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Abstract Methane emissions from aquatic environ-

ments depend on methane formation (MF) and meth-

ane oxidation (MO) rates. One important question is to

what extent increased temperatures will affect the

balance between MF and MO. We measured potential

MF and MO rates simultaneously at 4, 10, 20 and 30�C

in sediment from eight different lakes representing

typical boreal and northern temperate lake types.

Potential MF rates ranged between 0.002 and

3.99 lmol CH4 gd.w.
-1 day-1, potential MO rates

ranged from 0.01 to 0.39 CH4 gd.w.
-1 day-1. The

potential MF rates were sensitive to temperature and

increased 10 to 100 fold over the temperature interval

studied. MF also differed between lakes and was

correlated to sediment water content, percent of

organic material and C:N ratio. Potential MO did not

depend on temperature or sediment characteristics but

was instead well explained by MF rates at the in situ

temperature. It implies that elevated temperatures will

enhance MF rates which may cause increased methane

release from sediments until MO increases as well, as

a response to higher methane levels.
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Introduction

Methane (CH4) is a strong greenhouse gas that is

produced among the final products of anaerobic

carbon mineralization. Its greenhouse warming

potential is about 23 times greater than that of CO2

on a molecular basis over a 100 year perspective

(Forster et al. 2007). Lake sediment is one of the most

important natural CH4 sources (Bastviken et al. 2004;

Crill et al. 1991; Walter et al. 2006). It has been

demonstrated that littoral sediments are particularly

important since CH4 produced in littoral sediments is

much more likely to reach the atmosphere than CH4

produced in deeper profundal sediments (Bastviken

et al. 2008; Murase et al. 2005). Hence, many of the

remaining questions concerning the contribution of

sediment CH4 production to the global CH4 budget

and subsequent climate feedbacks by and on CH4

emissions are the result of our limited understanding

of shallow littoral sediment CH4 dynamics. CH4

emission from lake sediment is ultimately regulated

by microbial production and oxidation (Bartlett and
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Harriss 1993; King 1992; Reeburgh 2007). Metha-

nogenesis is a final step in the anaerobic degradation

of organic carbon in which CH4 is produced by

methanogenic microorganisms (Kiene 1991). The

overall methane formation (MF) depends not only on

the methanogenesis but also on the preceding degra-

dation steps, e.g. organic matter hydrolysis and

fermentation that produce substrates for methano-

genesis. In the presence of suitable electron acceptors

(e.g. O2), CH4 is oxidized as an energy source for

methane oxidizing bacteria (MOB) (King 1992).

Both MF and methane oxidation (MO) are potentially

regulated through microbial activity by several envi-

ronmental factors including temperature, organic

substrate quality and supply, nutrient availability

and oxygen concentration (Megonigal et al. 2005).

Considering direct influence of temperature, past

research have correlated temperature to both potential

MF and MO in wetland soils but MF seems to be

more sensitive to temperature than MO (Segers

1998). Hence, increased temperatures are likely to

result in increased MF while it is unclear if this leads

to increased methane emissions. Can MO counter-

balance an enhanced MF rate and thereby limit

emission changes? The hypotheses behind the present

study are that (1) CH4 formation is related to both

temperature and sediment characteristics and (2) that

CH4 oxidation is less temperature sensitive and more

directly controlled by CH4 concentration. If correct,

increasing temperatures would result in enhanced MF

as a direct effect but also in elevated MO as a

consequence of increasing CH4 concentrations in situ.

In turn, this would indicate a more complex climate

regulation of CH4 emissions and illustrate the need of

future studies addressing other aspects besides tem-

perature sensitivity of participating processes.

There are numerous studies of either MF or MO

including temperature responses in individual sys-

tems, while cross-system comparison using the same

methodology to evaluate potential temperature effects

on the CH4 dynamics including both MF and MO of

littoral lake sediment seem rare. Therefore, in the

context of understanding potential feedbacks of global

warming on shallow littoral sediment CH4 dynamics,

we measured potential MF and MO rates and their

temperature response in sediments collected at the

same time from eight different lakes. The lakes and

their sediments varied widely in terms of organic

matter and nutrient content and are representative of

both boreal and northern temperate environments,

where a large proportion of the world water bodies are

situated (Downing et al. 2006).

