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Abstract

Lakes are important components of the global methane (CH4) cycle. In seasonally ice-covered lakes, CH4

transported by ebullition (bubbling) from anoxic sediments gets trapped at the water-ice interface. If not oxi-

dized by methane-oxidizing bacteria (MOB), this can potentially lead to high episodic CH4 emissions at ice-

melt. To understand the fate of CH4 trapped below ice, we measured depth-distributions of CH4 concentra-

tions in the water column near bubbles trapped below ice in Lake Erken. We also performed a 21 d incuba-

tion experiment at low temperature (2.3 6 0.28C) to investigate the potential for CH4 oxidation. During most

sampling occasions, we found steep CH4 concentration gradients just below the ice with a 13-fold decrease

from the surface to a depth of 20 cm. In vitro incubations revealed that CH4 oxidation can occur at low tem-

peratures typical for the water-ice interface. CH4 oxidation was observed as a significant decrease in CH4 con-

centration, a significant increase in stable isotope 13C signature, and an increase in MOB during the

incubation. Thus, CH4 accumulating in the top 20 cm of the water column, fed by diffusion from CH4 in

trapped bubbles, may fuel significant CH4 oxidation. Since northern latitude lakes can be ice-covered for

many months of the year and significant amounts of CH4 accumulate below the ice, the extent of CH4 oxi-

dation under these low temperature-conditions is important for understanding the potential CH4 emissions

to the atmosphere during ice-melt.

Methane (CH4) is a potent greenhouse gas (GHG) with a

warming potential that is 28 times greater than that of car-

bon dioxide (CO2) and is also an important component of

the global carbon cycle (IPCC 2013). Although CH4 produc-

tion has increased due to anthropogenic activity, microbial

activity is still the main producer of CH4 (Conrad 2009), and

the significance of the process will likely increase if tempera-

tures continue to rise (Duc et al. 2010). In lakes, archaeal

CH4 production under anoxic conditions mainly takes place

in the sediments (Bastviken 2009), with subsequent CH4

emissions from the freshwater to the atmosphere influencing

the global GHG balance (Bastviken et al. 2011). Fortunately,

from a CH4 emission point of view, the activity of methane-

oxidizing bacteria (MOB), i.e., methanotrophs, holds the

potential to limit emissions of such biogenic CH4 to the

atmosphere. MOB use CH4 as a carbon and energy source,

and thus, contribute to the cycling of carbon into the

pelagic food web (Bastviken et al. 2003).

Within a lake system, the production and consumption

of CH4 varies seasonally (e.g., Martinez-Cruz et al. 2015). For

example, many lakes in the northern hemisphere are ice-

covered during an extensive part of the year, where the ice

acts as a barrier to atmospheric exchange (Striegl et al.

2001). During this winter-period, CH4 can accumulate below

the ice (Greene et al. 2014), a process fueled mainly by ebul-

lition of CH4-enriched bubbles released from lake sediments

(Walter et al. 2006). CH4 bubbles released from the sediment

are rapidly transported through the water column bypassing

CH4 oxidation in bottom waters. At ice-melt, the CH4 accu-

mulated below ice can cause a significant episodic release of

CH4 into the atmosphere (Phelps et al. 1998; Karlsson et al.

2013). Earlier studies investigating CH4 turnover in the water
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column of ice-covered lakes have mainly focused on CH4

production at the sediment-water interface, CH4 concentra-

tion gradients in the water column at relatively low

depth-resolution and CH4 oxidation near the oxycline

(Michmerhuizen et al. 1996; Bastviken et al. 2002; Huttunen

et al. 2003; Kankaala et al. 2006). In contrast, few studies

have assessed CH4 concentrations and CH4 oxidation at a

higher depth resolution close to the water-ice interface,

albeit it is known that CH4 can accumulate there.

A few earlier studies suggest that CH4 oxidation is

negligible at the water-ice interface or at least limited

(Michmerhuizen et al. 1996; Kankaala et al. 2006). It has been

argued that absence of such oxidation may cause more CH4

to accumulate in the water-column during winter (Phelps

et al. 1998). However, conflicting observations imply that

CH4 could be susceptible to oxidation by MOB also in winter,

both at the water-ice interface (Martinez-Cruz et al. 2015) and

throughout the water column (Kankaala et al. 2006; Wand

et al. 2006). Hence, there is no consensus view on the role of

CH4 oxidation at the water-ice interface, let alone the rate of

CH4 oxidation at low temperatures close to the freezing point

of water. Some studies suggest that methanotrophic activity

slows down or halts in cold waters (Phelps et al. 1998;

Boereboom et al. 2012). Other studies suggest that there is no

such minimum temperature for metabolic activity of metha-

notrophs (Price and Sowers 2004). In general, temperature is

known to be a strong and predictable controlling factor for

chemical and biological processes, but for microbial processes

mediated by multiple groups of organisms, this pattern does

not necessarily hold, as populations and their enzymes may

feature contrasting temperature optima (Ratkowsky et al.

1982). Some strains of methanotrophs have indeed been

reported to be psychrophilic and hence able to oxidize CH4 at

low temperature (Hanson and Hanson 1996; Wand et al.

2006). In addition, CH4 oxidation is typically described as

substrate limited rather than temperature limited (Duc et al.

2010). Furthermore, the abundance of methanotrophs as well

as CH4 concentration and CH4 oxidation varies greatly

between lakes and over the year (Phelps et al. 1998; Bastviken

et al. 2008; Boereboom et al. 2012).

A major aim of this study was to determine the CH4 gra-

dient and oxidation potential at the water-ice interface

where CH4 bubbles are trapped (Supporting Information Fig.

S1). We hypothesized that (1) CH4 concentrations are ele-

vated at the water-ice interface close to visible CH4 bubbles

and (2) that this CH4 can be oxidized at the low tempera-

tures found at the water-ice interface. To test hypothesis 1,

we measured CH4 concentration profiles at the water-ice

interface near visible CH4 bubbles of a mesotrophic lake. To

test hypothesis 2, lake water was incubated at near in-situ

temperatures (�28C), and CH4 concentration change was

monitored over time. In addition, bacterial community anal-

ysis was performed for in situ water samples and in vitro

lake water incubations. In this way, we identified the MOB

at the water-ice interface and assessed if these MOB were

actively oxidizing CH4 during the incubation, providing a

link between CH4 oxidation potential in the lake and real-

ized function during the incubation.

