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Abstract. Methane seeping from numerous point sources at the seabed represents a biogeochemically constrained carbon source
in the water column of the Arctic Ocean. Here, we compile and synthesise water-column data from 28 research cruises conducted
between 2014 and 2022 to evaluate the spatial distribution and variability of methane across Arctic seep systems and to assess
whether methane enrichment produces detectable changes in water-column biogeochemistry. Our synthesis shows that methane
concentrations span five orders of magnitude, ranging from non-detectable levels (<0.52 nM) to 10° nM. Despite this distinct
variability, continuous seeping of methane does not measurably alter bulk nutrient regimes, but it influences organic matter cycling
through microbial methane oxidation (MOx). In contrast, nutrient and carbon biogeochemistry appear closely associated with
seasonal patterns in primary production, showing typical vertical profiles, even in regions of maximum methane flux. This reflects
the relatively low abundance of methane compared to other substrates, as nutrients and dissolved organic carbon concentrations
remain one to two orders of magnitude higher even at peak methane levels. Consequently, methane-derived carbon constitutes only
a minor fraction of total biogeochemical pools, constraining its effect on nutrient dynamics. However, methane exerts a cumulative
influence by altering microbial processes and carbon transformation pathways, even in the absence of detectable changes in bulk

nutrient concentrations.
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1 Introduction

The Arctic continental margin stores vast amounts of methane in gas hydrate deposits (Mienert et al., 2022), submerged permafrost,
and deep geological reservoirs, representing an important and dynamic component of the global carbon cycle (Andreassen et al.,
2017; Egger et al., 2018; Portnov et al., 2013, 2014, 2016; Serov et al., 2015, 2024; Smith et al., 2014; Westbrook et al., 2009).
Under changing environmental conditions, such as ocean temperature and postglacial seabed response, methane is released from
these deposits (El bani Altuna, 2021; Serov et al., 2024), forming seeps and fostering the development of dynamic, methane-driven
ecosystems within the overlying water column (Astrom et al., 2016; Boetius and Wenzhéfer, 2013; Melaniuk et al., 2022; Sen et
al., 2018). Arctic cold seeps are controlled by sediment instabilities, thawing of subsea permafrost, glacial retreat (Portnov et al.,
2016), fracturing, changing tectonic stress (Cooke et al., 2023), and variations in the boundary conditions of the Gas Hydrate
Stability Zone (GHSZ) (Ferré et al., 2020c; Rasmussen et al., 2024; Rasmussen and Nielsen, 2024; Sahling et al., 2014). These are
mainly governed by temperature and pressure, which makes Arctic cold seeps sensitive to climate change-driven bottom-water
warming, sea level change, tidal pressure variability (Sultan et al., 2020), isostatic rebound (Wallmann et al., 2018), and seasonal
changes in bottom water temperature and seepage patterns (Berndt et al., 2014; Ferré et al., 2020c; James et al., 2016; Shakhova et
al., 2010; Westbrook et al., 2009).

Despite the growing recognition of methane from biogenic (Egger et al., 2018) and abiotic sources (e.g., Bottner et al., 2025;
Johnson et al., 2015), our understanding of methane seepage dynamics and the fate of methane in the water column remains limited.
Most existing studies are centred on individual seep systems and rely on spatially constrained observations. However, seeping
methane is subject to rapid dilution, complex transport pathways, and both geologic and hydrographic controls (Ferré et al., 2020c),
which create highly heterogeneous distribution patterns that challenge the representativeness of seep-centred measurements. As
such, extrapolations based on limited spatial coverage may lead to biased estimates of methane turnover and fate in Arctic marine
systems (Dglven et al., 2022; Thornton et al., 2016).

