), the coefficient of variation was <15%.

During sampling, temperature and oxygen concentration
was measured at 1-m intervals from surface to 6 m depth
with a combined probe (Yellow Springs Instruments Y S| 55,
accuracy =0.3°C, =9 umol O,).

Methanotr ophy—M ethanotrophic 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-liter bottles, which were carefully
flushed with water from the sampling depth before filling,
and then closed with glass stoppers to avoid air headspace.
In the laboratory, CH, oxidation was measured as a linear
decrease of CH, concentration in sterile glass syringes
(SAMCO Interchangeable, S Murray Co., 50 mL volume).
Ten syringes for every 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 be-
tween the plunger and the syringe was covered by Parafilm
(American National Can). For every depth, the concentration
of CH, was analyzed from three syringes immediately after
filling (ty). The other syringes were incubated in darknessin
temperatures simulating those measured in the field (+=2°C),
and their CH,, concentration was measured after 4, 8, and 24
h of incubation. Only those time series with a significant
linear decrease of CH, (p < 0.05) were accepted as results
of methanotrophic activity, whereas unchanged CH, concen-
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tration during 24 h indicated that no methanotrophic activity
had occurred.

Potential CH,, limitation of methanotrophs in the epilim-
nion was estimated at 2 m depth. Five milliliters of CH, gas
(99.5% AGA) was gently injected through a silicone tube
into another dark 2-liter glass-stoppered bottle filled with
water from 2 m depth, and the bottle was gently mixed. With
this treatment, the CH, concentration was increased from
0.52 = 0.76 to 2.40 = 0.87 mmol m~3. The linear decrease
of CH, was then measured in glass syringes as described
above.

A test of gas-tightness of the syringes was made in June
2002 with water taken from 0 and 4 m depth. Twelve syrin-
ges were filled half full with lake water from each depth as
described previously. An amount of 0.5 mL of difluorometh-
ane (DFM, concentration 98%, Lancaster Synthesis), a spe-
cific inhibitor of methanotrophs (Miller et al. 1998), was
added into six syringes through the three-way stopcocks,
whereas the other six were left without DFM addition. In
three syringes of both treatments, CH, concentration was
analyzed immediately (t,), and in the other syringes 24 h
later (t,,). At O m depth, the CH, concentration did not
change significantly during 24 h in either syringes with DFM
added or omitted (p > 0.06), indicating that no methano-
trophic activity occurred in samples from that depth. At 4 m
depth, no methanotrophic activity was observed in the sy-
ringes with DFM added (CH, concentration in t, = 10.03 =
214 and t,, = 11.05 = 0.54 mmol m=3,t = —1.357, p =
0.347), whereas in syringes without DFM, the decrease in
CH, concentration was significant (t, = 13.16 = 0.33, t,, =
7.81 = 0.06 mmol m=3,t = 27.35, p < 0.001). Thus, these
results show that syringes were gas tight, and the results
obtained can be considered reliable.

An independent whole-lake estimate of CH, oxidation was
derived from estimation of turbulent diffusion (TD) of CH,
across the concentration gradient in the water column and
comparing predicted and observed concentrations (mmol
m-23) of CH, in successive weekly samplings in the water
column at each meter during the ice-free period (the TD
method). The vertical diffusion coefficients K (m? d-*) were
estimated by the MyLake model (Saloranta and Andersen
2004),

K = a(N?)oe
where N2 is the stability (Brunt-Vaisidd) frequency
g 9py
N2 = =2 2% (g2
Pw 9Z =)

(Hondzo and Stefan 1993), g is the gravitational constant,
p. is the density of water, and a, is parameterized by lake
surface area A, (km?). The default parameterization, a, =
0.00706(A,)°%¢ during the ice-free period, was adopted from
Hondzo and Stefan (1993), who used temperature profiles
from a Minnesota lake database to derive parameterizations
for hypolimnetic eddy diffusivity. A minimum possible sta-
bility frequency, which sets the upper limit for K, was a
default value N2,, = 7.0 X 10°° s2 (Hondzo and Stefan
1993). The density profile from the previous model time step
was used to calculate the profile of K for the present time
step. Diffusion of CH, (Dg,, mmol m=2 d-%) from the sedi-
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ment upward in the water column in successive weekly sam-
plings at each meter from the lower layer (z,_,) to depth z,
(Az = z,_, — z,) was calculated by multiplying K by the
concentration gradient of CH, (mmol m=3) at 1-m intervals
at timet (Eq. 3).
_ K X [CH4(t1 Zm—l) B CH4(t1 Zm)]

Az

Predicted CH, concentration at timet + At at depth z, was
calculated as in Eq. 4.