Methods

Study site

The field study was carried out in Lake Erken, Sweden

(598510 N, 188350 E) with a surface area of 24 km2, mean

depth of 9 m, maximum depth of 21 m and a water resi-

dence time of �7 yr (Weyhenmeyer 1999). The lake is typi-

cally ice-covered from late December/early January to late

Apr/early May. During winter, nitrate (NO2
3 ) and phosphate

(PO23
4 ) accumulate below the ice, but following ice melt

Fig. 1. Below ice CH4 concentrations measured at the fine-scale surface water depth gradient near gas bubbles in (a) winter 2013 and (b) winter

2014. Bars represent standard deviation of three replicate samples. Note different scales on the x-axis.
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these nutrients are rapidly depleted during the spring phyto-

plankton bloom (Weyhenmeyer 1999).

Field sampling

Sampling of ice-covered Lake Erken was performed during

the winters of 2013 (140 d of ice-cover from 09 Dec 2012 to

27 Apr 2013) and 2014 (38 d of ice-cover from 14 Jan to 21

Feb 2014). In 2013 (07 Feb to 25 Mar), sampling was carried

out on six different occasions at the deepest point of the

lake (Table 1). On each sampling occasion, ice thickness and

snow cover were recorded. In addition, depth profiles of dis-

solved oxygen (DO) and water temperature were recorded at

1-m intervals using an HQ40d Portable Multi-parameter

sonde (HACH). On three sampling occasions (13 Feb, 28 Feb,

and 25 Mar of 2013), surface water samples were collected

from below the ice near visible gas bubbles. Gas bubbles

were identified according to a method outlined in Walter

Anthony et al. (2010), but in some cases this was challenging

due to white “snow- ice” conditions. For each identified bub-

ble, vertical fine-scale depth-profiles were made (three pro-

files, at horizontal distances 0, 0.5, and 1 m away from the

bubble, were considered replicates). Water was collected at

fine-scale depths 0 cm, 20 cm, 40 cm, and 60 cm from the

water-ice interface using an in-house constructed Below ice

LAke MONitoring (BLAMON) sampler (Supporting Informa-

tion Fig. S2). In addition, to compare CH4 concentrations at

the water-ice interface to the water column below, water

samples were collected from three deeper depths (1 m, 10 m,

and 19 m) using a Ruttner sampler on three additional occa-

sions (07 Feb, 27 Feb, and 10 Mar of 2013).

The subsequent year (24 Jan, 03 Feb, 07 Feb, 12 Feb, 18

Feb of 2014), sampling was carried out in the shallow

Fig. 2. Bacterial abundance below ice along a (a) fine-scale depth gradient near gas bubbles in 2013, (b) deeper water column profiles in 2013, and
(c) fine-scale depth gradient near gas bubbles in 2014. Bacterial abundance in (d) CH4 amended bottles incubated at 2.3 6 0.28C. In panel a and d,

bars represent the mean with standard deviation (n 5 3 and n 5 5, for panel a and d, respectively). In panel b and c only one sample was analyzed
per depth.

Table 1. Ice and snow cover conditions during winter field
sampling at the deepest point of the lake in 2013. Water sam-
ples were collected from either the water-ice interface near a
Bubble (0 cm, 20 cm, 40 cm, and 60 cm) or the deeper water
Profile (1 m, 10 m, and 19 m). Water temperature (Temp) and
dissolved oxygen (DO) were reported as the min-max range of
depth profiles recorded at 1 m intervals (0–19 m).

Date 07 Feb 13 Feb 27 Feb 28 Feb 10 Mar 25 Mar

Sample type Profile Bubble Profile Bubble Profile Bubble

Snow (cm) 11 17 5 2 5 4

Ice (cm) 36 37 40 35 48 47

Temp (8C) 0.8–3.7 1.2–4.0 0.9–4.4 0.3–4.4 0.4–4.4 0.8–4.6

DO (mg L21) 4.8–12.7 3.3–12.6 2.0–12.5 3.6–13.0 2.6–13.1 3.5–13.2
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Svanberga bay (max depth of 2 m) in the eastern part of Lake

Erken. The sampling strategy was similar to the previous

year, however, water profiles were collected at a higher reso-

lution using the BLAMON sampler at depths of 0 cm, 4 cm,

8 cm, 12 cm, 16 cm, 20 cm, 30 cm, 40 cm, and 60 cm below

the ice and at 2 m using a Ruttner sampler. The clear “black

ice” conditions on the bay facilitated easier identification of

bubbles compared to 2013.

For each sample, three 60 mL polypropylene syringes

(Plastipak-Becton-Dickinson) were filled with bubble-free

water for CH4 analysis. In 2013, one additional syringe was

filled with bubble-free water for CO2 analyses and one 0.5 L

bottle was filled with water for additional analyses. Bacterial

abundance was measured for all depths, while dissolved

organic carbon (DOC) and dissolved nutrients were analyzed

only for the fine-scale depths. In 2014, water for bacterial

abundance and DNA for bacterial community composition

was collected from surface waters at 0 cm, 20 cm, 60 cm and

in bottom waters at 2 m.

In situ CH4 profiles

Direct measurements of CH4 concentrations in the water

were made using the equilibrated headspace technique (e.g.,

Bastviken et al. 2002). Briefly, syringes were filled with

bubble-free water and a headspace of ambient air was subse-

quently introduced. The syringe was shaken vigorously for at

least 1 min to equilibrate dissolved CH4 from the water with

the headspace. In the field, the resulting headspace was

injected into 118 mL glass serum vials filled with a saturated

NaCl solution capped with 10 mm thick butyl rubber stop-

pers (Selvam et al. 2014). While injecting the headspace

another needle was inserted to allow NaCl solution to exit.

