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Large amounts of the greenhouse gas methane are released from the seabed to the water 1 

column
1
 where it may be consumed by aerobic methanotrophic bacteria

2
. This microbial filter 2 

is consequently the last marine sink for methane before its liberation to the atmosphere. The 3 

size and activity of methanotrophic communities, which determine the capacity of the water 4 

column methane filter, are thought to be mainly controlled by nutrient and redox dynamics
3-7

, 5 

but little is known about the effects of ocean currents. Here we show that cold bottom water at 6 

methane seeps west off Svalbard, containing a large number of aerobic methanotrophs, was 7 

rapidly displaced by warmer water with a considerably smaller methanotrophic community. 8 

This water mass exchange, caused by short-term variations of the West Spitsbergen Current, 9 

constitutes an oceanographic switch severely reducing methanotrophic activity in the water 10 

column. Strong and fluctuating currents are widespread oceanographic features common at 11 

many methane seep systems and are thus likely to globally affect methane oxidation in the 12 

ocean water column. 13 

Large amounts of methane are stored in the subsurface of continental margins as solid gas hydrates, 14 

gaseous reservoirs or dissolved in pore water
8
. At cold seeps, various physical, chemical, and 15 

geological processes force subsurface methane to ascend along pathways of structural weakness to 16 

the sea floor where a portion of this methane is utilised by anaerobic and aerobic methanotrophic 17 

microbes
1,9

. On a global scale, about 0.02 Gt yr
-1

 (3-3.5% of the atmospheric budget
10

) of methane 18 

bypasses the benthic filter system and is liberated to the ocean water column
1
 where some of it is 19 

oxidised aerobically (aerobic oxidation of methane - MOx) (ref 2), or less commonly where the 20 

water column is anoxic, anaerobically (anaerobic oxidation of methane – AOM) (refs 2, 11). MOx 21 

is performed by methanotrophic bacteria (MOB) typically belonging to the Gamma- (type I) or 22 

Alphaproteobacteria (type II) (refs 12, 13): 23 

CH4 + 2 O2 → CO2 + 2 H2O 24 

Water column MOx is consequently the final sink for methane before its release to the atmosphere, 25 

where it acts as a potent greenhouse gas. The water column MOx filter could become more 26 
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important in the future because environmental change may induce bottom water warming, which in 1 

turn may accelerate release of methane from the seafloor
14

, in particular along the Arctic continental 2 

margins
15

. Despite the paramount importance of MOx for mitigating the release of methane to the 3 

atmosphere, little is known about environmental controls on the efficiency of the water column 4 

filter system. Known important factors determining the structure, activity and size of MOx 5 

communities are the availability of methane
5-7

 and oxygen
3
, or the abundance of trace metals (e.g. 6 

iron and copper) (refs 4, 7). Moreover, evolutionary adaptations to specific environmental 7 

conditions select for certain types of methanotrophs
13

. In addition to environmental selection, the 8 

physical transport of water masses harbouring distinct microbial communities has been identified as 9 

an important factor in shaping the biogeography of prokaryotic communities
16

. However, the 10 

potential effects of advective processes on the distribution of methanotrophs and the efficiency of 11 

the water column MOx filter system remain unconstrained
11,17,18

.   12 

During two research cruises to the Svalbard continental margin with R/V Poseidon (cruise POS419) 13 

and R/V Maria S. Merian (cruise MSM21/4) in August 2011 and 2012, respectively, we 14 

investigated methane dynamics and the activity levels and size of the water column MOx 15 

community in relation to water mass properties (Fig. 1). The Svalbard margin hosts an extensive, 16 

elongated (~22 km) cold seep system that is influenced by gas hydrates (Fig. 1a) (ref 19). 17 

Numerous gas flares emanate from the sea floor between the 350 and 400 m isobath
19,20

, which 18 

corresponds to the landward termination of the gas hydrate stability zone. Seep sites have also been 19 

mapped on the shelf
19-21

, and elevated methane levels have been observed in several of the fjords in 20 

the Svalbard archipelago
6,22,23

.  21 

The hydrodynamics west of Svalbard are governed by the West Spitsbergen Current (WSC), a 100 22 

km-wide branch of the Norwegian Atlantic Current, which transports large amounts (up to 10 Sv) 23 

of warm and salty Atlantic Water (AW; >1°C, >35 psu) northward into the Fram Strait
24