CH,(t + At, z,)

Dy, (6 Zm)

DCHA(t! Zm—l) - DCHA(t! Zm) At
Az

Thus, CH, oxidized at z,, between successive samplings (At
=t, — t,) was estimated as a difference between predicted
and observed CH, concentration (Eg. 5).

_ CH,(t + At, z,) — CH,(t, z,)
a At

Concentration gradients above the sediment were calcu-
lated by assuming that the CH, concentrations measured at
6 m depth (0.5 m above sediment surface in the deepest area)
were valid for the whole anoxic bottom below 3 m depth.
The obtained results of CH, oxidation (mmol m~=3 d-%) were
weighted by the volume of each 1-m layer and divided by
the surface area of the lake to obtain results (mmol m=2d-1).

Net production of methanotrophs was estimated assuming
bacterial growth efficiency ranging between 25% and 50%.
This range was obtained from the average growth efficiency
values for boreal humic lakes (Tulonen 2004) and lakes in
genera (del Giorgio and Cole 1998) and from the results of
Rudd and Hamilton (1978) for methanotrophs in a Canadian
eutrophic shield lake.

= CH,(t, z,) +

CH, oxidized(t + At, z.)

Heterotrophic bacterial production—Water for bacterial
production measurements was sampled once a week from
June to October at 1-m intervals with the Limnos tube sam-
pler and transferred into sterile 500-mL cartons. Production
measurements were carried out in vitro in the laboratory
immediately after sampling. Triplicate samples of 5 mL in
20-mL preignited (450°C, 4 h) glass vials were incubated at
15°C in a water bath for 60 min with 40 nM of [**C]leucine
(specific activity 11.3 GBgq mmol -, Amersham Bioscienc-
es). Glutardialdehyde-killed controls were run in parallel. In-
cubations were stopped with ice-cold 50% trichloroacetic
acid at afinal concentration of 5%, after which samples were
cooled in ice for 15 min and filtered onto 0.2-um cellulose
nitrate filters (Whatman International Ltd.). The filters were
rinsed with 0.5 mL of ice-cold 5% trichloroacetic acid and
distilled water and dissolved in scintillation vials with 0.25
mL of ethylenglycolmonomethylether and 9 mL of Opti-
Phase3 scintillation liquid for 48 h before being radioassayed
with a Wallac 1409 (Wallac Oy) liquid scintillation counter.
Leucine incorporation rates were converted to carbon pro-
duction with a factor of 7.71 X 10 um® mol-* and a bio-
volume-to-carbon conversion factor of 0.36 pg C um=3 (Tu-
lonen 1993). In July 2003, bacteria production rates
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measured in vitro were twice compared with those measured
in situ by incubating vias at respective sampling depths
(Peltomaa, Huotari, and Ojala unpubl. data). From surface
to 5 m depth, the incubation did not affect bacterial produc-
tion rates significantly (p > 0.2). Only at the deepest layer
(6 m) were bacterial production rates measured in vitro (0.48
#+ 0.08 and 0.40 = 0.11 mmol C m~2 d-*) significantly high-
er (p < 0.05) than those measured in situ (0.23 = 0.10 and
0.16 = 0.04 mmol C m=3 d%).

CH, efflux to the atmosphere—During the ice-free period
(29 April-16 October), CH, efflux from water surface to
atmosphere was measured in the middle of the lake weekly
at 9:00-11:00 h (Greenwich mean time + 2 h) with a static
chamber technique. Air samples were transferred from three
floating chambers (volume 5.8 liters, height 0.125 m) made
of clear acrylic plastic into 60-mL polypropylene syringes
at 5-min intervals for 30 min. Air temperature in the cham-
bers during incubation was measured with NTC thermistors.
Concentration of CH, was measured by gas chromatography
(see above) within 4 h after sampling. CH, efflux was mea-
sured as a linear increase (p < 0.05) in CH, over time. The
results (mmol m-2 h—*) were calculated according to the ide-
a gas law, and assuming no diurnal variation of CH, efflux,
the results were then calculated (mmol m=2 d-1).