One of the critical processes governing the fate of methane in the water column is microbial oxidation of methane (MOx) (Hanson
and Hanson, 1996; Reeburgh, 2007). Depending on the environmental conditions, MOX can act as an efficient biological filter
limiting methane transfer to the atmosphere. Notably, atmospheric methane measurements above some Arctic seep regions show
no significant enhancement (Myhre et al., 2016) in areas with undersaturated surface water, indicating efficient methane removal
within the water column (Silyakova et al., 2020). High atmospheric emissions from other areas of the Arctic, such as the East
Siberian Arctic Shelves, are well documented, yet quantitative estimates diverge widely due to sparse sampling and high field
heterogeneity (Berchet et al., 2016; Shakhova et al., 2010, 2014; Thornton et al., 2016). Major challenges remain in modelling
methane-oxidising bacterial (MOB) communities and their efficacy, which is not fully understood and depends on a wide range of
environmental factors (Crespo-Medina et al., 2014; de Groot et al., 2024; Reeburgh, 2007). Additionally, methane concentrations
are low compared to those of other micronutrients and rapidly dilute away from the source. Water-column hydrography therefore,
plays a fundamental role in regulating methane availability and, in turn, MOB activity and persistence (Steinle et al., 2015) . In

regions where water-column hydrography is highly dynamic or unstable, methane rapidly dilutes, and MOB species may not take
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up methane, resulting in lower MOx. Conversely, in areas with relatively stable hydrography, MOB can enhance methane oxidation
and effectively compete with other microbial species (Griindger et al., 2021; Sert et al., 2020; Steinle et al., 2015). For these reasons,
the fate of dissolved methane in the water column remains largely unresolved.

Beyond its role as a greenhouse gas in submarine gas hydrates (Nisbet, 2022), methane exerts a broader influence on marine
biogeochemistry by entering microbial and benthic food webs (e.g., Astrom et al., 2018, 2020). Methane-derived carbon is
assimilated into microbial biomass or oxidised to carbon dioxide, thereby linking methane cycling to both organic and inorganic
carbon pools (Hanson and Hanson, 1996). In most marine environments, the methane-driven inorganic carbon flux is considered
negligible relative to fluxes associated with organic matter remineralisation. Nevertheless, even modest, localised changes in
alkalinity may exert potential implications for sensitive ecosystems such as cold-water corals and seep-associated benthic
communities (Sen et al., 2018; Sert et al., 2025). Overall, methane-driven transformations can alter the composition of dissolved
and particulate organic matter, influence nutrient dynamics, and modify microbial community structure (Damm et al., 2008;
Greinert et al., 2015; Mau et al., 2013; Sert et al., 2020). Consequently, methane seeps have implications that extend beyond local
emissions, affecting ecosystem functioning at the water-column scale.

To assess the role of methane enrichment in the Arctic water column biogeochemistry, we utilise data collected across 28 research
cruises conducted under the umbrella of CAGE (Centre of Excellence for Arctic Gas Hydrate, Environment, and Climate), hosted
by UiT — The Arctic University of Norway. We compile, integrate and discuss methane and nutrient concentrations, hydrodynamic
profiles, and organic carbon content, providing evidence for a highly dynamic Arctic methane biogeochemistry linked to methane

release from the seabed and overlying water masses.

2 Methods
2.1 Study sites

A total of 68 multidisciplinary research cruises were conducted during CAGE's operational period (2013-2022). Of these, 28
cruises collected water-column methane concentration data, which were compiled and analysed in this study (Table 1). The water-
column stations included in this study were grouped into six main hydrographic regions, each characterised by relatively consistent
water-mass structure and circulation patterns (Fig. 1a-b). The deepest sampling was conducted along the Northern Mid-Atlantic
Ridge (1), where water-column depths reached approximately 5000 m. The North Svalbard (2) region represents the northernmost
coastal area and is primarily characterised by Arctic-type coastal waters. The West Svalbard (3) margin constitutes one of the most
dynamic regions, where Atlantic Water and coastal water masses interact. This region also hosts one of the highest densities of
documented methane seepage sites within the study areas. The Barents Sea is subdivided into two hydrographic regions. The
Western Barents Sea (4) includes the major Atlantic inflow pathways through the submarine canyons Storfjordrenna and
Bjerneyrenna. In contrast, the Eastern Barents Sea (5) sites are more strongly influenced by Arctic water masses and relatively
shallow water columns. Finally, northern Norway was investigated in the Lofoten—Vesteralen (6) region, where multiple cruises

examined methane dynamics influenced by Atlantic inflow along the continental margin.