. The WSC 24 

flows above cold Arctic Intermediate Water (AIW; <1°C, ~34.9 psu) (ref 25). It is steered 25 

topographically, and its eastern extension is constrained by the shelf break
26

. East of the WSC on 26 



 4 

the shelf, the comparably slow East Spitsbergen Current transports cold and relatively fresh Arctic 1 

Water (ArW; <3°C, <34.8 psu) to the north
27

.  2 

During two sampling surveys in late August 2012, we measured methane concentrations, MOx 3 

activity and MOx biomass, as well as temperature, salinity and oxygen along a transect 4 

perpendicular to the line of the methane flares. The two mid-transect stations were at the MASOX 5 

site (named after the MASOX  observatory
19

), which is located at 380 m water depth in the centre 6 

of the gas flare area both along slope and down slope. During both surveys, methane concentrations 7 

were highest in bottom waters, frequently exceeding 100 nmol L
 -1 

(Fig. 1b). Surface water methane 8 

concentrations (9 nmol CH4 L
 -1

 on average) were ~3-fold supersaturated with respect to the local 9 

atmospheric equilibrium, indicating methane efflux to the atmosphere from this seep system
19

. 10 

Methane dissolved in the water column apparently originates from gas bubbles, which we observed 11 

visually during dives with the submersible Jago, and which were detected as flares in the middle of 12 

the transect with hydroacoustic single-beam systems
19

. Despite the constant supply of methane from 13 

the sea floor, we found considerable spatial and temporal variability in MOx activity (Fig. 1c, 14 

Supplementary Fig. 1). MOx was highest in bottom waters (>300 m water depth) during the first 15 

survey (Aug. 18/19) with methane turnover rates of up to 3.2 nmol L
-1

 d
-1

 (Fig. 1c, Tab. 1). These 16 

rates were similar to maximum rates detected at seeps on the Svalbard shelf
21

 and in a nearby fjord
6
. 17 

In contrast, overall MOx activity was strongly reduced during the second survey (Aug. 30/31, Fig. 18 

1c, Tab. 1). Consistent with the MOx activity measurements, cell enumeration conducted in the 19 

mid-transect region revealed a maximum in type I MOB cells on August 18/19 (up to 3.0 × 10
4
 20 

cells mL
-1

; Tab. 1, Supplementary Fig. 1), but ~75% lower cell numbers during the second survey 21 

(up to 7.6 × 10
3
 type I MOx cells mL

-1
). The distributions of MOx activity and cell numbers 22 

translate to relatively constant, although low
12,28

, cell-specific MOx rates of 1.54 to 1.66 × 10
-2 

fmol 23 

h
-1

 during the two sampling campaigns (Tab. 1). This constancy suggests that the efficiency of the 24 

methanotrophic filter system in the water column was controlled by the size of the MOx community 25 
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rather than by an environmental stimulus or suppression mechanism of MOx activity at the 1 

organismic level (Supplementary Fig. 2a, b).  2 

Together with the reduction in MOx activity and community size, we observed a strong 3 

spatiotemporal change in the distribution of water mass properties. During the August 18/19 survey, 4 

bottom waters consisted of cold AW with admixture of AIW and ArW (Fig. 1d, e), which we 5 

subsequently refer to as cold AW (cAW). The cAW has water mass properties (temperature and 6 

salinity) akin to those of bottom waters found on the shelf
21

. By August 30/31, the cAW at the 7 

bottom was replaced by warmer Atlantic water (wAW, Fig. 1d, e). As the standing stock of 8 

methanotrophs in wAW was much lower compared to the cAW, rapid water mass exchange 9 

constitutes an oceanographic switch, causing a system-wide reduction of the efficiency of water 10 

column MOx. This apparent mechanistic link between MOx activity and the presence of either 11 

cAW or wAW is reflected in all water column profiles measured in 2012, as well as 2011 12 

(Supplementary Figs. 1n, 2c).  13 

We simulated the observed hydrodynamics using the high-resolution (1/20°, ~2.5 km grid space) 14 

VIKING20 model, which is nested in the global ocean/sea-ice model ORCA025 and represents 15 

ocean circulation variability in the northern North Atlantic at great verisimilitude
29