Another estimate of CH,, efflux during the ice-free period
was calculated with the boundary layer diffusion equations
presented by Kling et al. (1992) and Phelps et a. (1998),

CH, efflux = % X (Cqr — Cy)
b

where z, is the thickness of the boundary layer, C,, is the
concentration of CH, at 0-30 cm depth and C, is the con-
centration of CH, in equilibrium with air. The values of C,,
varied between 2.6 and 3.7 nmol, calculated with Henry's
law constants for surface temperatures (Lide and Fredikse
1995) assuming a stable atmospheric CH, concentration of
1.745 ppm (Houghton et al. 2001). The diffusion coefficient
(D,, cm? s71) and z, (wm) were calculated as in Eq. 7,

D, = [1.33 + (0.055 X T)] X 10-5 and
z, = 10256-(0133xws)

where T is water temperature (°C) at the surface and ws is
wind speed at 10 m height (m s%). The wind speed (1 m
above the lake surface) was obtained from a weather station
established in the middle of the lake from 7 June 2002 on-
ward. For the period from late April to early June 2002, the
wind speed was assumed to be the mean value from 7 to 30
June 2002 (0.9 m s™%). A factor of 1.22 was applied to con-
vert wind speed at 1 m above the lake surface to that at 10
m height (Crusius and Wannikhof 2003).

Results

Lake dtratification and CH, concentration—The water
column of Lake Vakea-Kotinen was steeply stratified, es-
pecially during the ice-free period from late May to mid-
September, a pattern that is observed annually in this lake
(Keskitalo et al. 1998). The modeled turbulent diffusion co-
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Fig. 2. Modeled turbulent diffusion coefficientsin Lake Valkea-
Kotinen from April to October 2002 at depths of 1-6 m.

efficient K (m? d=*) values during this period varied in the
hypolimnion (3-6 m) between 0.019 and 0.073 and in the
epilimnion (0—1.5 m) between 0.011 and 0.073, but the min-
imum occurred at the metalimnetic depth of 2 m, where it
varied between 0.007 and 0.020 (Fig. 2). During the turnover
periods, K values from al depths peaked at 0.073.

At the lake surface (0-0.3 m) the CH, concentration
ranged from 0.005 mmol CH, m~3 in early winter to 3.0
mmol CH, m=2 at the onset of autumnal turnover, but com-
pared with the atmospheric concentration, lake surface was
aways supersaturated with CH,. During the summer strati-
fication period, oxygen concentration was at the minimum
detection level (6 mmol m=3) at 3 m depth in late June and
at 2 m depth in late August (Fig. 3). The concentration of
CH, in the hypolimnion increased in parallel; the maximum
concentration reached 236 mmol m=2 at 6 m depth in mid-
September. At that time, CH, storage in the water column
was at the maximum (1,890 mol CH, lake*). The cooling
of water masses and breakdown of stratification began in
September, and the autumnal turnover of water masses was
complete by mid-October. Because of ice formation around
3 weeks earlier in 2002 (17 October) than in the previous
autumn, the period of anoxia near the bottom was longer
and the accumulation of CH,, in the water column was great-
er during the winter 2002—2003 compared with that during
the previous winter (maximum concentrations at 6 m depth,
184 and 115 mmol m=3, respectively). Accumulated CH,
storage below the ice cover both winters (340 and 240 mol
CH, lake* in 2002—2003 and 2001-2002, respectively) was
<20% of that accumulated during the summer stratification.
The greater CH, accumulation in the hypolimnion during
summer stratification than during winter ice cover was ob-
served also during the years 2000—2001 (data not shown).
Spring turnover during both study years was incomplete, and
the oxygen concentration near the bottom (6 m) did not in-
crease above the detection limit.

Methanotrophic activity and CH, diffusion in the water
column—The highest methanotrophic activities were always
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Fig. 3. (A) Temperature (°C), (B) oxygen (mmol O, m-2), and

(C) methane concentration (mmol CH, m~3) in the water column of
Lake Valkea-Kotinen from January 2002 to May 2003. Black hor-
izontal bar on the top denotes ice cover.