3
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Table 1. Overview of cruise dates, surveyed regions, and number of stations. HH, KPH, and GOS are the research vessels R/V Helmer
Hanssen, R/V Kronprins Haakon, and R/V G.O. Sars, respectively.

Cruise R/V Date # Visited areas
1 CAGE14-1 HH* 19 - 30 June 2014 91  Prins Karls Forland (PKF)!
2 CAGE142 HH  01-06July2014 8  PKF- Svyatogor
3 CAGE14-3 HH 07 - 21 July 2014 13 Storfjordrenna - Crater area’
4 CAGE14-4 HH 21 -29 July 2014 10  Vestnesa- Storfjordrenna- Bjerngyrenna’
5 CAGE15-3 HH* 27 Jun - 06 July 2015 65 PKF*
6 CAGE15-5 HH 11-23 July 2015 20  Crater area’
7 CAGE15-6 HH 07 -27 Oct 2015 46  Vestnesa- Svyatogor- PKF-Knipovich- Storfjordrenna®
8 CAGEl6-2 HH 15 -22 Apr. 2016 10  Crater area- Bjerngyrenna’
9 CAGEl16-4  HH* 01 -09 May 2016 76  PKF — Isfjorden®
10 CAGEl16-5 HH 16 Jun - 4 July 2016 62  PKF- Isfjorden- Storfjordrenna- Crater area’
11 CAGEl6-7 HH 16 - 25 Oct 2016 19  PKF- Crater area'”
12 CAGE17-1 HH* 15May-02June2017 72  Yermak Plateau- Vestnesa- PKF- Storfjordrenna''"!2
13 CAGE17-2 HH* 21 June-03July2017 15 Storfjordrenna — Olga Basin'?
14 CAGE17-3 HH 06 - 25 July 2017 5 Crater area'*
15 CAGE174 HH 03 - 06 Aug 2017 16 KPF'3
16 CAGEI18-1 HH 12 - 20 May 2018 4 Olga Basin'®
17 CAGEI18-2 HH 20 - 27 May 2018 15  Lofoten — Vesterdlen!’
18 CAGE18-4 HH 19 Jul - 07 Aug 2018 16  Molloy Deep — Bjerngyrenna'®
19 CAGE18-5 KPH 22 Oct-02Nov 2018 13 Storfjordrenna — Olga Basin'’
20 CAGE19-2 HH 09-23 July 2019 4 PKF?
21  HACONI19  KPH* 19 Sep- 16 Oct 2019 10  PKF- Yermak Plateau- Gakkel Ridge- NE Svalbard?!
22 CAGE20-1 HH 22 June - 01 July 2020 33 PKF -Storfjordrenna?
23 CAGE20-7 KPH 02 -16 Nov 2020 37  PKF- Norskebanken — Hinlopen®
24 CAGE21-4 HH  02-13 Aug 2021 8  Hopendjupet®*
25 HACON21  KPH* 28 Sep-21 Oct2021 5 Molloy Deep — Gakkel Ridge?’
26 CAGE21-6 GOS  05- 16 December 2021 43  Hopendjupet?®
27  CAGE22-3  KPH* 08-16 June 2020 12 Lofoten — Vesteralen?’
28 CAGE22-6 HH 03- 20 Aug 2022 14 Storfjordrenna - Hopendjupet — Bjerneyrenna®

Cruise reports for each campaign compiled here are publicly available via cited references (>*’Andreassen, 2014, 2015, 2016;
20 Andreassen et al., 2019; '“!®Biinz, 2017, 2018; 1*?'Biinz et al., 2018, 2020; 'Biinz and Panieri, 2014; >*Biinz and Ramirez-Llodra,
2021; °Carroll, 2016; ¥'%Ferré et al., 2016a, b; '>'"Ferré, 2017, 2018; 2223 Ferré et al., 2020a, b, 2022; ‘Mienert et al., 2015;
3Panieri et al., 2017b; 'Plaza-Faverola, 2018; #!'"1?’Rasmussen et al., 2014, 2017a, b; 2*Serov et al., 2022; *Silyakova et al., 2015;
ZWinsborrow et al., 2021; 2Winsborrow and Knies, 2021). *Data from these cruises have been published previously.