 (Supplementary 16 

Fig. 3). For the WSC, the model yields two modes (offshore and nearshore) with respect to the 17 

meandering of the main, warm core of the WSC (Fig. 2, Supplementary Fig. 3d, e). During the 18 

offshore mode, the WSC separates into a warm offshore component and a cold undercurrent, which 19 

flows closely along the shelf break. The increase of the undercurrent causes stronger tilts of the 20 

isotherms and results in comparably cold bottom water temperatures. As a consequence, bottom 21 

waters at the shelf break and on the shelf are of similar density. The ArW on the shelf and fjord 22 

waters, both of which are characterised by a high MOx capacity
6,21

, can thus be entrained 23 

downslope and contribute to the cAW, a situation that we observed during the August 18/19 survey. 24 

As a result, it is plausible that the high standing stock of methanotrophs in cAW partly originates 25 

from the shelf. The slow-flowing East Spitsbergen Current and the sheltered fjords lead to 26 
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comparably long water mass residence times, ensuring continuity of methane supply and supporting 1 

MOx community development in the shelf waters. During the nearshore mode, which is 2 

representative of the situation that we encountered during the August 30/31 survey, the warm core 3 

of the WSC flows closely along the shelf break, replacing the cAW with wAW and separating shelf 4 

and deeper AIW. The open-ocean origin of the WSC
24

 makes an exposure to elevated methane 5 

concentrations in the history of the wAW unlikely, and could therefore explain the low standing 6 

stock of methanotrophs in this water mass.  7 

The dynamics and magnitudes of bottom water temperatures and current velocities simulated by our 8 

model correspond well to recorded long-term measurements at the shelf break of the Svalbard 9 

margin
19,24

. Modelled and observational data indicate a transition time of 5-10 days between the two 10 

described modes. The meandering of the WSC appears to be associated with far-field variations and 11 

internal variability of the WSC, but this causality is non-linear so that the exact timing of the 12 

observed switch between the off- and nearshore mode cannot be predicted. Yet, both our model 13 

results as well as measured data from previous work
19,24

 indicate that the WSC predominantly flows 14 

along the shelf break, whereas the offshore mode, with cAW at the bottom and a high MOx 15 

capacity in the water column, occurs only 15 % of the time. 16 

At the Svalbard margin, methane flares were observed along a 22 km-long stretch of the upper 17 

slope at around 390 m water depth
19,20

. Our model results, together with the measurements of MOx 18 

activity and water mass properties, indicate that the entire area is similarly affected by water mass 19 

exchange. When spatially extrapolating MOx rate measurements from the transect samplings to the 20 

whole seep area (66 km
2
), total MOx amounted to 0.28 t CH4 d

-1
 on August 18/19, and was reduced 21 

by 66 % on August 30/31 (Tab. 1). Based on the maximum measurements, the capacity of the MOx 22 

filter in the studied seep area could well exceed 100 t CH4 yr
-1

, but this potential remains largely 23 

unexploited because the predominant nearshore mode of the WSC reduces MOx capacity to 45 t 24 

CH4 yr
-1

.  25 
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Similar to our measurements, varying MOx activities were detected in systems affected by 1 

differential circulation patterns and water mass mixing (Black Sea
11

; Santa Monica Basin
18

), and 2 

only low water column MOx activities were found at highly active methane seeps influenced by 3 

strong bottom currents (Hydrate Ridge
17

; Haakon Mosby Mud Volcano
30

). Currents result in 4 

relatively short water mass residence times above methane point sources, so that not enough time 5 

and continuity is provided for the development of large methanotrophic communities. Similarly, a 6 

well-established MOx community will be swept away from the methane source with the onset of 7 

water mass exchange. Dissolved methane, together with the methanotrophic community, will be 8 

dispersed leeward where ongoing MOx activity reduces methane concentrations further
7
, most 9 

probably at rates controlled by the size of the MOx community. With respect to methane emission 10 

to the atmosphere, the impact of currents on water column MOx thus seems strongest in shallow-11 

water cold seep environments, where the spatiotemporal distance between seafloor methane 12 

venting, water column methane consumption and methane evasion to the atmosphere is short. Most 13 

methane seeps are located along continental margins, where bottom water currents are commonly 14 

strong and fluctuating, as shown by our results from a global, high-resolution circulation model 15 