Method and analysis

Study site and sediment sampling

Experiments were carried out with sediments from

the littoral zone of eight lakes in central Sweden,

including Ljustjärn, Lilla Sången, Oppsveten, Svartt-

järn in the region of Dalarna and Funbosjön, Lötsjön,

Limmaren, Valloxen in the region of Uppland. These

lakes were chosen according to the differences in

nutrients and quantity and quality of organic matter

as shown in Table 1. The lakes in Dalarna, sur-

rounded by coniferous forest, podsol soils and

granitic bedrock, represent boreal lakes with low

productivity, low nutrient concentrations and low

ionic strength. These four lakes were selected to

cover a gradient regarding content of organic matter

as indicated by water color (absorbance at 430 nm)

and dissolved organic matter in Table 1. They span a

gradient from extremely clear water (essentially

groundwater; Ljustjärn) to very dark brown humic

water (Svarttjärn). The surface sediment of all these

four lakes was highly influenced by flocculated humic

material as reflected by a high C:N ratio (Table 2)

with almost no mineral content in the most humic

lakes (Svarttjärn and Oppsveten). The other four

lakes in Uppland (Lötsjön, Limmaren, Valloxen, and

Funbosjön) represent mesotrophic or eutrophic lakes

with catchments dominated by agriculture and soils

rich in clay. They were moderately to highly

productive and the sediments had a lower C:N ratio

reflecting greater importance of autochthonous

organic matter (from algal production within the

lake). The four Uppland lakes were selected to cover

a range in productivity found in the agricultural

northern temperate landscapes. All lakes were situ-

ated at nearby latitudes and surface water tempera-

tures typically range from 0 (under ice) to 30�C

(occasionally during extreme summer heat waves).

The uppermost 5 cm of the sediment were

retrieved from sediment cores collected at 1–2 m

water depth on 23 and 24 June 2007. At sampling

time, the surface sediment temperature ranged from

19 to 21�C among the lakes. Sediment material from
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at least five cores per lake was retrieved and

transferred to a plastic container. The sediment was

stored at 4�C in the dark overnight before the

experiments were started. Portions of the sediments

were transferred to 118 ml serum bottles for incuba-

tion experiments as described below. The remaining

sediment was used to determine water content and for

elemental analyses of carbon and nitrogen.

Experimental setup

Potential rates of MF and MO were determined

separately by incubating sediment slurries and mon-

itoring headspace CH4 concentration over time. Incu-

bations were carried out in the dark at 4 temperature

levels: 4, 10, 20 and 30�C. For both MF and MO, there

were three replicate slurry bottles per temperature

level for each sediment. The original core material was

mixed by gentle stirring to decrease the within

sediment spatial variability. Very gentle stirring was

used to minimize the disruption of microbial consortia

that can be important for MF (Dannenberg et al. 1997;

Metje and Frenzel 2005). Hence, the slurry used for

measurements was a composite sample and the three

replicates represented experimental replicates. A

specified volume slurry was transferred into the serum

bottle using a 10 ml plastic syringe whose tip was cut

away to widen the syringe opening.

In the MF incubation, 30-ml of slurry was

transferred into each serum bottle. The bottles were

Table 1 Summer surface water chemistry of the lakes where sediment was collected

Lake Position Area (ha) A430 (cm-1) DOC (mg l-1) TP (lg l-1) TN (lg l-1) Max depth (m)

Ljustjärn 59�55021.3100N

15�27013.1900E

12 0.004 4.4 8 179 10

Lilla Sången 59�54010.4300N

15�23036.9900E

23.8 0.020 7.4 12 275 17

Oppsveten 60�00053.900N

15�28038.3400E

65.3 0.078 19.2 12 623 11

Svarttjärn 59�53025.1200N

15�15026.6800E

0.7 0.105 18.8 14 502 6

Lötsjön 59�5200.8200N

17�56051.4200E

63 0.007 10.7 30 905 11

Limmaren 59�43043.2300N

18�4502.1700E

590 0.040 9.0 54 1026 8

Valloxen 59�44029.6200N

17�49041.0600E

290 0.031 22.0 61 656 6

Funbosjön 59�51039.2600N

17�51081.0800E

207 0.162 18.5 110 1016 5

A430, TP and TN denote absorbance at 430 nm, total phosphorous and total nitrogen concentrations, respectively. The lakes were

ordered by TP concentrations

Table 2 Sediment

characteristics of the lake

sediments used

Lakes are ordered according

to Table 1 to facilitate

comparison

Lake Water

content (%)

Bulk

density (g/cm3)

Organic

carbon (%)