2.2 Water sampling and storage

Sampling areas were first investigated using hydroacoustic mapping of the seabed and water column. These surveys employed

single-beam and/or multibeam echosounder systems (EK60/EK80 and EM300/EM302, respectively) to identify and map active
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seepage sites. Water samples were collected using a rosette system equipped with Niskin bottles. Sensor-based profiling of the
water column was conducted with a CTD (conductivity—temperature—depth) profiler (Sea-Bird SBE 911 plus) and an oxygen sensor
(SBE 43). During each sampling occasion, water for methane concentration was collected immediately after the rosette was brought
on board. Methane samples were collected in 120 mL serum bottles, amended with 1 mL of 1 M sodium hydroxide (NaOH), and
sealed with butyl rubber septa using aluminium crimps. Samples were shaken vigorously and stored at 4 °C. At least 24 h prior to
analysis, 5 mL of seawater was replaced with 5 mL of ultra-pure nitrogen to create a headspace for gas analysis (Magen et al.,
2014). Methane oxidation (MOx) rate samples were collected, during selected sampling cruises, bubble-free into 20 mL glass vials
sealed with bromobutyl rubber septa (Niemann et al., 2015). Samples for dissolved organic carbon (DOC), total dissolved nitrogen
(TDN), particulate matter, and chlorophyll a (Chl a) were collected in acid-washed (2% HCI) glass bottles (4 x 1000 mL) and
stored at 4 °C in the dark until processing. All samples were filtered within 6 h of collection using low-pressure vacuum filtration
(< 50 mmHg). Triplicate samples for particulate matter and Chl a were collected on pre-combusted GF/F filters (Whatman) using
1 L of seawater per sample. Particulate matter filters were dried and stored at 25 °C until X-ray fluorescence analysis. Chl « filters
were folded, placed in 10 mL high-density polyethylene (HDPE) tubes, and stored at -80 °C until analysis. Samples for nutrient
analyses were collected in 40 mL HDPE bottles and stored at -20 °C until analysis.

2.3 Biochemical analyses

Methane samples were analysed using the headspace equilibration method (Magen et al., 2014) by gas chromatography (Thermo
Scientific, GC Trace 1,310, FID detector, MSieve 5A column). MOx rates were determined using ex situ incubations with trace
amounts of *H-labelled CHy, as previously described (Niemann et al., 2015; Steinle et al., 2015). Nitrate, silicate, and phosphate
concentrations were measured colourimetrically using a segmented flow nutrient analyser (ALPKEM Flow Solution IV, OI
Analytical) with detection limits of 0.5 uM, 0.06 uM and 0.4 pM (Grasshoff et al., 1999) and precisions of 0.1 pM, 0.1 uM and
0.01 pM, respectively. DOC and TDN concentrations were measured using a high-temperature combustion method (MQ Scientific
MQ-1001) against in-house calibration standards and reference deep ocean samples (Qian and Mopper, 1996). §'%0 H,O was
measured using a Thermo Scientific MAT253 isotope ratio mass spectrometry (IRMS). Isotopic ratios are reported relative to
Vienna Standard Mean Ocean Water (VSMOW). International isotope standards VSMOW?2, GISP (Greenland ice sheet
precipitation), SLAP2 (Standard Light Antarctic Precipitation 2), and VPDB were used for the calibration of the IRMS with an
uncertainty of < 0.01 %eo.



https://doi.org/10.5194/egusphere-2026-3607
Preprint. Discussion started: 30 June 2026 EG U h .
© Author(s) 2026. CC BY 4.0 License. sphere