(ORCA12; Fig. 3, Supplementary Fig. 4). We thus argue that the variability of physical water mass 16 

transport is a globally important control on the distribution and abundance of methanotrophs and, as 17 

a consequence, on the efficiency of methane oxidation above point sources.  18 

 19 

 Data Availability:  20 

All data presented in this paper are available in the PANGAEA data library (www.pangaea.de). In-21 

depth information on the ORCA12 and VIKING20 models (data and code) will be provided on 22 

request. 23 

 24 
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Figure/Table Captions: 5 

 6 

Fig.1: Study area and distribution of aerobic methanotrophy and physicochemical 7 

parameters above methane seeps at the Svalbard continental margin. a, Map of the seep 8 

system with numerous methane flares (grey stars) emanating from the sea floor around the depth of 9 

the landward termination of the gas hydrate stability zone. Sampling locations are indicated 10 

(squares: POS419, 2011; circles: MSM21/4, 2012). Distribution of b, methane, c, aerobic methane 11 

oxidation rates (rMOx), d, temperature and e, salinity measured during two sampling surveys along 12 

the same transect crossing the MASOX site
19

. b-e, Positions of discrete samples (crosses) and 13 

continuous measurements (lines) are indicated. 14 

 15 

Fig. 2: Modelled cross-slope distribution of water column temperature and current velocity in 16 

the West Spitsbergen Current. Modelled time-averaged water column temperature (°C), sigma-t 17 

(green contours, kg m
-3

-1000) and current velocity (black contours, cm s
-1

) for a, cold temperature 18 

anomalies, b, mean temperature and c, warm temperature anomalies. Anomalies were defined as 19 

one standard deviation below or above the seasonally and interannually varying temperature mean 20 

in bottom waters at the MASOX site (cross mark; cf. Supplementary Fig. 3c). During times of cold 21 

temperature anomalies, the WSC is in its offshore mode, with a cold undercurrent along the slope.  22 

 23 

Fig. 3: Modelled bottom current velocity at methane seeps. Modelled (1/12° resolution) mean 24 

annual (year 2000) bottom water current velocities for bottom depths between 100 and 2500 m. 25 

Current velocities at continental margins, where most methane seeps are located, frequently exceed 26 



 13 

10 cm s
-1

 and can be highly variable (cf. Supplementary Fig. 4). Locations of selected methane 1 

seeps are indicated by white circles.  2 

 3 

 4 

Tab. 1: Comparison of methane consumption and methanotrophic cell numbers between the 5 

two transect sampling campaigns in 2012. Total CH4 oxidised in the seep area was calculated by 6 

extrapolation of average MOx rates calculated for each sampling date to the total seep-affected 7 

water mass volume (3 km width × 22 km length × 0.388 km average water depth). Highest MOB 8 

cell numbers and fraction (in %) of total cell numbers are indicated. Cell-specific MOx rates 9 

represent the average of all samples counted on the respective transects (±standard error. n=12, 10 

Aug. 18/19;  n=15, Aug. 30/31). 11 
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1. Physiochemical and biogeochemical water column parameters 1 

1.1 Temperature and salinity 2 

Temperature and salinity were measured with a Seabird SBE911 CTD (CTD: 3 

conductivity/temperature/density probe; Seabird-Electronics, USA) equipped with dual temperature 4 

and conductivity sensors. For monitoring sensor performance, we conducted several CTD casts 5 

with a third set of temperature and conductivity sensors (SAIV A/S SN363, Norway, calibrated by 6 

SAIV A/S directly before the cruise). The offsets between the Seabird and SAIV were ≤0.01°C and 7 

≤0.04 psu. During the MSM21/4 cruise, most CTD casts were taken at the MASOX site 8 

(78°33.3‟N, 9°28.6‟E; ~380 m water depth; ref 1) and/or along a transect crossing this site. One 9 

additional CTD cast was performed ~6.4 km further north at the HyBIS site (78°36.68‟N, 10 

009°25.50‟E; cf. Fig. 1a; ref 1). During the POS419 cruise, CTD casts were also performed using a 11 

Seabird SBE911 device at three stations between the MASOX and HyBIS site and at one station 12 

~8.8 km south of the MASOX site (Fig. 1a). For a complete station list see Supplementary Tab. 1. 13 