C:N ratio

Ljustjärn 95.0 0.93 34.0 23.4

Lilla Sången 91.4 1.51 7.6 12.0

Oppsveten 92.8 0.79 30.4 23.6

Svarttjärn 93.8 0.82 21.7 18.4

Lötsjön 93.4 1.15 14.9 9.4

Limmaren 44.5 2.61 1.1 8.6

Valloxen 78.8 2.05 6.0 9.1

Funbosjön 85.5 1.60 9.9 9.7
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sealed with 10 mm thick butyl rubber stoppers

(Apodan, Denmark) with aluminum crimp caps. O2

was removed from the headspace by evacuation and

flushing with CH4 free N2. This cycle was repeated

three times. The bottle headspace pressure was

equilibrated with atmospheric pressure by releasing

excess N2 via a needle inserted through the stopper.

CH4 formation incubations were conducted in an

initially CH4 free N2 headspace. The first CH4

sampling and analysis was done 2 days after the start

of the incubation to allow depletion possible remain-

ing traces of O2. Potential MF rate was calculated

using the change of CH4 concentration during the

4 days following the first measurements (linear

regression using daily measurements yielded five

data points per bottle). Due to our interest in overall

net temperature effects, the experiments address the

MF in a broad sense, including influence of prior

degradation steps providing substrates for the meth-

anogenesis. In line with this, we did not try to isolate

and decouple methanogenesis from other sediment

processes which is often done by the addition of

specific substrates for methanogenesis (Segers 1998).

In the MO incubation, 10-ml slurry in the serum

bottle was purged by zero-air (CH4 free air, less than

0.1 ppm CH4) and immediately thereafter crimp

sealed with 10 mm thick butyl rubber stoppers

(Apodan, Denmark). One ml of 3.5% CH4 was added

to the headspace creating an initial headspace CH4

concentration of approximately 330 ppmv. The initial

concentration in each bottle was confirmed by

immediate measurements. Potential MO rates were

calculated from the loss of CH4 in the MO vessels

during the first 2 days (three data points). Simple

linear regression was used to determine MO rates

instead of exponential relationships typically used

over longer time intervals (see also ‘‘Discussion’’).

All dynamic results were normalized to dry weight of

sediment for cross-system comparisons within this

study. For cross-checking with other studies, the units

can be converted by using the data in Table 2.

CH4 sampling and analysis

CH4 concentrations were analyzed daily using gas

chromatography with flame ionization detection (GC-

FID). At each sampling, 2 ml of make up gas (CH4 free

nitrogen for MF or CH4 free air for MO incubations)

was first added to the bottle by syringe and mixed with

the headspace gas. Two milliliter headspace gas were

then withdrawn and analyzed by GC-FID. The injec-

tion of make up gas ensured maintenance of the

headspace pressure. Correction for dilution of the

headspace gas by the injection of make up gas was

calculated and verified by tests using blank bottles with

no sediment. The GC-FID (Shimadzu 8A) was

equipped with a 500 ll injection loop and a 2 m 9

3.2 mm stainless steel column packed with HayeSep Q

80/100. The column oven temperature was 40�C and

the carrier gas was N2 setting at 80 kPa inlet pressure

(about 10 ml min-1). Certified 99.9 ± 2 ppm, 1000 ±

20 ppm and 1.95 ± 0.02% CH4 standards (Air Liquide)

were used for calibration.

Sediment characteristics

Sediment water content was determined by the

difference in slurry weights before and after being

dried. A portion of the sediment was freeze dried and

then homogenized by grinding in a mortar. For

organic CN elemental analysis, a portion of freeze

dried sediment was weighed into silver cups and

carbonates were removed by adding 2 M hydrochlo-

ric acid to sediment sub-samples. These sediments

were then dried at 60�C and combusted with a Carlo

Erba/NC 2500 analyzer.

Statistics

Possible relationships between MF and MO and

temperature among sediments from different lakes

were tested statistically in several ways including

correlations between pairs of variables and by two-

way ANOVA with MF or MO as dependent vari-

ables, temperature as factor and sediment water

content, organic carbon content and C:N ratio as

covariates. In the ANOVA with MO as the dependent

variable, MF at 20�C, representative of MF at the in

situ temperature, was added as a covariate. Many of

the variables were not normally distributed. Log-

transformation was not sufficient to reach normality

for some variables and therefore the tests were made

with ranked values for all variables.