Preprint repository

72°N

0 36°E

80°N |

Depth (m) * CTD stations

— Atlantic water
— Arctic water

Flare count (r=10 km)
B
0 1 >50

Hopenjupet

K |




135

140

145

150

155

160

165

https://doi.org/10.5194/egusphere-2026-3607
Preprint. Discussion started: 30 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Figure 1. (a) Overview map of the Arctic Ocean showing the study sites and large-scale circulation pathways. The shaded rectangle
indicates the spatial extent of the inset shown in panel b. (b) Detailed ocean currents across the study site, with red arrows denoting the
inflow of warm Atlantic Water and blue arrows indicating Arctic Water (Eriksen et al., 2018; Vihtakari, 2023). Shaded rectangles indicate
the boundaries of the high-resolution sub-figures in panel c. (¢) Detailed inset maps of the sampled study regions showing sampled stations
(purple stars). Methane seeps are displayed as a heatmap generated via kernel density estimation using a radius of 10 km. Bathymetry is
derived from the IBCAO grid (Jakobsson et al., 2012).

2.4 Data acquisition

On all cruises, CTD profiling was conducted as a standard procedure to characterise the physical structure of the water column,
even when the primary focus of the cruise did not directly involve water-column processes. Consequently, a comprehensive CTD
dataset is available from all cruises. In the present study, however, we used only CTD data from stations where water sampling
was performed. The complete CTD dataset can be found in the cruise reports (CAGE — Centre for Arctic Gas Hydrate, Environment
and Climate Report Series, 2026) and adaptive cruise maps (CAGE’s interactive geodata web map, 2026).

Some of the data compiled here (CTD, methane, methane oxidation rates, and nutrients) have been reported previously (Ferré et
al., 2020, 2024; Griindger et al., 2021; Sert et al., 2020, 2022, 2023, 2025; Silyakova et al., 2015). In this study, these data are
revisited and combined to provide a more comprehensive assessment of the study areas.

Active seep sites exhibited elevated methane concentrations in bottom waters, resulting in steep vertical gradients from highly
supersaturated conditions (with respect to atmospheric pressure) near the seafloor to background levels in the overlying water
column. Background methane concentrations were averaged from previously reported Atlantic Ocean methane concentrations (Keir
et al., 2005; Kolomijeca et al., 2022; Scranton and Brewer, 1978). Several methane measurements fell below the headspace
method's limit of detection (LOD) 0.74 nM (Magen et al., 2014). For these samples, methane concentrations were set to 0.52 nM,
corresponding to LOD/Y2 to substitute nondetectable values. Similarly, nutrient concentrations below the LOD (Grasshoff et al.,
1999) were replaced with LODA?2 (0.35 uM for nitrate, 0.04 uM for phosphate, and 0.28 uM for silicate) to account for nondetects.
Dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) concentrations were derived as the difference between
total dissolved nitrogen and the sum of nitrate and ammonium, and between total dissolved phosphorus and phosphate, respectively.
In some cases, total dissolved concentrations were measured lower than the sum of their constituents due to analytical uncertainties,
resulting in negative calculated values. These negative values were removed before visualisation.

CTD data exhibiting anomalously low values within the upper few meters of the water column were filtered by excluding
measurements with salinity < 30 and density < 25 kg m=, to remove spurious surface artefacts.

Methane turnover times were calculated as the inverse of the methane oxidation rate constant (knox, d™') and subsequently converted
to years by dividing by 365.

A combined dataset of methane seeps (Ferré et al., 2020c, 2024; Geissler et al., 2016; Mau et al., 2017; Thornes et al., 2023;
Winsborrow et al., in prep) was mapped using Kernel Density Estimation (KDE) in QGIS (Fig. 1c). The density surface was
calculated using a quadratic kernel function with a fixed search radius of 10 km, normalising the point data into a continuous grid

of flare counts.
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3 Overview of the study sites
170 3.1 Ocean currents and water masses

In all studied regions (Fig. 1b), the hydrography is governed by the interaction of relatively warm, saline Atlantic Water (AW, S >
34.8 and T > 2 °C) from the Norwegian Sea (Aagaard et al., 1987), Arctic Water (ArW, S <34.8 and T < 0°C) from the Barents
Sea (Oziel et al., 2016; Schauer et al., 2004), terrestrial influence (river runoff, glacial melt) and atmospheric forcing