 14 

1.2 Methane concentrations 15 

 For analysis of methane concentrations and MOx rates at discrete water depths, we sampled the 16 

water column with 24 × 10 L PTFE-lined Niskin bottles mounted on a CTD/Rosette sampler and 17 

sub-samples were taken immediately upon recovery of the sampler
1
. During the MSM21/4 cruise, 18 

methane was analysed with a headspace technique and gas chromatography with flame ionisation 19 

detection
1
. Briefly, ~ 600 mL seawater was subsampled bubble-free into triple-layer Evarex Barrier 20 

Bags (Oxford Nutrition, U.K.) followed by the addition of a headspace (20 mL N2) and 21 

equilibration for several hours. Methane concentrations were determined by gas chromatography 22 

(Agilent 7890A GC; 80/100 mesh HayeSep Q packed stainless steel column, 1.83 m length, 2 mm 23 

i.d.; flame ionization detector set at 250 °C; oven operated isocratically at 60 °C; N2 carrier gas at 24 

33 mL min
-1

) from a 2 mL aliquot of the headspace. The GC system was calibrated with external 25 

standards (20 ppm methane standard, Air Liquide, Germany), and reproducibility (determined by 3 26 



 16 

replicate analyses of an individual sample) was < ± 5 %. During the POS419 cruise, methane 1 

concentrations were analysed with a slightly modified headspace method with respect to sampling 2 

vials (120 mL glass vials, 5 mL N2 headspace, fixed with 0.5 mL saturated aqueous HgCl2 solution) 3 

and manufacturers of analytical instruments (Thermo Scientific FOCUS GC, direct injection; 4 

Resteck packed column HayeSep Q 80/100, 2 m length, 2 mm i.d.; flame ionization detector set at 5 

170 °C; oven temperature was ramped from 40 to 120 °C in steps, H2 carrier gas at 33 mL min
-1

). 6 

Seawater methane concentrations and the degree of saturation with respect to the atmospheric 7 

equilibrium were calculated with consideration of sample and headspace volume, temperature, 8 

salinity, atmospheric pressure and atmospheric CH4 mixing ratio
2,3

.  9 

 10 

1.3 Methane oxidation rates  11 

MOx rates were determined at sea from ex situ incubations with trace amounts of tritium-labelled 12 

methane (
3
H-CH4) similarly to published methods

4,5
 with some modifications

6
. For each depth, four 13 

crimp-top vials (20 mL) were filled bubble-free and closed with bromobutyl stoppers (Helvoet 14 

Pharme, Belgium), amended with 10 µl gaseous 
3
H-CH4/N2 mixture (~25 kBq, <50 pmol CH4, 15 

American Radiolabeled Chemicals, USA) and incubated for 72 h at in situ temperature in the dark. 16 

Linearity of MOx during the incubation time period (~72 h) was confirmed by replicate incubations 17 

at 24, 48 and 72 h. MOx rates were corrected for (insubstantial) tracer turnover in killed controls 18 

(addition of 100 µl, saturated aqueous HgCl2 solution). Rates on the POS419 cruise were measured 19 

analogously, but instead of 20 ml we incubated in 120 ml bromobutyl-sealed (Ochs, Germany) 20 

crimp top vials with an amendment of 100 µl tracer gas. Single or triplicate incubations were 21 

conducted for each depth. MOx rates were calculated from the fractional turnover of labelled CH4 22 

and water column CH4 concentration assuming first order kinetics
5
. Average standard deviation 23 

between replicates was ±20.4 % for MSM21/4 incubations and ±38 % for POS419 incubations. 24 

 25 

 26 
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1.4 Biomass estimation of methanotrophs  1 

The identity and abundance of aerobic methanotrophic bacteria (MOB) was investigated by 2 

catalysed reporter deposition fluorescence in situ hybridisation (CARD-FISH; refs 7,8) from 3 

samples collected during the MSM 21/4 cruise. A 100 ml seawater aliquot was fixed for ~4 h with 4 

formaldehyde (1.5 % final concentration) at 4 
○
C. The fixed sample was filtered through a 5 

polycarbonate filter (Whatman Nuclepore black track-etched polycarbonate membrane filter, 25 6 

mm diameter, 0.2 µm pore size) with a gentle vacuum-pressure of 0.5 bar. Filters were air-dried and 7 

stored at -20 
○
C until further analyses. Cells embedded on the filter were permeabilised with 8 

lysozyme
7
, followed by inactivation of endogenous peroxidases in a 0.15 % H2O2/methanol 9 

solution for 30 min at room temperature. Filters were then washed successively in sterile MilliQ (1 10 

min) and aqueous ethanol solution (96 %, v/v; 2 min) and finally air-dried. Filters were hybridised 11 

with ~300 µl hybridisation buffer for 3 h at 46 
○
C. The buffer contained either a mix of probes 12 