Temperature sensitivity calculations

Temperature sensitivity is expressed in two ways in

this study; as Q10 values and the apparent Arrhenius

188 Biogeochemistry (2010) 100:185–196
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equation activation energy (E0a). Q10 values were

calculated according to

Q10 ¼
R2

R1

� � 10
T2�T1

� �
ð1Þ

where R2 and R1 are process rates at the different

temperatures T2 and T1. Ea was obtained from the

slope of Arrhenius equation expressed as

lnðkÞ ¼ �E0a
R

1

T
þ ln Að Þ ð2Þ

where the natural logarithm of the process rate (k) is

plotted against 1/T where T is the temperature (K). R is

the universal gas constant (8.314472 J K-1 mol-1).

A is Arrhenius constant which is experimentally

determined.

Results

Sediment and lake characteristics

Sediment water content, organic carbon content and

C:N elemental ratio are shown in Table 2. These

variables were also highly correlated (Fig. 1). High

organic carbon content was positively correlated with

water content and C:N ratios. These correlations

demonstrate that the eight lake sediments were

different in terms of physical and chemical properties

providing a range of characteristics representative of

sediments in boreal and northern temperate lakes in

the region.

Methane formation (MF)

CH4 concentrations increased linearly in all sediments

except some of the incubation bottles for Ljustjärn,

Lilla Sången and Svarttjärn sediment at low temper-

atures (Table 3). Potential rates ranged between 0.002

and 3.99 lmol CH4 gd.w.
-1 day-1. MF was highly

sensitive to temperature with higher rates at higher

temperatures in all sediments (Tables 4, 5; Fig. 2).

The temperature response was exponential in most

cases with the most drastic increase between 20 and

30�C (Fig. 2). Thereby most of the lake sediments that

had low potential MF at 20�C produced much more

CH4 when the temperature increased to 30�C. This MF

trend was detected in sediment from Svarttjärn,

Oppsveten and Ljustjärn (Tables 3, 5).

MF also differed between the sediments and was

correlated with the C:N ratio (Table 4). The two-way

ANOVA analysis showed that MF rates were signif-

icantly affected by temperature as well as all included

sediment characteristics that were tested (water

content, organic carbon content and C:N ratio;

p \ 0.005 for all factors and covariates; see ‘‘Meth-

ods’’ section for statistics details). None of sediment

characteristics were truly independent of any other

variables (Fig. 1), making it difficult to relate the

results to any single variable. Rather, the ANOVA

shows that MF rates differed both among tempera-

tures and among sediment types.

The effect of the sediment characteristics indicated

highest MF rates in sediments with lower water and

organic carbon content and C:N ratios \10 (Fig. 3).

Using this information, the MF rates can be classified

Fig. 1 Relationships between water content, organic carbon

content and C:N ratio in the sediment from the different lakes.

The lakes with the highest organic carbon content and the

highest C:N ratio also had the highest water content
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into two groups yielding sediments with high

potential MF and low potential MF. The high

potential MF sediments from Limmaren, Funbosjön,

Lötsjön and Valloxen were characterized by approx-

imately doubled CH4 headspace concentration over

6 days (Table 3). The low potential MF group

includes Lilla Sången, Ljustjärn, Oppsveten and

Svarttjärn in which CH4 concentration did not change

much at the lower temperatures.

C:N ratios are usually associated with the organic

material sources (Wetzel 2001). The low MF potential

sediments were dominated by organic material from

terrestrial sources (C:N ratio *20), primarily

refractory flocculated humic substances (Meyers

1994). The high potential MF sediments were domi-

nated by organic matter from lake primary production

which was considered to be more labile. In sediments

with C:N ratios\10 methane formation rates increased

on an average 1.4 orders of magnitude from 4 to 30�C.

Methane formation rates in sediments with C:N ratios

[10 increased on an average 1.6 orders of magnitude

and the difference in MF rates between the sediment

types decreased with increasing temperature (Fig. 3).

Methane oxidation (MO)

MO was detected in all treatments and the methane

concentration change in the vials was linear during

Table 3 Potential methane formation rates at different incubation temperatures

Lake MF rate (lmol CH4 gd.w.
-1 day-1)

4�C 10�C 20�C 30�C

Ljustjärn 0.006 (0.46–0.90) 0.006 (0.58–0.95) 0.028 (0.43–0.96) 0.318 (0.84–0.92)

Lilla Sången 0.002 (0.23–0.84) 0.002 (0.35–0.66) 0.012 (0.45–0.94) 0.037 (0.12–0.92)

Oppsveten 0.019 (0.87–0.97) 0.018 (0.67–0.79) 0.031 (0.60–1.00) 0.481 (0.87–0.90)