measured at oxic—anoxic interfaces (<6 mmol O, m~3; Fig.
4). The highest activities were measured at 6 m depth after
the incomplete spring turnover (618 mmol CH, m=2 d-1),
but during the summer and winter stratification periods, no
activity was measured at that depth, presumably because of
oxygen limitation. At 4 m depth, methanotrophic activity
was observed from June to mid-July and again from the
onset of autumnal 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 depth from late June to mid-October (0.04—1.8 mmol
CH, m—2d-!) and at the surface water layer (0—0.3 m) from
July to mid-October (0.02-1.3 mmol CH, m=3 d-1). At these
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Fig. 4. Methanotrophy (mmol CH, m=3 d-%) in the water of
Lake Vakea-Kotinen measured from June 2002 until May 2003 at
0, 2, 4, and 6 m depth. At 2 m depth, results after CH, addition to
the water samples are also given (see Methods for details). Black
horizontal bar on the top denotes ice cover.

depths, methanotrophic activity was limited by CH, avail-
ability. This was demonstrated by a very significant linear
correlation between the measured activity and CH, concen-
tration at the onset of methanotrophic activity measurement
(t,; Fig. 5). Moreover, the addition of CH, into water from
2 m depth caused a 2-17-fold increase of methanotrophic
activity during summer and >20-fold increase after autumn

3.5
, O
n 301 €0m y=0.62x-0.15, r=0.92
O2m y=0.67x-0.06, r>=0.94
2.5

02 m CH,add y=0.69x-0.91, r2=0.47
2.0

1.5
1.0

0.5

Methanotrophy mmol m 2d

0.0

CH, concentration at ty(mmol m'3)

Fig. 5. Relationship between measured methanotrophic activity
during the ice-free period (from mid-June to mid-October) at 0 and
2 m depths and at 2 m with CH, addition, and the CH, concentration
at the beginning of measurement (t,).
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and spring turnover periods compared with the activities
measured at in situ concentrations (Fig. 4). In most of these
experiments, methanotrophs were evidently still limited by
CH, because there was also a linear correlation between t,
CH, concentration and methanotrophic activity. In winter, no
methanotrophic activity was measured at O and 2 m, and
activity was not stimulated by the addition of CH,.

When considering the whole water column during the
summer stratification period, the difference between pre-
dicted (i.e., potentially transported from deeper layers by tur-
bulent diffusion) and observed CH, concentration was great-
est at the depths of 2 and 3 m (Fig. 6), indicating that
methanotrophic activity was highest between the depths of
2 and 4 m. Despite the lowest modeled vertical diffusion
rates occurring at 2 m depth in summer, the estimate of tur-
bulent CH, diffusion from 3 to 2 m depth exceeded the mea-
sured methanotrophy in the epilimnion integrated over the
0—2-m layer (Fig. 7).

Heterotrophic bacterial production—From 7 June to 16
October, the heterotrophic bacterial production (HBP) varied
between 0.1 and 1.8 mmol C m=2 d-* (Fig. 8). The greatest
production was at 3 m depth (mean = SD 0.99 = 0.45 mmol
C m=2 d-%), where it differed significantly from the other
depths (Mann-Whitney U-test, U > 190, p < 0.005, n =
17). When all measurements of HBP at each depth during
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Fig. 7. Measured methanotrophic activity (MA, mmol CH, m2
d-%), integrated over the 0-2 m layer, and estimated turbulent dif-
fusion (TD) of CH, from 3 to 2 m depth during the ice-free period
of 2002 in Lake Vakea-Kotinen.
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the ice-free period was plotted against CH, concentration,
the relationship was bell shaped (log-og scale), with the
highest activities occurring at concentrations of 5-10 mmol
CH, m=2 (Fig. 9A).

The ratio between methanotrophic activity and bacterial
production (MA : HBP) was calculated for those depths with
parallel measurements within 24 h (i.e, 0, 2, 4, and 6 m)
during June-October. This ratio varied between 0.01 and
10.4 and was lowest after the autumnal turnover of water in
mid-October and highest at 6 m depth in June after the in-
complete spring turnover. The MA : HBP ratio was very sig-
nificantly related to CH, concentration (Fig. 9B).
[*C]Leucine uptake into bacteria cells probably reflects the
net production by bacteria, whereas the methanotrophic ac-
tivity, measured as consumption of CH, over time, probably

2.0

1.6 1

1.2 A

HBP mmol C m~ d’!

0.0

Jun Jul Oct

Fig. 8. Heterotrophic bacteria production (HBR, mmol C m~3
d-*) measured with [*“C]leucine uptake method at 0—6 m depths in
June-October in Lake Valkea-Kotinen.

Aug Sep
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reflects the gross production of methanotrophs. Thus, assum-
ing that the net growth efficiency of methanotrophs varies
between 25% and 50%, we found that at CH, concentrations
ranging from ~5 to 10 mmol m-3, MA :HBP is ~1, which
suggest that all HPB derived from methanotrophs in that
range.