(cooling/heating, precipitation).
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Figure 2. Temperature—salinity (T-S) diagrams of all collected water samples. The three principal water masses, Atlantic Water (AW),

Coastal Water (CW), and Arctic Water (ArW), are indicated by solid rectangles that represent their characteristic T—S domains. Locally

formed or modified water masses, including Melt Water (MW), Barents Sea Water (BSW), Arctic Deep Water (ADW), and Barents Sea

Bottom Water (BBW), are indicated by dashed rectangles. Coloured circles represent the sampling regions, as defined in Table 2 and
180 Fig. 1c.

West of Svalbard, the hydrography is governed by two northward-flowing current systems representing distinct water masses. The
West Spitsbergen Current (WSC) and its eastern branch are topographically steered currents that primarily follow the shelf break
and transport warm, saline AW into the region, strongly influencing the hydrography of the shelf break year-round (Aagaard et al.,
1987). On the West Svalbard Shelf, a coastal current carries Coastal Water (CW, S <34.7, T > 3 °C). This water mass originates
185 from the Barents Sea via the Spitsbergen South Cape (Loeng, 1991), and is essentially cold, fresh ArW that is modified during its
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northward flow along the coastline by river runoff, heating/cooling and mixing with other water masses. CW can therefore have a
relatively wide range of properties depending on seasonal and interannual variability in forcing (Loeng, 1991; Oziel et al., 2016).
Where and when AW penetrates onto the shelf, mixing can occur. These processes, i.e. interaction with the coastline and mixing
between AW and CW, result in strong hydrographic variability, particularly at shallow locations (Nilsen et al., 2016). Despite the
presence of these fresher water masses, the mean salinity across all sampled stations was around 34.9+0.5, indicating a
predominance of AW and confirming the strong Atlantic influence on the hydrographic structure.

In the northern part of Svalbard, the regional circulation is dominated by the North Svalbard Current, a branch of the WSC that
transports relatively warm AW (Fig. 1b) into the Arctic Ocean. After flowing around Northern Svalbard, AW follows the western
margin of the trough mouth southward, partially recirculates over Norskebanken, and enters the Hinlopen Trough (Menze et al.,
2020; Vanneste et al., 2006). In addition, the area is influenced by CW, which extends to depths of approximately 100 m and
contributes to enhanced vertical stratification and heat transfer to the upper water column (Ferré et al., 2020b).

Water mass exchange between the Norwegian Sea and the Barents Sea is restricted by the relatively shallow average depth of the
Barents Sea (~ 230 m). Deeper AW enters through two major pathways, i.e. Storfjordrenna and Bjerneyrenna, where depths reach
~500 m (Loeng, 1991; Skogseth et al., 2005), while extensive shallow regions are found towards the Olga Basin (Fig. 1b).
Consequently, only a limited fraction of AW penetrates into the Barents Sea, while the main branch continues northward through
the Fram Strait as the WSC (Loeng, 1991; Schauer et al., 2004). AW inflow interacts with locally derived water masses through
multiple mixing mechanisms, including entrainment, shear-induced turbulence, and mixing processes along frontal structures
between colder arctic water masses and AW (Fer et al., 2003). This interaction plays a critical role in regulating the thermal
structure, stratification, and overall hydrographic dynamics of the Barents Sea.