M705-HRP and M84-HRP (0.3 ng µL
-1

 each), or probe M450-HRP (0.6 ng µL
-1

) for the 13 

detection of Type I and Type II MOx communities, respectively
9
. Negative controls (sulphide-14 

oxidizing mixed culture, enriched from a freshwater lake) were used to ensure specificity of probe 15 

binding with our hybridisation conditions. Catalysed reporter deposition and DAPI staining was 16 

carried out according to published recommendations
8
 with an amplification time of 20 min at 37 

○
C 17 

in a buffer containing 1 µL of the labelled tyramide (Alexa488: Invitrogen A20000, lot 1252193; 18 

USA). Filters were finally washed for 10 min in PBS. We used Citifluor AF1 (Citifluor Ltd., U.K.) 19 

as mountant for fluorescence microscopy. CARD-FISH- and DAPI-stained samples were examined 20 

with an epifluorescence microscope (Leica DM2500 equipped with the external ultraviolet light 21 

source, EL6000) at a 1000-fold magnification. For each sample, ~1000 DAPI-stained cells in ≥ 10 22 

microscopic fields were counted. Total cell numbers in the lowest 200 m of the water column were 23 

similar between sampling dates (2.09 ± 0.14 × 10
5
 cells mL

 -1
), while surface water generally 24 

contained higher cell numbers (up to 10.8 × 10
5
 cells mL

 -1
) with higher variations between 25 

sampling dates (data not shown). 26 
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Type I MOB cells occurred as single/double cells (Supplementary Fig. 1m) or as loose „aggregates‟ 1 

(Supplementary Fig. 1j). To account for the heterogeneous distribution of the aggregates, we 2 

counted 70 microscopic fields for each sample (average StDev. of MOB cell numbers between grids 3 

for one sample: ± 37%). Type II MOB cells accounted for less than 1 % of all MOB cells (data not 4 

shown), and were thus of minor importance for the water column MOx filter capacity. 5 

Water samples collected at the MASOX site during the MSM21/4 cruise concomitantly showed 6 

elevated type I MOB cell numbers and MOx rates (Supplementary Fig. 1). Vice versa, water 7 

samples characterised by low MOx rates generally contained low numbers of MOB cells. Although 8 

MOx was maximal in bottom waters with elevated methane concentrations (Fig. 1c, Supplementary 9 

Fig. 1), we frequently encountered low levels of MOx activity (and methanotrophic biomass) in 10 

bottom water samples with high methane concentrations. MOx activity was thus determined by 11 

MOx biomass rather than methane substrate availability (Supplementary Figs. 2a, b). Furthermore, 12 

together with the MOx community size, the MOx filter capacity (see MOx rates in Supplementary 13 

Fig. 1) was only elevated in relatively cold and saline bottom waters (<4 °C, >34.9 psu, 14 

Supplementary Fig. 2c), which were only present during the offshore mode of the West Spitsbergen 15 

Current (WSC).  16 

 17 

1.5 Interpolation and extrapolation of physiochemical and biogeochemical water column 18 

parameters. 19 

Values of physiochemical and biogeochemical water column parameters were measured at discrete 20 

stations, and, in case of methane concentration and MOx activity, in discrete water depths, during 21 

the transect sampling campaigns (Aug. 18/19 and 30/31). Depth-integrated areal MOx rates were 22 

determined by linear interpolation between measured rates and extrapolation to a water column of 1 23 

m
2
. For representation as contour plots (Fig 1b-e), discrete values were linearly interpolated by 24 

using the Matlab software package. For extrapolating MOx rates to the known seep area, we first 25 

calculated weighted averages from the interpolated MOx rates (Fig. 1c) for the two sampling 26 