CH, efflux—During the ice-free period, CH, was contin-
uously released from the lake surface to the atmosphere (Fig.
10). From late April to late August, the CH, efflux rate var-
ied between 0.1 and 0.8 mmol CH, m=2 d~*, but the highest
efflux rates (1.2-5.1 mmol CH, m=2 d-') were measured
from mid-September to early October during the autumnal
turnover of water masses. Overall, the efflux rates estimated
with the boundary layer diffusion method were very signif-
icantly correlated with the chamber measurements (r? =
0.91), but the peak values, especially during the autumnal
turnover, were only about half of those with the chamber
measurements. During the study period, the wind speed at
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Fig. 10. Efflux of CH, (mmol CH, m=2 d-%) from the surface
of Lake Valkea-Kotinen during the ice-free period of 2002 mea-
sured with a closed-chamber technique and a boundary layer dif-
fusion (BLD) method.

this sheltered lake was low; the daily mean at 1 m above
the surface was 1.0 m s % Thus, the estimated wind speed
at 10 m was ~1.22 m st and it never exceeded 3.7 m s

Methane efflux by ebullition from the sediment was prob-
ably insignificant in this lake because no gas bubbles were
trapped into subsurface funnels (n = 8) during a 3-week
period in July 2003 (Huotari unpubl. data).

Annual CH, budget—The results of CH, oxidation in the
water column of Valkea-Kotinen during the whole ice-free
period, on the basis of direct weekly measurements and those
estimated by the TD method, were very similar (Table 1),
although the former method gave a 15% higher estimate for
the stratification period and 30% lower estimate for the au-
tumnal turnover than the latter method. The estimate of ef-
flux on the basis of boundary layer diffusion was about one-
third lower than that measured with the chamber technique
during the ice-free period. However, considering the methods
used in the oxidation and efflux estimates, the results show
that during the summer stratification period, about three to
five times more CH, was consumed in the water column than
was released into the atmosphere. During the autumnal turn-
over, the efflux measured by the chamber technique was on
the same order as methanotrophic activity. During the winter
ice-covered period, total CH, consumption by methanotrophs
in the water column was almost as high as during the ice-
free period, although the daily mean values were then lower.
In spring, CH, oxidation in the water column was higher
than the efflux to the atmosphere. On an annual basis, 21%
(0.112 mol m=2 yr~Y) of the CH, diffused from the sediment
was released into the atmosphere and 79% (0.42 mol m—2
yr—1) was consumed in the water column by methanotrophs.

By comparing the estimated range of net production by
methanotrophs with bacterial production measured with the
[*“C]leucine incorporation technique, we can roughly esti-
mate that during summer stratification, net production of
methanotrophs corresponded to 23—-47% of the total bacterial
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(GE 0.25-0.5)
53-115
49-98
1224
102-204

HBP of
[“C]leucine
nd
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nd

BLD
ot
(0.1+0.1)
72

CH, efflux

Chamber
ot
nd
111

TD
nd
nd

Methanotrophic activity

Measured
nd
195
(0.70.7)
(2.0+0.4)
408

33
109
171
203
365

Days (n)

Table 1. Methanotrophic activity, measured as a direct consumption of CH, and estimated by turbulent diffusion (TD) of CH, through the water column (TD method), as
Method

well as efflux of CH,, measured with the chamber technique and estimated by the boundary layer diffusion equation (BLD), from late April 2002 to the end of May 2003 in

(29 Apr-31 May 2002)

(17 Oct 2002—-7 May 2003)
Spring (8-31 May 2003)

(29 Apr 2002-28 Apr 2003)
nd, not determined.

Summer stratification
(1 Jun—17 Sep 2002)

Autumn turnover
(29 Apr—16 Oct 2002)

(18 Sep-16 Oct 2002)
Whole ice-free period
Winter ice-covered period

methanotrophs (NPM) was obtained assuming growth efficiency (GE) varying from 25% to 50% of methanotrophic activity. The valuesin bold are rates (mmol m~2) integrated

Lake Vakea-Kotinen. Heterotrophic bacterial production (HBP) was measured only for the summer stratification and autumn turnover periods. A range for net production by
over the respective periods; the values in parentheses are measured daily mean = SD values (mmol m~2 d-?) for the respective periods.