Svarttjärn 0.010 (0.78–0.90) 0.009 (0.64–0.75) 0.041 (0.69–0.96) 1.004 (0.92–0.96)

Lötsjön 0.069 (0.92–0.97) 0.170 (0.99–1.00) 1.369 (0.99–1.00) 3.990 (0.99–1.00)

Limmaren 0.041 (0.99–1.00) 0.067 (0.99–0.99) 0.198 (1.00–1.00) 0.388 (1.00–1.00)

Valloxen 0.012 (0.91–0.95) 0.024 (0.98–0.99) 0.151 (0.99–1.00) 0.425 (0.99–1.00)

Funbosjön 0.085 (0.82–1.00) 0.186 (0.98–0.99) 0.920 (1.00–1.00) 2.038 (1.00–1.00)

Methane formation rates (MF rate) represent the slope of how amounts of methane changed over time and R2 values are given

between brackets (see text for details)

Table 4 Correlations between ranked values of methane for-

mation rates (MF; lmol CH4 gd.w.
-1 day-1), methane oxida-

tion rates (MO; lmol CH4 gd.w.
-1 day-1), methane formation

rates at 20�C (MF20), sediment water content (WA; %), sed-

iment organic carbon content (OC; % dry weight), and sedi-

ment C:N ratio (CN)

Temp MF MF20 WA OC CN

MF

R2 0.683 -0.195 -0.142 20.346

p-value <0.001 0.057 0.167 0.001

MO

R2 -0.039 0.326 0.493 0.188 0.262 0.020

p-value 0.708 0.001 <0.001 0.068 0.010 0.851

Bold numbers indicate statistical significance (Pearsson

correlation). The correlations were calculated with ranked

values. MF20 was chosen as a variable since 20�C is

representative of the summer in situ temperature of littoral

sediments in the sampled lakes

Table 5 Temperature sensitivity for methane formation rates

expressed as Q10 values for the studied temperature intervals

and the activation energy (E0a) as given by Arrhenius equation

(Eqs. 1 and 2 in the text)

Lake Q10 values E0a (kJ mol-1)

4–10�C 10–20�C 20–30�C

Ljustjärn 1.0 4.4 11.5 109.5

Lilla Sången 1.4 4.9 3.1 86.4

Oppsveten 0.9 1.7 15.7 83.8

Svarttjärn 0.9 4.4 24.5 124.8

Lötsjön 4.5 8.1 2.9 113.5

Limmaren 2.3 3.0 2.0 62.3

Valloxen 3.2 6.3 2.8 100.7

Funbosjön 1.9 5.0 2.2 87.2
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the first two days of the incubation (R2 range 0.83–

1.00). MO rates ranged from 0.01 to 0.39 lmol

CH4 gd.w.
-1 day-1 (Table 6). MO was not affected

by temperature but it was correlated with MF and the

sediment organic matter content (Fig. 2; correlation

analyses, Table 4; Fig. 4). The two-way ANOVA

(temperature as factor; MF at 20�C, sediment water,

organic matter content and C:N ratio as covariates)

showed significant connections with MF at 20�C only

(p \ 0.005; a\ 0.05; see Fig. 4). The potential MO

was similar to or exceeded potential MF in all

sediments at low temperatures. However, because

MO was not as strongly affected by temperature, MF

rates were typically higher than MO at higher

temperatures (Fig. 2).

Discussion

Across a wide variety of littoral lake sediments, this

study found that potential MF and MO range from

0.001 to 4.06 lmol CH4 m-3 s-1 and from 0.04 to

Fig. 2 Potential methane

formation (grey bars) and

methane oxidation (white
bars) rates at different

temperatures in the studied

sediments. The graphs were

ordered by total

phosphorous concentration

in the water to some extent

reflecting lake productivity

(see Table 1). Error bars
denote ±1SD (n = 3). Note

that the y axis is logarithmic

and that scales differ

between the lakes

Biogeochemistry (2010) 100:185–196 191
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0.87 lmol CH4 m-3 s-1, respectively (the unit was

converted from lmol CH4 gd.w.
-1 day-1 to lmol

CH4 m-3 s-1 by dividing the rate in Table 3 or 6

with ‘‘bulk density’’ which is available in Table 2).

The review paper by Segers (1998) summarized the

typical wetland potential MF and MO and reported

rate ranges from 0.01 to 10 lmol CH4 m-3 s-1 and

from 0.1 to 100 lmol CH4 m-3 s-1, respectively.