The equilibrated headspace was measured by injection into a

gas chromatograph (GC) (Agilent Technologies 7890A GC

Systems) equipped with a flame ionization detector. CH4

concentration in the water was calculated using Henry’s law

describing gas-water partitioning, correcting for temperature

according to Lide and Frederikse (1995) and correcting for

CH4 in ambient air (measured separately with the GC).

Chemical and biological analyses of field samples

Using the headspace equilibration technique (as described

above for CH4), CO2 was measured with a portable infrared

gas analyzer (IRGA) (EGM-4, PP Systems Inc, USA) and in

situ concentrations were calculated using Henry’s law

according to Weiss (1974). Vials for DOC analyses were acid

washed (10% HCl), rinsed with milli Q water (Milli-Q

Advantage A 10 ultrapure water purification system) and

combusted at 4508C for 4 h. DOC samples were prefiltered

through combusted GF/F filters (Whatman, Glass Microfiber

filters) and stored frozen until analysis on a TOC analyzer

(Shimadzu TOC-L). Water for the analysis of nitrate (NO2
3 )

and sulfate (SO22
4 ) was filtered through pre-rinsed 0.2 lm

Supor 200 filters (Pall Corporation, Port Washington,

New York, U.S.A.) and measured by ion exchange chromatog-

raphy on an ion-chromatograph (883 Basic IC plus, Metrohm).

Water for bacterial abundance was fixed with 2% (final

concentration) formaldehyde and was stored at 48C until

analysis. Bacterial cells were stained with the nucleic acid

staining dye Syto13VR (Molecular probes, Invitrogen, Carls-

bad, California, U.S.A.) (del Giorgio et al. 1996) and bacterial

abundance was measured by volumetric cell counting using

a flow cytometer (Cyflow Space, Partec, G€orlitz, Germany)

equipped with a 488 nm blue solid state laser and using

green fluorescence as trigger. Controls of media with no

inoculum were analyzed at each measurement occasion, add-

ing less than 5% signal noise. Cell counts were analyzed

using Flowing Software version 2.5 (Perttu Terho, Centre for

Biotechnology, Turku Finland).

Microbial cells for DNA extraction and subsequent bacte-

rial community analyses were collected on Supor 200 filters

(Pall Corporation, Port Washington, New York, U.S.A.) by fil-

tering 100 mL of sampled lake water. Filters were stored fro-

zen at 2808C until extraction. Extraction of DNA was

performed using the Power Soil DNA isolation kit (MoBio

Laboratories, Carlsbad, California, U.S.A.), as recommended

by the manufacturer. Amplicon sequences of bacterial 16S

rRNA genes were obtained as previously described (Sinclair

et al. 2015). The samples were sequenced with Illumina

MiSeq at the SciLifeLab SNP/SEQ next generation sequencing

facility at Uppsala University. Raw sequence data was ana-

lyzed and quality filtered with an in-house pipeline (Sinclair

et al. 2015). Sequences were then assigned to operational

taxonomic units (OTUs) using a 97% identity clustering. The

pipeline assigned the taxonomy for the OTUs using Silva-

Mod, an online database for 16S rRNA provided by SILVA.

Bacterial community composition analysis and estimation of

relative abundances (%) of methanotrophs were performed

after subsampling the table of operational taxonomical units

(OTU) with the R software (version 3.1.1) using vegan pack-

age (Oksanen et al. 2015). The raw sequence data have been

deposited at Genbank short read archive under accession

number SRP063828.

CH4 oxidation incubation experiment

A microcosm incubation experiment was performed to

assess the potential for CH4 oxidation in cold temperatures

and in the dark. These conditions are similar to the water

below snow covered ice near trapped CH4 bubbles. Due to

an earlier than expected ice-melt period, water was sampled

during ice-melt in early March of 2014, at 0.5 m depth in

the Svanberga bay in Lake Erken. Water was kept cool and

dark no longer than 5 h until microcosms were set up. The

water was filtered through Whatman GF/C glassfiber filters

(nominal pore size 1.2 lm) in order to remove microscopic

eukaryote predators. The filtration potentially removed larger

methanotrophs and thus incubation enrichments might

reflect this selection. The filtered water was added to acid
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washed (10% HCl) and autoclaved 1 L bottles (Schott,

Duran), filled to the brim and sealed with 3.2 mm thick sili-

cone septa and perforated screw caps. In 29 of the bottles, a

50 mL headspace of 70% CH4 gas (99.99% CH4 gas diluted

with N2, Air Liquide) was added, while 50 mL of lake water

was simultaneously removed with inserted needles (0.6 mm

3 25 mm, B Braun), to equilibrate with atmospheric pres-

sure. The concentration in the incubation was thousand-fold

higher than in situ CH4 concentrations measured in the lake

water. In addition, 23 bottles were filled with a headspace of

50 mL N2 gas (Air Liquide) free of CH4 referred to as con-

trols. All incubation bottles were incubated upside down in

water tanks and the temperature was continuously moni-

tored to maintain an incubation temperature of 2.3 6 0.28C.

To ensure that the bottles remained oxic throughout the

incubation, DO was logged in one of the CH4 amended bot-

tles using oxygen optodes and an internal sensor spot (Preci-

sion Sensing, model PSt3).

Incubation sampling

The first sampling took place after all bottles had accli-

mated in the temperature tanks for 36 h (day 1). On six

occasions during the incubation (day 1, 5, 8, 12, 14, and 21),

replicates of CH4 amended and control bottles were ran-

domly selected for endpoint sampling, i.e., bottles were sac-

rificed for each sampling occasion. Using a needle (0.6 mm

3 25 mm, B. Braun) connected to a 20 mL syringe (Plasti-

pak- Becton-Dickinson), duplicates of 10 mL headspace gas

were extracted from each bottle and measured directly with

GC. Bottles were then opened under sterile conditions to

extract water samples for measurements of CH4 concentra-

tion in the water (replicates), dissolved inorganic nutrients

(NO2
3 , SO24

2 , PO32
4 ), DOC, dissolved inorganic carbon (DIC),

bacterial production (triplicates), bacterial community com-

position and bacterial abundance.