* For the spring period (29 Apr 2002-31 May 2002), the direct measurement of methanotrophic activity was assumed to be the same as that estimated by the TD method.

T Assumed to be 0, although not measured.

Whole year

Spring

production, and during autumnal turnover, this proportion
was 27-81% (Table 1).

Discussion

During the whole ice-free period, the surface layer of Lake
Valkea-Kotinen was supersaturated by CH,, and the lake re-
leased CH, to the atmosphere. The estimate obtained from
floating chamber measurements (0.11 mol CH, m-2 yr—*) can
be regarded as more reliable than that calculated by the
boundary layer diffusion equation (0.07 mol CH, m=2 yr-1%)
because the thickness of the boundary layer is related to
wind speed in the equation applied (Phelps et al. 1998). For
the whole study period, the daily mean wind speed 10 m
above the surface of this sheltered lake was <3.7 m s
Crusius and Wannikhof (2003) showed that at wind speeds
of >3.7 m s* a 10 m height, gas transfer velocity was
linearly related to wind speed. At lower wind speeds, gas
exchange across air—water interfaces is independent of wind
speed and influenced by other processes, such as convective
cooling or precipitation (Cole and Caraco 1998; Crusius and
Wannikhof 2003), which might be true also in Lake Valkea-
Kotinen.

CH, efflux during the ice-free period from the pelagic
zone of Valkea-Kotinen (0.11 mol CH, m~2 yr—*) was lower
than has been measured from natural boreal peatlands (om-
brogenous bogs 0.5 and minerogenous fens 1.2 mol CH, m—2
yr~% Nykanen et al. 1998) and vegetated littoral areas of
mesoeutrophic lakes from the same region (0.2—2.7 mol CH,
m-2 yr=%; Hyvonen et al. 1998; Kankaala et al. 2005b). In
peatlands and continuously inundated littoral areas, the sea-
sonal maximum of CH, efflux coincides with the period of
highest soil/sediment temperature, plant productivity, or
both; thus, it is more related to methanogenic than methan-
otrophic activity in the soil/sediment (e.g., van der Nat and
Middelburg 1998; Kankaala and Bergstrom 2003; Werner et
al. 2003). Our study in Lake Valkea-Kotinen demonstrates
that in a stratified lake, CH, efflux is related to methano-
trophic activity, CH, accumulation in the hypolimnion, and
physical mixing in the water column.

In lakes with an anoxic hypolimnion in winter, high CH,
effluxes to the atmosphere can occur during a short period
in spring after melting of the ice cover (Michmerhuizen et
a. 1996; Phelps et al. 1998). However, in spring in Lake
Vakea-Kotinen, more CH, was oxidized in the water column
than released to the atmosphere, and the daily CH, effluxes
measured after melting of ice were on the same order of
magnitude as those measured during the summer stratifica-
tion period. The highest CH, effluxes from Vakea-Kotinen
were during the autumnal turnover period because of a great-
er accumulation of CH, in the hypolimnion during summer
than winter and also to a shorter period of turbulent mixing
during the spring turnover compared with that in autumn.
Very short or incomplete spring turnover is a typical phe-
nomenon in small sheltered boreal humic lakes because
stained humic substances rapidly absorb solar radiation and
a lighter epilimnetic layer can be formed within a few days
after melting of ice cover (Salonen et al. 1984; Keskitalo et
al. 1998). Nevertheless, the mixing of the water column still
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ensures enough oxygen for the bulk of CH, accumulated in
winter to be oxidized in the water column rather than re-
leased to the atmosphere.

During the summer stratification period, three to five times
more CH, was consumed by methanotrophs in the water col-
umn than was released to the atmosphere. The highest meth-
anotrophic activities were observed at layers where the O,
concentration was at the detection limit or below, typical of
stratified lakes (Rudd et al. 1974; Harrits and Hanson 1980).
Two independent methods were applied to determine meth-
anotrophic activity within the water column: (1) direct mea-
surements of methanotrophic activity carried out weekly
with water sampled every second meter in the water column
and (2) comparison of predicted CH, concentration (i.e., the
amount of CH, transported by turbulent diffusion in the wa-
ter column assuming no CH, oxidation activity occurred)
with observed CH, concentration at each meter in weekly
samples (TD method). These methods gave remarkably sim-
ilar results, so the latter method involving less laboratory
analysis can be successfully applied in stratified lakes for
further study of the magnitude of CH, oxidation in annual
budgets, whereas the direct measurement of methanotrophy
provides more detailed information about the actual process.