Our results are within the lower part of the previously

published range. Possible reasons are (1) that some

previous potential rate experiments included addition

of specific substrates favoring methanogenesis (e.g.

acetate or H2/CO2) (Chin and Conrad 1995; Sugim-

oto and Wada 1993) or (2) that previously studied

wetland sediments often came from environments

with a high abundance of macrophytes and often high

nutrient conditions as well (King 1994; Krumholz

et al. 1995). This probably resulted in high microbial

activity compared to the lakes of this study where no

substrates were added and all lake sediments used

were collected at locations without nearby macro-

phytes. In the lakes with high C:N ratio the sediments

consisted primarily of flocculated humic matter or

peat which are poor substrates for microbial activity.

The four lakes with a low C:N ratio had dense belts of

Phragmites australis along some parts of the shore

and zones with high abundance of Potamogeton spp.,

but in relation to previous wetland studies this

corresponds to a low macrophyte abundance. In the

304
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Fig. 3 Methane formation rates (MF; lmol gd.w.
-1 day-1) in

sediments with a C:N ration\10 and[10, respectively, versus

temperature. Bars show averages and error bars denote ±1SD

(n = 12)

Table 6 Methane oxidation rates (MO rate) at different incubation temperatures

Lake MO rate (lmol CH4 gd.w.
-1 day-1)

4�C 10�C 20�C 30�C

Ljustjärn 0.08 (0.95–0.98) 0.08 (0.99–0.99) 0.08 (0.99–0.99) 0.08 (0.98–1.00)

Lilla Sången 0.06 (0.98–1.00) 0.06 (0.97–1.00) 0.06 (0.95–0.97) 0.06 (0.98–0.99)

Oppsveten 0.09 (0.98–1.00) 0.10 (0.99–1.00) 0.11 (0.97–0.98) 0.10 (0.98–1.00)

Svarttjärn 0.07 (0.98–1.00) 0.08 (0.85–1.00) 0.08 (0.98–0.99) 0.09 (0.98–1.00)

Lötsjön 0.37 (0.96–0.99) 0.63 (0.86–0.98) 0.37 (0.87–0.91) 0.28 (0.87–0.89)

Limmaren 0.02 (1.00–1.00) 0.02 (0.92–1.00) 0.02 (0.96–0.97) 0.01 (0.96–1.00)

Valloxen 0.14 (0.97–0.98) 0.13 (0.96–0.97) 0.17 (0.88–0.94) 0.12 (0.85–0.90)

Funbosjön 0.27 (0.93–0.95) 0.31 (0.92–0.95) 0.16 (0.89–0.98) 0.14 (0.83–0.98)

R2 values are given within parentheses (see text for details)

Fig. 4 Logarithms of measured methane oxidation rates (MO)

at all temperatures versus average methane formation rates at

20�C (MF20). Original unit for both MO and MF was

lmol CH4 gd.w.
-1 day-1. All replicates for MO are shown

while the average MF value was used for each sediment

because MF and MO values were not strictly paired (see text

for details)
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other lakes, single plants of Nuphar lutea and

Potamogeton natans occurred but their abundances

were negligible on an area basis.

At in situ temperature (e.g. 20�C), different lake

sediments had different potential MF rates (Fig. 2).

There could be several reasons for these differences.

The sediments with low MF potential consisted of

peat or flocculated humic matter with a high C:N

ratio. Hence these sediments were characterized by

refractory organic substrates and low nutrient con-

centrations which should result in slow overall anoxic

degradation (Bastviken et al. 2003; Hulthe et al.

1998) leading to low MF rates. Low microbial

activity in these littoral sediments (expected to be

well oxygenated due to resuspension by wave

turbulence) may also have reduced MF rates as the

result of the availability of alternative electron

acceptors (such as dissolved NO3
-, Fe3?, Mn4? and

SO4
2-) which are all known to inhibit methanogen-

esis (Huttunen et al. 2006; Zehnder and Stumm

1988). The alternative electron acceptors were likely

consumed after O2 was removed in the MF bottles

which could explain the low MF rates at low

temperatures. However, high temperature (C30�C)

enhancement of general microbial activity probably

resulted in an increased supply of organic degradation

products for methanogenesis and more rapid deple-

tion of the alternative electron acceptors resulting in

substantially higher MF rates (Liikanen et al. 2002).