Chemical and biological analyses of incubations

Gas concentrations (CH4 and CO2), DOC, bacterial com-

munity composition, and bacterial abundance were meas-

ured as described above and bacterial production as

described below. DIC analysis was carried out within 24 h,

using a total carbon analyzer (Sievers 900) equipped with a

membrane-based conductivity detector. The total CH4 con-

centration in the incubation bottles, termed CH4total, was

calculated by combining CH4 in the headspace with CH4 in

the water.

A lag phase was observed between day 1 and day 12 of

the incubation prior to significant CH4 oxidation. This lag

phase was not included in the specific CH4 oxidation rate

(in units d21) calculation since this could be due to an incu-

bation effect (Martinez-Cruz et al. 2015). The oxidation rate

was determined from the slope of the linear regression of

the natural logarithm of CH4total against time, from day 12

to the end of the incubation (day 21) (following Utsumi

et al. 1998). The potential rate of in situ CH4 oxidation in

Lake Erken (in units of mg C m23 d21) was calculated by

multiplying the specific CH4 oxidation rate of the incubation

by the measured in situ CH4 concentration at the water-ice

interface (0–60 cm) for winter 2013 and 2014. Specific CH4

oxidation rate (in units d21) can be used to estimate the

potential in situ CH4 oxidation rate for samples containing

very different CH4 concentrations (Utsumi et al. 1998),

assuming that CH4 oxidation rates are primarily substrate

dependent.

Bacterial production was measured as 3H-leucine (Bio-

trend, 1 mCi mL21 [2, 3, 4- 3H], 100–150 Ci mmol21) incor-

poration as a proxy for heterotrophic microbial growth.

From each incubation bottle, four 1.7 mL aliquots were

transferred to 2.2 mL polypropylene screwcap tubes and a

stock of 3H-leucine diluted 1: 10 with non-labeled leucine

(20 nM final concentration) was added. One of the aliquots

was used as a sterile control by first adding 85 lL of 100%

trichloroacetic acid (TCA). The samples were then incubated

dark for 1 h in the experimental temperature control tanks

(2.3 6 0.28C). Incubations were terminated by adding TCA in

the same manner as for sterile controls. Cellular proteins

were recovered by repeated mixing, centrifugation and wash-

ing as described in Smith and Azam (1992). Once the clean

pellet was obtained, 0.5 mL of scintillation cocktail was

added (Optiphase Hisafe-2, Perkin Elmer). After 48 h, the

incorporation of radiolabeled leucine in proteins was meas-

ured by liquid scintillation using a Beckman LS 1801 scintil-

lation counter. Counts per minute were converted to

disintegrations per minute using the H number method and

bacterial production was subsequently estimated according

to Bastviken and Tranvik (2001).

To independently verify CH4 oxidation in the incuba-

tions, d 13C-CH4 was measured in water from each bottle.

Since CH4 containing 12C is preferentially oxidized over CH4

with 13C, CH4 oxidation would be reflected in an increase in

the 13C to 12C ratio, i.e., an increase in the d 13C-CH4 value

(Reeburgh 2003). For each bottle 12 mL of water was

extracted with a syringe and preserved by bringing the sam-

ple to a pH<2 with the addition of 3 M HCl. The acidified

water sample was then injected into an evacuated 12 mL

exetainer vial (Labco Ltd, High Wycombe, UK) filled com-

pletely without introducing a headspace. The samples were

sent for analysis at the Stable Isotope facility, Department of

Plant Sciences, University of California – Davis, where gas

was extracted from water samples and subsequently the iso-

topic signature of CH4 gas was measured using an isotope

ratio mass spectrometer (ThermoScientific DELTA V Advant-

age, Bremen). The d 13C-CH4 was expressed in & on the

Vienna Pee Dee Belemnite (VPDB) scale (Yarnes 2013).

Using the change in CH4 concentration and d 13C-CH4

signature the isotope fractionation factor (a) at 28C was

determined according to Coleman et al. (1981). To calculate

a, the mean CH4 concentration and mean d 13C-CH4 from

the initial sampling (day 1) and from the first time point at
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which significant oxidation was observed (day 14) were used.

The a value was then used to calculate the fraction of the

CH4 potentially being oxidized under closed system condi-

tions (fclosed; %), i.e., below ice, from isotope fractionation

using the Rayleigh model for closed systems (Liptay et al.

1998):

lnð12fclosedÞ5 ln di11000ð Þ – ln de11000ð Þ½ �= a–1½ � (1)

where di is the initial d 13C-CH4 (day 1, mean d 13C-CH4 of

236.9& VPDB) and de is the end d 13C-CH4 represented by

the first time point at which significant oxidation was

observed (day 14, mean d 13C-CH4 of 227.8& VPDB).

Statistical analysis

Statistical tests were carried out with JMP, version 11.0

and the R software, version 3.1.1 (R Core Team 2014). To

test if below ice CH4 concentration correlated with CO2 at

the fine-scale depth gradient, we used the nonparametric

Spearman’s rho correlation since CH4 concentrations were

non-normally distributed (Shapiro-Wilk test, p<0.05). To

determine if CH4 oxidation occurred in our incubation, we

investigated if CH4total and d 13C-CH4 changed significantly

during the incubation time (21 d). Since we observed a lag

phase before CH4 concentration decline (12 d) we performed

ANOVA tests, instead of regression analysis. For all ANOVA

tests, residuals were non-normally distributed which was

accounted for by performing permutational ANOVA

(n 5 1000). For CH4total decline we applied a one-way mixed

design permutational ANOVA, where the mean CH4total con-

centration of multiple bottles was compared between 6

groups (Day 1, 5, 8, 12, 14, and 21) and a mixed design was

used to account for the fact that we used duplicate samples

from each bottle. For stable isotopes we applied a one-way

permutational ANOVA since we only had one measurement

per bottle. The mean stable isotope signature of multiple

bottles was compared between six groups (Day 1, 5, 8, 12,

14, and 21). Three of the stable isotope samples had a posi-

tive d13C-CH4 value much higher than all other samples

with a dramatic increase in the d 13C-CH4 value. We thus

tested our data for outliers looking at studentized residuals

and a Bonferroni adjustment. The three samples were classi-

fied as outliers (Bonferroni p 5 0.0095) and therefore were

Fig. 3. Boxplot of CH4total measured in replicate bottles with duplicate sampling from each bottle, incubated at 2.3 6 0.28C over a period of 21 d
showing a 12 d lag phase before significant decrease in CH4 concentration was observed. The insert in the upper right corner depicts the specific CH4

oxidation rate (0.074 d21) of the incubation, i.e., the slope of the natural logarithm of CH4total.