 19 

campaigns. These averages (0.7 and 0.2 nmol L
-1

 d
-1

 for Aug. 18/19 and 30/31, respectively) were 1 

then extrapolated to the whole water volume in the seep area (3 km width × 22 km length × 0.388 2 

km average water depth).  3 

 4 

 2. Regional hydrographic changes in a wider oceanographic context  5 

For a deeper understanding of the hydrographic changes west off the Svalbard shelf and the 6 

interplay with the large-scale circulation, we utilised 5-daily output from the VIKING20 model, a 7 

high-resolution ocean/sea-ice simulation
10,11

. Based on the NEMO code
12

, VIKING20 has a 1/20° 8 

grid cell size of the subpolar/subarctic North Atlantic (32°N - 85°N) (ref 10) and is two-way 9 

nested
13

 in a global 1/4° configuration (ORCA025 grid; ref 11). It is forced by atmospheric data 10 

covering synoptic (6-hourly to daily), seasonal, interannual to decadal timescales of the years 1948-11 

2007 (ref 11). With a ~2.5 km grid space off West-Spitsbergen and 46 vertical levels (20 in the 12 

upper 500 m), VIKING20 realistically captures both the large-scale circulation and the mesoscale 13 

variability in the subpolar/subarctic North Atlantic by great verisimilitude
14

, both with detailed 14 

mean flow characteristics
15

 and temporal variability on short-term to decadal time scales
16

. The 15 

circulation in the Fram Strait, for instance, shows the same variability along the eastern boundary, 16 

with northward velocities up to 40 cm s
-1

 and beyond, as observed by Schauer et al., 2004 (ref 17). 17 

Modelled bottom current velocity (Fig. 2) agrees well with measurement data from the MASOX 18 

observatory (10 cm s
-1

 on average; ref 1).    19 

Water column temperatures at the MASOX site (Supplementary Fig. 3a, b) greatly vary on seasonal 20 

and interannual timescales, but also show distinct minima and maxima (Supplementary Fig. 3c) 21 

strongly deviating from the (seasonally and interannually varying) temperature mean. These 22 

minima and maxima are caused by the variable position of the main, warm core of the WSC. 23 

Supplementary Fig. 3d shows time-averaged circulation patterns of the WSC along the offshore 24 

flank of the study area at 300 m water depth (the MASOX position is indicated with a cross mark). 25 

During time periods of cold bottom water temperature anomalies (i.e., greater than one standard 26 



 20 

deviation below the seasonally and interannually varying temperature mean; blue line in 1 

Supplementary Fig. 3c), the main core of the WSC is located offshore, giving rise to a cold 2 

undercurrent at the shelf break (Supplementary Fig. 3d), and thus to the observed and modelled cold 3 

bottom water temperatures at the shelf break. The comparably strong northward tilting of the flares 4 

that we observed during hydroacoustic surveys just before our samplings on August 17 and 18/19 5 

(data not shown) indicates the presence of this fast undercurrent. In contrast, when the main core is 6 

meandering to the shore, the warm water of the WSC replaces the cold bottom water, resulting in 7 

the rise of bottom water temperatures. This nearshore mode corresponds to observed and modelled 8 

average and anomalously warm bottom water temperatures (i.e., values above one standard 9 

deviation above the seasonally and interannually varying temperature mean; red line in 10 

Supplementary Fig. 3c). The time-averaged circulation pattern of the nearshore mode is shown in 11 

Supplementary Fig. 3e. The meandering of the main core is caused by far-field and internal 12 

variations of the WSC, leading to a nonlinear behavior of the current with transition times between 13 

offshore- and nearshore mode of 5-10 days. 14 

Global bottom water velocities at continental margins were analyzed using a global variant of the 15 

ocean/sea-ice model at 1/12° resolution (ORCA12). Similar to VIKING20, this model has been 16 

forced by atmospheric data
14

, but over a shorter timeframe (1978-2003). Highly variable near-17 

bottom currents are common along continental slopes and below regions of strong surface 18 

currents
18

. 19 

20 



 21 
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Supplementary Figure Captions:  2 

 3 

Supplementary Figure 1: Methane concentrations, methane oxidation rates and 4 

methanotrophic cell numbers from repeated sampling campaigns at the MASOX station. a-i, 5 

Methane concentration (red), methane oxidation rates (grey), and b, c, d, g, h, cell numbers of type 6 

I aerobic methanotrophic bacteria (MOB; green), at the MASOX site measured during the 7 