Similarly, given high concentrations of labile organic

matter, faster degradation rates should lead to more

substrate for methanogenesis and a more rapid

depletion of alternative electron acceptors. This could

explain the results at the in situ temperature level, the

high potential MF group is composed of low C:N

ratio sediments (Limmaren, Funbosjön, Lötsjön and

Valloxen) and the low potential MF sediment is

characterized by high C:N ratio (Lilla Sången,

Ljustjärn, Oppsveten and Svarttjärn).

We did not know to what extent methane oxidizing

bacteria were present and active in the sediments

before conducting the experiment. This affected our

choice of CH4 concentration in the MO bottles. If

presence or activity of MOB was very low in situ, it

would be difficult to detect any MO if a high starting

CH4 concentration was used. We also expected low

amounts of CH4 in sediments having a high C:N ratio.

Therefore, we used a low initial CH4 concentration in

the MO experiment. Based on Henry’s law

calculations and given initial headspace concentration

of 330 ppmv, the concentration of dissolved CH4 in

the slurry was 0.42–0.75 lM depending on tempera-

ture (Wiesenburg and Guinasso 1979). The drawback

with using low initial CH4 levels is that the CH4 may

be rapidly depleted and rates underestimated. We

therefore based our calculations on the headspace

concentration change in 2 days after the start of the

incubations. The decline of CH4 in every vial was

linear and there were no indications of CH4 depletion

during this time. In addition, up to 50 fold different

MO rates among treatments were detected (Table 6)

indicating that the experimental setup detected MO

over a wide range.

MO rates differed between lakes and the ANOVA

as well as correlation tests (Table 4; Fig. 4) indicate

that MO rates were primarily related to MF rates

rather than sediment characteristics. This relation

supports the conclusion that MO is primarily sub-

strate regulated and depends on CH4 and O2 levels.

Hence, under stable conditions and given availability

of O2, MO may be regulated by MF rates and the

subsequent supply of CH4 into the oxygenated zone

in the sediment where MO occurs.

Temperature is a major factor influencing rates of

all biogeochemical processes. In our study, potential

MF rates increased from 10 to 100 times while

potential MO rates only changed by a factor of 1 to 2

over a temperature range of 4–30�C (Tables 3, 6).

MF was clearly much more sensitive to temperature

than MO in all sediments (Fig. 2). Dunfield et al.

(1993), studying peat soils, also found MF to be more

temperature dependent (activation energies 123–

271 kJ mol-1, Q10 values 5.3–16) than MO (activa-

tion energies 20–80 kJ mol-1, Q10 values 1.4–2.1) in

peat samples. In a review of wetland soil incubations

by Segers (1998) based on 1046 MF and 328 MO

measurements similar results were noted. Q10 values

ranged from 1.5 to 28 for MF and 1.4–2.3 for MO.

Possible reasons for the low temperature sensitivity

of MO include a low temperature sensitivity of the

involved enzymes and the decreasing solubility of

CH4 and O2 with increasing temperature (Benson and

Krause 1984; Brazeau and Lipscomb 2000; Wiesen-

burg and Guinasso 1979). The latter could counteract

possible temperature stimulation of enzyme activity

by decreasing the substrate availability. In contrast,

all possible substrates for MF except H2 is highly

soluble in water and MF rates may also depend on
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previous steps in the anaerobic degradation chain

which are known to be highly temperature dependent

(Kelly and Chynoweth 1981; Kotsyurbenko et al.

1993; Metje and Frenzel 2005).

We use Q10 and E0a values (Table 5) as empirical

descriptors for temperature sensitivity of MF. Q10

values describe the change in rate when temperature

increases 10�C. Q10 varies with temperature and

therefore we calculated different values for different

temperature intervals. Another important aspect is

awareness of exactly what processes are described by

the Q10 value. Long-term studies favoring methano-

gens by the addition of substrates such as H2/CO2 or

acetate (Nozhevnikova et al. 2007) may yield Q10

values specific for methanogenesis. However, in this

study, MF rates depend not only on methanogenesis

but also on indirectly related processes, such as (1)

other organic matter degradation reactions providing

MF substrates or (2) processes of depleting alternative

electron acceptors inhibiting MF. Hence, our empirical

temperature dependency descriptors incorporate many

linked processes and not a single specific reaction.