Table 2. Below ice CH4 and CO2 measured in the deeper
water profile at 1 m, 10 m, and 19 m depth during three time
points in winter 2013 (07 Feb, 27 Feb, and 10 Mar).

Depth (m) CH4 (lmol L21) CO2 (lmol L21)

07 Feb 1 0.86 98

10 0.03 87

19 0.00 78

27 Feb 1 0.10 46

10 0.12 141

19 0.06 363

10 Mar 1 0.16 56

10 0.15 127

19 0.13 374
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not considered when performing the ANOVA. In addition,

permutational ANOVA tests were used to determine if other

water chemistry variables (DOC, DIC, NO2
3 , SO22

4 , PO32
4 )

changed significantly in CH4 amended and control bottles

during the experiment. Further, to investigate if bacterial

production differed between CH4 amended and control bot-

tles a t-test was applied.

Results

Thermal stratification below the ice-cover

In the winter of 2013 water temperature increased with

depth at the deepest point of the lake whereas DO displayed

the opposite pattern, indicating that the lake was thermally

stratified during the entire study period (Supporting

Information Fig. S3). In contrast, no apparent thermal strati-

fication was observed in the shallow Svanberga bay during

2014. At this site, water temperatures and DO concentrations

remained at 0.9 6 0.58C mg L21 and 13.2 6 0.3 mg L21,

respectively, throughout the 2 m water column.

Below-ice CH4 profiles

At the water-ice interface near observed bubbles CH4 con-

centrations varied over the 0-60 cm depth gradient. In win-

ter 2013, the highest CH4 concentration was detected close

to the water-ice interface for the first of the sampling occa-

sions (13 Feb 2013) whereas CH4 concentration at this site

decreased three-fold across the top 20 cm of the water col-

umn (from 1.2 lmol L21 to 0.4 lmol L21) (Fig. 1a). For the

same year, the CO2 concentrations from the water-ice inter-

face (Supporting Information Table S1) were negatively cor-

related to CH4 (Spearman’s rho: p<0.01, rho 5 20.85,

df 5 12). Additional CH4 profiles from bubble-sites obtained

in 2014 showed the same pattern in CH4 concentrations

over depth at four out of five time points (Fig. 1b). The max-

imum observed decrease in CH4 concentrations between

0 cm and 20 cm water depth from the water-ice interface

(on 12 Feb 2014) was as high as 13-fold.

The CH4 concentrations across the deeper water profile

were lower than the maximum CH4 concentration at the

water-ice interface of the same year. For example in 2014,

maximum CH4 concentration at the water-ice interface and

in bottom waters (2 m) was 0.13 and 0.07 lmol L21, respec-

tively (Supporting Information Table S2). For the 2013 depth

profile sampled at 1 m, 10 m, and 19 m depths, CH4 concen-

trations were higher in surface waters (1 m, mean 6 SD,

0.37 6 0.41 lmol L21) compared to intermediate (10 m,

mean 6 SD, 0.10 6 0.07 lmol L21) and deep waters (19 m,

mean 6 SD, 0.06 6 0.06 lmol L21) (Table 2). In surface

waters, CH4 was highest on the first sampling occasion (7

Feb 2013) and then decreased during the remainder of the

study period. At the deeper strata, CH4 (10 m and 19 m)

increased throughout the study period. In the water column

CO2 concentration depth profiles followed similar temporal

patterns as CH4 (Table 2).

Bacteria

Bacterial abundance close to gas bubbles was similar, both

in 2013 and 2014, with no clear pattern of decrease or

increase over depth and across space (Fig. 2a,c). In winter

2014, one type of MOB was identified below the ice, a mem-

ber of the Gammaproteobacteria family Methylococcaceae. Meth-

ylococcaceae was found at 0 cm, 20 cm, 60 cm and 2 m

depth, and had similar relative abundance spatially and tem-

porally, making up<1% of the total bacterial community

(Supporting Information Fig. S4). In addition, a member of

the Methylophilaceae family was consistently found in the

water column across the entire period of ice-cover (mean

Fig. 4. The relative abundance (%) of methanotrophs (Methylococcaceae and Methylacidiphilaceae) and a methylotroph (Methylophilaceae) (a) at the
start (day 1) and the end (day 21) of the incubation in CH4 and control bottles and (b) over the whole incubation period in CH4 amended bottles.
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relative abundance of 3.4%). Members of this family have

been reported to be either obligate or restricted facultative

methylotrophs (Jenkins and Jones 1987), whereas some are

reported to use methanol as a source of carbon and energy

(Bratina et al. 1992).

For the stratified water column at the deepest point of the

lake in 2013, bacterial abundance was highest at greater

depth (10 m and 19 m) on the first sampling occasion, but

then featured less variation spatially for the following two

sampling occasions (Fig. 2b).

CH4 oxidation incubation

In CH4 amended bottles incubated at 2.3 6 0.28C, CH4total

significantly decreased over time (mixed design ANOVA, per-

mutational p<0.001, df 5 5; mean CH4total 270 lmol day 1

and mean 107 lmol day 21) but the decrease in CH4 concen-

tration did not start until after 12 d of incubation (Fig. 3).

The d13C-CH4 significantly increased over time from a mean

d13C-CH4 of 236.9& to 212.7& at the end of the incuba-

tion (ANOVA, permutational p<0.001, df 5 5).