MSM21/4 cruise at different dates (chronological station numbers are indicated in blue). Error bars 8 

of MOx represent standard deviation (n=4). j-m,  Micrographs of water column microbes from 9 

samples collected at 380 m water depth at the MASOX site (station 554). Type I MOB cells were 10 

quantified by CARD-FISH (j, m; in green; mixture of probes M705-HRP and M84-HRP) and 11 

DAPI (=total cells; k, l, in blue) staining, followed by epifluorescence microscopy. The scale bar 12 

represents 10 µm. Type I MOB cells occurred as m, single/double cells, or j, as loose „aggregates‟. 13 

Stations 554/555 and 637/638 were sampled during transect samplings on Aug. 18/19 and Aug. 14 

30/31, respectively. n, Maximum and depth integrated MOx rates at the MASOX site (cf. a-g) in 15 

relation to the presence of cAW or wAW at the sea floor. Together with the MOx community size, 16 

the MOx filter capacity was only elevated in relatively cold and saline bottom waters (<4 °C, >34.9 17 

psu; cf. Supplementary Fig. 2a), which were solely present during the offshore mode of the WSC. 18 

 19 

Supplementary Figure 2: Aerobic methane oxidation in relation to bottom water properties. 20 

a, Methane oxidation rates (rMOX) in relation to a, cell  numbers  of type I aerobic methane 21 

oxidising bacteria, b methane concentration and, c salinity and temperature, measured during the 22 

MSM21/4 (cyan dots) and POS419 (pink squares) cruise. Note that MOB cell numbers were only 23 

determined from selected samples from the MASOX site collected during the MSM21/4 cruise, 24 

while methane concentration, salinity and temperature were determined for all samples designated 25 



 22 

for MOx rate measurements. Linear correlation for b, includes all samples from MSM21/4 and 1 

POS419. 2 

 3 

Supplementary Figure 3: Modelled temporal progression of water temperature and 4 

circulation patterns of the WSC. Temperature distribution in a, the entire water column (surface 5 

to bottom), and b, bottom waters (300 m water depth), as well as c, bottom water temperature 6 

corrected for seasonal and interannual temperature variations at the MASOX site. d, Time-averaged 7 

circulation patterns of the WSC at 300 m water depth during the offshore mode (temperature 8 

anomaly against long-term average, colour-coded, °C), and e, the nearshore mode (long-term 9 

averaged temperature, colour-coded, °C). The MASOX position is indicated with a cross mark. 10 

Current velocities are indicated as black arrows and wind forcing as green arrows. The vertical 11 

distribution of time-averaged temperature, density and current velocity, respectively, along a cross-12 

section over the MASOX site (black line) is shown in Fig. 2.  13 

 14 

Supplementary Figure 4: Modelled bottom current velocity and standard deviation of current 15 

velocities at methane seeps. a, Modelled (1/12° resolution) mean annual (year 2000) bottom water 16 

current velocities and, b, standard deviation of bottom current velocities (based on 5-day averages) 17 

for bottom depths  between 100 and 2500 m. Bottom current velocities at continental margins, 18 

where most methane seeps are located, frequently exceed 10 cm s
-1

 and are highly variable. 19 

Standard deviations typically exceed 50% of the mean flow. Locations of selected methane seeps 20 

are indicated by white circles. 21 

 22 

Supplementary Table 1: List of Stations sampled during the POS419 and MSM21/4 cruises. 23 

The numbers of bottles sampled per CTD cast are indicated.  24 

 25 

 26 
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 Tab.1 
                sampling date (August 2012)

  18/19 30/31

bottom water type cAW wAW 

WSC mode offshore nearshore 

max. MOx activity 3.2 nmol L
-1

 d
-1

 2.1 nmol L
-1

 d
-1

 

CH4 oxidised in seep area 17.82 kmol d
-1 

(0.28 t d
-1

) 5.57 kmol d
-1 

(0.09 t d
-1

)
 

max. MOB cells 29.7 × 10
3
 mL

-1
 3.65 × 10

3
 mL

-1
 

max. MOB cells (% of tot. cells) 8.3 2.5 

cell specific MOx activity 1.54 ± 0.34 × 10
-2

 fmol h
-1

(0.22 – 5.74 × 10
-2

 fmol h
-1

)
 

1.66 ± 0.37  × 10
-2

 fmol h
-1 

(0.06 – 5.66 × 10
-2

 fmol h
-1

)
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