It is useful to note how MF Q10 values varied at

different temperature intervals (Table 5). The change

was small at low temperatures (Q10 values\4.5 at 4–

10�C), while the change was dramatic at high temper-

atures (Q10 values up to 24.5 at 20–30�C). In addition,

there was a difference in the MF temperature response

in different sediment types. MF of sediments with a

C:N ratio[10 (e.g. dominated by humic matter or peat)

were much more sensitive to temperature between 20

and 30�C than sediments with C:N ratios\10 (Table 5;

Fig. 3). This pattern could be explained by the slow

depletion of alternate electron acceptors in humic rich

sediments at low temperatures inhibiting MF. At

higher temperatures, this depletion is much faster,

resulting in much higher MF.

At low temperatures, most of the lakes were

characterized by potential MO rates that were similar

or higher than the measured MF rates (Fig. 2).

However, MF rates typically exceeded MO rates at

higher temperatures due to the stronger temperature

response of MF relative to that of MO. This raises the

question of whether rising temperatures could result

in higher CH4 emissions. Considering temperature as

a single variable acting on MF or MO alone, it is

tempting to suggest that CH4 emissions would

increase (Fig. 2). This may happen if the climate

gets both warmer and more variable. For example,

short periods of warm weather in the boreal zone may

temporarily increase epilimnion temperatures and

thereby also the temperature of the littoral sediment

which is in contact with the epilimnion, resulting in

increased CH4 release from sediments. Such periods

are not uncommon and during August 2008 the lakes

in Dalarna, which typically have a mean late summer

epilimnion temperature close to 20�C, experienced

2 weeks with littoral temperatures of 27–29�C.

However, the result that MO depends on MF also

means that MO could catch up with an increasing MF

given sufficient time for the methane oxidizing

microbial community to grow in response to elevated

CH4 concentrations (Fig. 4). This would only be true

for flux pathways in which CH4 has to diffuse

through an oxygenated zone with MO prior to

emission (e.g. diffusive flux). CH4 emitted via such

pathways have been shown to be partly oxidized

(Bastviken et al. 2002; Ström et al. 2005). However,

emissions would still increase in certain flux path-

ways that are dominated by advective processes or

transport mechanisms allowing the CH4 to effectively

bypass zones with MO, such as ebullition (Bastviken

et al. 2004; Walter et al. 2006). Plant mediated

transport represents an important flux pathway in

which the role of MO is less clear. CH4 probably

have to pass an oxygenated zone with MO surround-

ing the plant roots before entering the plant tissue, but

the thickness of this zone and the transfer rate may

differ between plants and sediments. There are

indications that CH4 emitted through plants have

been subjected to oxidation (Ström et al. 2005).

Our result that potential MO rates were correlated

to potential MF rates across different sediment types

which are representative of sediments in the temper-

ate and boreal climate zones (Fig. 4) is consistent

with observation that MO kinetics depend on CH4

concentration (Bender and Conrad 1995; King 1997;

Knief and Dunfield 2005). A comparison of half

saturation constants for MO (Km;CH4
) from different

studies showed that Km;CH4
from highly producing

CH4 samples was greater than Km;CH4
from MF

samples with low production rates (Segers 1998).

Another study also pointed out that potential MO

from sediment samples was about 100 times higher

than that from a CH4 consuming forest soil that

demonstrated very low potential MF rates (Bender

and Conrad 1994). Another study by (Moore and

Dalva 1997) comparing potential MF and MO in peat
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soils also found a weak but significant positive log–

log relationship (R2 of 0.165 which is lower than our

R2 of 0.66 in Fig. 4). The ability of sedimentary

methanotrophic community to adapt to increased CH4

concentrations has also been noted. Potential MO

rates could increase to 176 fold the initial rate within

a few days after an increase in CH4 500 times higher

than in situ levels (Bender and Conrad 1994, 1995).

Under continuous elevated CH4, MO rates also rise

with time (Knief and Dunfield 2005).

Altogether our results and evidence from literature

indicate that MO will adapt to rising CH4 concentra-

tions. Therefore, we cannot simply assume that all

types of lake CH4 emissions will increase following

warming. Instead MO may respond rapidly enough to

counteract large increases in the emissions from

sediments by diffusion across oxic–anoxic interfaces

at the sediment surface or surrounding plant roots in a

warmer climate. The present study focus on process

rates in laboratory incubations and although yielding

the hypothesis that MO can catch up with MF which

seems valid across many different sediment types,

this has to be further explored before predictions

about in situ situations can be made. To learn more

about climate effects on methane emissions from

lakes, it seems necessary to study the sensitivity of

MO to the changes in MF as well as the effects of

transient periods of elevated temperatures on MF and

MO rates.
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