Specific CH4 oxidation rate corresponded to 0.074 d21

ln(CH4total) 5 20.074 (day), r2 5 0.6) (Fig. 3). Using this rate

we estimated the mean in situ CH4 oxidation rate of 0.17

(range 0.004–1.09) and 0.08 (range 0.004–0.35) mg C m23

d21 at the water-ice interface for winter 2013 and winter

2014, respectively.

Water chemistry variables changed during the incubation

(Table 3). DOC in incubated CH4 amended bottles and con-

trols decreased significantly from the beginning to the end of

the incubation (ANOVA, permutational p<0.001, df5 5 and

df 5 4, respectively). Nutrients (SO22
4 , NO2

3 , PO32
4 ) also

decreased in both CH4 amended bottles and controls

(ANOVA, permutational p<0.001, df5 5 and df5 4, respec-

tively) whereas DIC did not significantly change from the

beginning to the end of the incubation in either (ANOVA,

permutational p 5 0.6, df5 5 and p 50.7, df 5 4, respectively).

Bacterial abundance increased during the first 12 d of the

incubation to then stabilize or decrease slightly (Fig. 2d).

Bacterial production, reported as 3H-leucine incorporation,

was only slightly higher but not significantly (t-test, t 5 21.1,

df 5 47, p 5 0.14), in CH4 amended bottles compared to con-

trols (Supporting Information Fig. S5a,b). Mean bacterial pro-

duction was highest after 5 d of incubation and

subsequently decreased but remained above initial 3H-leu-

cine incorporation on day 1.

The MOB Methylococcaceae, also identified in the field,

were detected in both CH4 amended and control bottles at

the start of the incubation. An additional MOB, from the

Verrucomicrobia phylum Methylacidiphilaceae, was found in

low abundances throughout the incubation. In the CH4

amended bottles, the relative abundance of Methylococcaceae

increased from the beginning (day 1), with a mean relative

abundance of 0.03%, to the end (day 21) of the incubation,

with a mean relative abundance of 2.9% (Fig. 4a,b). The

detection of a facultative methylotroph belonging to the

family Methylophilaceae, decreased from the beginning

towards the end of the CH4 incubation (mean relative abun-

dance 3.45% and 2.14%, day 1 and day 21 respectively). In

the control bottles, the mean relative abundance of MOB

Table 3. Water chemistry variables in CH4 amended bottles tracked during the incubation period (days). Variables are reported as
mean 6 standard deviation, except for PO32

4 which was below detection in some bottles (means reported). nd 5 not determined.

Days n CH4total (lmol) d13C (&) DOC (mg L21) DIC (mg L21) SO22
4 (mg L21) NO2

3 (mg L21) PO32
4 (lg L21)

1 5 271 6 45 236.9 6 0.4 13.6 6 0.2 23.6 6 0.1 28.2 6 0.6 0.45 6 0.01 35.0

5 5 251 6 23 237.5 6 0.3 13.9 6 0.2 23.8 6 0.2 28.2 6 0.3 0.50 6 0.04 39.0

8 5 273 6 15 238.2 6 0.5 13.3 6 0.2 23.8 6 0.3 27.9 6 0.2 0.48 6 0.04 20.8

12 5 240 6 15 238.3 6 0.3 13.2 6 0.2 23.9 6 0.3 28.2 6 0.7 0.49 6 0.02 24.4

14 3 115 6 11 227.8 6 1.2 12.1 6 0.1 nd 27.3 6 0.1 0.35 6 0.02 19.8

21 5 106 6 11 212.7 6 16.4 12.1 6 0.2 23.8 6 0.3 27.1 6 0.5 0.43 6 0.02 29.8

Table 4. Relative abundance (%) and phylogenetic affiliations
of bacterial groups obtained from CH4 amended bottles over 21
incubation days. Relative abundance reported as a mean of 3–5
bottles.

Phylogeny

Incubation days

1 5 8 12 14 21

Candidate division OD1 1.36 0.74 0.59 1.00 0.66 0.78

Proteobacteria 40.04 41.97 42.89 37.57 39.10 38.66

Alphaproteobacteria 12.76 9.60 8.27 10.75 9.01 9.74

Gammaproteobacteria 0.71 1.19 2.04 3.07 6.85 5.52

Methylococcaceae 0.03 0.04 0.12 0.57 1.44 2.86

Betaproteobacteria 25.96 30.55 32.03 23.32 22.85 22.89

Methylophilaceae 3.45 3.28 2.99 1.94 1.77 2.14

Other 0.60 0.63 0.55 0.44 0.38 0.51

Bacteroidetes 27.24 30.18 29.82 27.34 26.58 22.36

Verrucomicrobia 5.72 5.85 6.51 10.02 9.54 10.27

Methylacidiphilaceae 0.04 0.03 0.03 0.05 0.03 0.04

Actinobacteria 22.78 18.94 17.71 20.92 21.64 24.25

Planctomycetes 0.15 0.19 0.23 0.44 0.25 0.76

Other 2.71 2.13 2.27 2.71 2.23 2.91

Total 100 100 100 100 100 100
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Methylococcaceae remained low (0.03%) from the beginning

to the end of the incubation. Further, in control bottles,

Methylophilaceae decreased from the beginning towards the

end of the incubation (mean relative abundance 3.0% and

1.93%, day 1 and day 21 respectively).

Overall, the bacterial communities in CH4 amended bot-

tles were dominated by the phylum Proteobacteria (Table 4).

The phylum Actinobacteria, Bacteroidetes and Verrucomicrobia

were also abundant. A twofold increase in relative abun-

dance of the phylum Verrucomicrobia was detected from the

beginning until the end of the incubation while the class

Gammaproteobacteria increased eight-fold (Table 4). Both,

phylum Verrucomicrobia and class Gammaproteobacteria, con-

tain known methanotrophs.