Although the highest methanotrophic activities were ob-
served at oxic—anoxic interfaces, CH, was aso consumed in
the epilimnion during the summer stratification period. There
the methanotrophic activity was significantly correlated with
the concentration of CH, and was stimulated by CH, addi-
tion, indicating that methanotrophic activity was limited by
CH, availability. However, more CH, passed across the
steepest density gradient from 3 to 2 m depth (see Fig. 7)
than methanotrophs could utilize in the epilimnion at 0-2 m
depth. This was also confirmed by the release of CH,
throughout the ice-free period from the lake surface that was
not completely used in the water column. At these low CH,
concentrations, the kinetics of methane oxidation might have
been reduced, or high oxygen concentration probably inhib-
ited methanotrophy in the epilimnion. On the other hand,
heavy grazing pressure by zooplankton on methanotrophic
microbes also might have had some influence.

Convective cooling of water masses in autumn causes
complete mixing of water masses in small boreal lakes like
Lake Vakea-Kotinen. Despite efficient CH, oxidation in the
whole water column, the highest CH, effluxes to atmosphere
were then observed during a short period. The duration of
the autumnal turnover period before freezing of the lake is
critical to how well the whole water column is saturated by
oxygen and whether anoxia, followed by CH, accumulation,
will develop in bottom water layers in winter. In our study,
we found that, despite lower temperatures in winter, meth-
anotrophic activity at the oxic—anoxic interface was on the
same order as in summer. Thus, the amount of annual CH,
efflux is more influenced by the processes during the sum-
mer stratification period—diffusion of CH, from the sedi-
ment and its accumulation in the hypolimnion and oxidation
in the water column—than those taking place in winter under
ice cover.

During the summer stratification period in Lake Valkea
Kotinen, the highest bacterial production, measured with the
[*“C]leucine uptake method, was measured at 3 m depth at
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the oxic—anoxic interface. This is in accordance with obser-
vations of McDonough et al. (1986) from a stratified lake
with anoxic hypolimnion, in which the highest bacterial ac-
tivities and incorporation of [*H]thymidine and [*H]leucine
into protein were measured at the metalimnion at a depth at
which oxygen concentration first becomes unmeasurable. In
Lake Valkea-Kotinen, a bell-shaped relationship between
bacterial production and CH, concentration at respective
depths, reaching a maximum at 5-10 mmol CH, m~3, strong-
ly suggests that methanotrophs were mainly responsible for
the bacterial production maximum at 3 m depth.

Bastviken et al. (2003) measured methanotrophic bacterial
production as incorporation of *#CH, into bacterial cells in
three boreal lakes during the summer stratification period
(July or August) and in winter (March). They estimated that
in summer, 0.5-10% of the total heterotrophic bacterial pro-
duction, measured as [*C]leucine uptake, was attributable to
methanotrophs, but in winter, the proportion was higher; in
one of the lakes, the production of methanotrophs corre-
sponded to 68-120% of the bacterial production, but in the
other two lakes, the proportion was between 3% and 39%.
In their study, the growth efficiency of methanotrophs ranged
from 6% to 80%. For a generalized estimate throughout a
year, we assumed a narrower range of growth efficiency for
methanotrophs of 25-50% (Rudd and Hamilton 1978; del
Giorgio and Cole 1998). On the basis of these assumptions,
net production of methanotrophs in Lake Valkea-Kotinen
corresponded to 23-47% of the total bacterial production
during the summer stratification period, and during autumnal
turnover, this proportion was 27-81%. We did not measure
bacterial production by [**C]leucine uptake in winter, but be-
cause the observed methanotrophic activity was of the same
order of magnitude, the role of methanotrophs in total bac-
terial production could not be lower in winter than in sum-
mer. In fact, the situation was probably opposite because
alga primary production as a source of dissolved organic
matter to bacteria was negligible in winter under severe light
limitation beneath the ice and snow cover. During the ice-
free period of 2002, the algal primary production of the lake
was 1.1 mol C m~2 (Peltomaa, Huotari, and Ojala unpubl.
data). The net production of methanotrophs (Table 1) was
around 5-10% of this algal production. Thus, methanotrophs
can potentially be a significant pathway of carbon from pro-
fundal sediment to the pelagic food web. The low carbon
isotopic signatures (62C < —30%o) of zooplankton in humic
lakes (Jones et a. 1999) support this conclusion.
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