Discussion

CH4 at the water-ice interface

In agreement with our hypothesis, the CH4 concentra-

tions were elevated near gas bubbles trapped at the water-ice

interface. CH4 concentrations gradually declined within the

top 60 cm below the ice, although the gradients varied in

steepness between different sampling times. Mostly, the CH4

concentration was highest just below the ice (0 cm) and

decreased with depth along the upper 20 cm of the water

column. For the few locations and time points where this

pattern was not observed (mainly in winter 2013), this was

possibly the result of the sampling not targeting actual gas

bubble as a result of poor visibility through the largely opa-

que ice. We suggest that the CH4 concentration gradient

observed near bubbles is the result of physical water proper-

ties and gas solubility (Supporting Information Fig. S1).

Water temperatures are lowest (slightly above 08C) just

below the ice-cover, resulting in the lowest water density.

According to Henry’s law (where Henry’s constant is depend-

ent on temperature), the dissolution (solubility) of gases will

be highest in the coldest waters, while the diffusion (mixing)

of gases into the water column will be slow (J€ahne and Die-

trich 1987). Immediately below the ice (�0 cm), more CH4 is

able to dissolve into the water while less of this gas diffuses

into the warmer water below. The water temperature within

the top 20 cm below the water-ice interface has previously

been reported to consistently feature temperatures below 18C

(Ellis et al. 1991), likely explaining why we observed a distinct

accumulation of CH4 in the top 20 cm of the water column

near the observed bubbles. For these zones, CO2 concentra-

tions were also inversely related to CH4 concentrations. As

CO2 is the typical end product of CH4 oxidation, this is likely

the result of biological activity, and a further indication of

CH4 oxidation taking place at the water-ice interface.

CH4 concentrations in deeper waters

The CH4 concentrations found at water depths greater

than 60 cm below the ice-cover were lower than maximum

CH4 concentration at the water-ice interface of the same

year. This observation further emphasizes the role of bubbles

in causing CH4 accumulation at the water-ice interface. Sur-

face water CH4 concentrations in Lake Erken (1 m in 2013,

mean 6 SD, 0.37 6 0.41 lmol L21) were within the range of

CH4 concentrations previously reported for boreal lakes

(reported as lower and upper quartile: 0.03 lmol L21 to 0.55

lmol L21 in Juutinen et al. 2009). However, for the near-

bottom waters (19 m in 2013 and 2 m in 2014, mean 6 SD,

0.06 6 0.06 lmol L21 and 0.03 6 0.03 lmol L21, respectively),

CH4 concentrations were much lower compared to earlier

findings (reported as lower and upper quartile: 0.13 to 47.31

lmol L21 in Juutinen et al. 2009). Until now, most studies

conducted during the ice-covered period have reported

higher CH4 concentrations in hypoxic bottom waters com-

pared to the surface (Kortelainen et al. 2000; Bastviken et al.

2002; Karlsson et al. 2013), while in the present study, sur-

face waters consistently had higher CH4 concentrations than

bottom waters (Table 2).

Previous studies have suggested that low CH4 concentra-

tions in bottom waters can be caused by high local oxygen

levels near sediments (Kortelainen et al. 2000; Juutinen et al.

2009) as this may sustain CH4 oxidation throughout the

entire water column and consume most CH4 produced in

sediments. Other factors causing low CH4 in bottom waters

can be low organic content in the sediment with reduced

overall productivity (Michmerhuizen et al. 1996) or the

presence of alternative electron acceptors such as sulfate

(Bastviken 2009). In Lake Erken the most probable explana-

tion is the oxygenated state of the bottom waters through-

out the winter (Table 1; Supporting Information Fig. S3),

likely reducing CH4 production and potentially favoring effi-

cient aerobic CH4 oxidation already at the water-sediment

interface. Aerobic CH4 oxidation has been found to depend

on CH4 and O2 concentrations (Duc et al. 2010) and since

these concentrations vary within the water column (Tables

1, 2) the rate of CH4 oxidation in surface and bottom waters

of Lake Erken likely varies accordingly.

The highest CH4 concentration in the surface water (1 m)

below ice was observed on the first sampling date (7 Feb

2013) (which was also the case for surface water CO2) (Table

2). Surface water CH4 and CO2 concentrations below ice can

be quite dynamic during the ice- cover period, not only due

to CH4 oxidation, but also due to physical processes such as

internal oscillations caused by wind pressure on the ice-

cover (Baehr and DeGrandpre 2002). On the other hand,

bottom water CH4 (and CO2) concentration (19 m) was

highest on the last sampling day of both years (10 Mar 2013

and 18 Feb 2014) likely in response to decreased bottom

water oxygen levels (Supporting Information Fig. S3). During

the ice-covered period, diffusive flux from the sediments

likely continue to enhance bottom water CH4 and CO2 con-

centrations and if water column mixing is negligible, gases

can build up. The higher CO2 build up in bottom waters

compared to CH4 is likely due to CO2 being an end product
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of CH4 oxidation and also a product of general heterotrophic

degradation of organic compounds.

Bacterial abundance and community composition in

Lake Erken

Bacterial abundances across the entire dataset (the water-

ice interface near bubbles and in deeper waters in 2013) were

within the same order of magnitude (i.e., 105 cells mL21). A

variation in bacterial abundance would have indicated that

there was a spatial distribution of bacterial growth; however,

this was not the case in our study. One reason for why we

observed similar cell abundances throughout the water col-

umn could be a high degree of dormancy, a strategy known

to increase the chances of survival when conditions are

unfavorable for growth (Lennon and Jones 2011). In addi-

tion, bacterial biomass and production in ice-covered lakes is

typically lower than during the ice-free period. Even if there

is active growth, this process is tightly controlled by temper-

ature, nutrient availability and predation (Bertilsson et al.

2013).

The MOB community detected below the ice in 2014 was

consistent at all depths sampled (Supporting Information

Fig. S4). This implies that the potential for CH4 oxidation is

found throughout the water column and where oxidation

takes place is a matter of where the conditions are favorable.

The detection of members of the facultative methylotroph

Methylophilaceae family at all depths sampled could be

explained by natural concentrations of methanol in fresh-

water which is sourced by decaying phytoplankton material

(Halsey et al. 2012; Salcher 2014), and features as a carbon

source for bacterioplankton during ice-covered seasons when

input of fresh DOM is limited.

CH4 oxidation

Using three techniques, i.e., by tracking changes in CH4

concentration, d13C-CH4 and the relative abundance of MOB

over time, we found support for the hypothesis that CH4

oxidation in lake water can occur at the low temperatures

(�28C) found near the water-ice interface. Previous studies in

a small humic boreal lake and a small carbonate-rich soft-

bottom lake (Michmerhuizen et al. 1996; Kankaala et al.

2006, respectively) reported that CH4 oxidation was negligi-

ble in surface waters during ice-cover and at ice-melt. How-

ever, these studies incubated water for only 24 h, while the

results of our study suggest that the slow process of CH4 oxi-

dation may require a longer incubation to be detected (i.e.,

several days). In our experiment we observed a lag phase of

12 d, after which relative abundance of MOB increased, CH4

concentrations decreased and d13C-CH4 increased. In a

multiple-lake CH4 oxidation experiment, Martinez-Cruz

et al. (2015) reported that during winter, most lakes featured

a lag phase up to seven days before CH4 oxidation could be

observed in experimental incubations. The lag phase of 12 d

observed in our incubations could have been due to an adap-

tation period of the MOB to the high CH4 concentration

used in the incubation compared to lower ambient in situ

concentration of CH4. It could further reflect MOB revitaliza-

tion from dormancy or time needed for the active MOB pop-

ulation to expand to levels that could have a measurable

impact on CH4 concentrations. The incubation may be anal-

ogous to what could happen in a natural environment where

bacteria in water around bubbles may move along the CH4

gradient relatively quickly experiencing very fast shifts in

concentration levels. More work is clearly needed to identify

whether the delay in CH4 oxidation observed during the in

vitro incubation also occurs in ice-covered lakes as this may

affect the ability of the MOB-dependent process to respond

to episodic inputs of CH4 typical for the water-ice interface.

The estimated CH4 oxidation rates found at the water-ice

interface (0.004–1.09 mg C m23 d21) are within the lower

range of values reported previously for the winter period

(0.001–39 mg C m23 d21, Bastviken et al. 2002). Rates of

CH4 oxidation during the winter have been found to be

much lower than summer rates (e.g., Martinez-Cruz et al.

2015), yet, there is no clear consensus on the factors limiting

CH4 oxidation in winter.

The isotope fractionation factor at 28C obtained in this

study (a 5 1.013) is slightly lower than reported by Bastviken

et al. (2002) for 58C and 208C (avg. a values 1.0184–1.0208).

Since isotope fractionation factors at cold temperatures are

sparse, further studies are needed to determine potential

temperature and concentration responses and potential dif-

ferences between communities and environments. Using the
13C fractionation equation for a closed system (Equation 1)

revealed that 52% of the CH4 was oxidized during the incu-

bation. Greene et al. (2014) modeled CH4 oxidation

(dependent on the amount of oxygen at the start of ice-

cover) at the water-ice interface of a thermokarst lake in

Alaska and estimated that 56% of the dissolved CH4 trapped

below ice had the potential to be oxidized during winter.

Although this finding is similar to ours, comparisons should

be interpreted with caution, as both the studied lake and

methodological approach (measured vs. modeled) differ.

By tracking the bacterial community over the incubation

time, we identified the Methylococcaceae as the most active

and influential MOB group. The increase in relative abun-

dance coincided with the detection of CH4 oxidation after

the 12 d lag phase. MOB in the Gammaproteobacteria class,

such as Methylococcaceae, have previously been reported to

thrive at low temperatures (Sundh et al. 2005; He et al.

2012). Hence our study supports the concept that some

strains of MOB are better adapted to lower temperatures,

confirming that CH4 oxidation can take place and be quanti-

tatively significant at the water-ice interface of lakes. Other

groups of MOB may have been present in our incubations

but were possibly not identified. For example, the filtration

of the lake water prior to incubation may have selected MOB

smaller than 1.2 lm, thus, potentially decreasing the num-

ber of groups identified. Further, there was an increase in
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the broader class of Gammaproteobacteria and the phylum

Verrucomicrobia at the end of the incubation (Table 4) which

both feature known methanotrophs.

While an increase in the relative abundance of MOB was

detected in the CH4 amended bottles, an increase was not

detected in control bottles. In both CH4 amended and control

bottles, the facultative methylotroph Methylophilaceae were

detected. Obligate methylotrophs from this family have previ-

ously been shown to thrive in enrichment incubations with

CH4 (He et al. 2012). Methylotrophs can indirectly profit

from CH4 oxidation through extracellular release of the by-

product methanol, possibly explaining why we observed

slightly more Methylophilaceae in the CH4 amended bottles.

For both control and CH4 amended bottles, bacterial produc-

tion increased transiently whereas DOC and nutrients contin-

ued to decrease. This suggests that other non-methanotrophic

bacteria profited from other (non-CH4) substrates. Bacterial pro-

duction was generally higher in CH4 amended incubations,

which could be an indirect measure of increased activity due to

the extra carbon source from the amended CH4.

Conclusion

This work highlights the importance of understanding

the fate of CH4 bubbles trapped below ice prior to ice-melt.

Ebullition from sediments has been reported to be higher at

water depths<4 m (Bastviken et al. 2004) which corresponds

to �26% of Lake Erken. Thus, the role of CH4 ebullition in

winter may be substantial for the studied lake and possibly

for a large portion of lakes in the boreal landscape that are

typically small and shallow (Verpoorter et al. 2014). The

water-ice interface of Lake Erken, with elevated CH4 concen-

tration, represents a suitable habitat for MOB where, even at

low temperatures, extensive CH4 oxidation may occur. Our

study suggests that it is important to consider CH4 oxidation

below ice as it may reduce the total amount of CH4 emitted

to the atmosphere during ice-melt. Variation in ice-cover

duration may in this way control the efficiency of biological

CH4 oxidation and thus atmospheric CH4 inputs.
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