In addition to AW, ArW, and CW, several other characteristic water masses are present in the regions, including Meltwater (MW,
S: 34-34.4, T:0-3 °C), Barents Sea Water (BSW; S: 34.7-35.1, T:-0.5-2 °C), Arctic Deep Water (ADW; S: 34.85-34.95, T:-1.25-0
°C), and Barents Sea Bottom Water (BBW: S: 35-35.25, T:-2--1.25°C) (Fig. 2). MW forms from sea-ice melt and glacial discharge,
resulting in low-salinity surface layers that enhance upper-ocean stratification (Skogseth et al., 2005). BSW is formed through the
transformation of AW within the Barents Sea via heat loss, brine rejection, and mixing processes. ADW originates in the Arctic
Ocean and is characterised by cold, dense conditions at depth (Marnela et al., 2008), whereas BBW may form locally through
winter cooling and brine-enriched convection, leading to the accumulation of dense bottom water (Oziel et al., 2016). These water
masses are typically confined to areas with weak circulation and limited exchange, where local formation processes and seasonal

variability exert strong control over hydrographic structure.
3.2 Geological settings of the study areas

3.2.1 Svalbard margins and northern Mid-Atlantic Ridge (Regions 1, 2, and 3)

The West Svalbard continental margin (<500 m water depth) off Prins Karls Forland (PKF) Island was the most visited site (Table

1). The continental shelf (i.e., water depth <100 m) is characterised by hundreds of gas flares and elevated methane concentrations
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throughout the water column, sometimes reaching the sea surface, indicating potential atmospheric fluxes from the shallow water
column (Steinle et al., 2015). At the continental slope (300 m), seepage activity dates back 8000 years (Berndt et al., 2014), and
the boundary depth of the GHSZ varies from 360 to 410 m, depending on bottom-water temperatures (Ferré et al., 2020c¢).

The investigated sites extend into deeper environments (> 500 m depth) along the western Svalbard continental margin and towards
the northern Mid-Atlantic Ridge (MAR). These sites include the Knipovich Ridge, Svyatogor Ridge, Vestnesa Ridge, Molloy Deep,
Yermak Plateau, and Gakkel Ridge (Fig. 1a). Northward, the MAR transitions from a classical oceanic spreading ridge into a
complex system of ultraslow-spreading ridges extending into the Arctic Ocean (DeMets et al., 2010). This tectonic setting extends
to the ultraslow-spreading Gakkel Ridge and influences the development of contourite drifts and sedimentary depositional patterns
such as Vestnesa Ridge, Svyatogor Ridge and the Yermak Plateau. Vestnesa Ridge is one of the most intensively studied areas due
to its prominent pockmark field and active gas flares (Fig. 1c), which represent major conduits for methane seepage (Biinz et al.,
2012; Johnson et al., 2015; Panieri et al., 2017a; Portnov et al., 2016; Sauer et al., 2020; Schneider et al., 2018; Smith et al., 2014;
Sztybor and Rasmussen, 2017; Yao et al., 2019). Seismic and hydroacoustic observations document persistent methane release
from subsurface reservoirs, with gas flares rising through the water column (Biinz et al., 2012; Panieri et al., 2017a; Sztybor and
Rasmussen, 2017). The pockmarks are rich in methane-derived authigenic carbonates and host diverse chemosynthetic fauna,
indicating long-term seep activity (Astrom et al., 2018; Dessandier et al., 2019; Sztybor and Rasmussen, 2017; Yao et al., 2021).
The northern MAR region is characterised by intense faulting and rifting, associated with high heat flow.

As the final pathway for warm Atlantic water entering the Arctic Ocean, the Yermak Plateau serves as a significant topographic
barrier (Fig. 1a) that influences the circulation and transformation of the Atlantic inflow (Fer et al., 2015). The plateau also hosts
the northern Svalbard marginal ice zone, a dynamic interface between the open ocean and sea ice (Rudels et al., 2005). This region
contains one of the largest known submarine landslides, the Hinlopen slide (Vanneste et al., 2006; Winkelmann and Stein, 2007),
which has transported substantial volumes of sediment from this Arctic continental margin into the Nansen Basin, thereby playing
an important role in shaping the Arctic seafloor morphology and sedimentary processes (Vanneste et al., 2006; Winkelmann et al.,
2006).

The Hinlopen Slide occurred at the mouth of the Hinlopen Trough about 30,000 years ago during the Late Pleistocene, likely a
period of rapid glaciogenic sediment accumulation and rapid sea-level lowering (Geissler et al., 2016). During this event, 200 km?
of sediment were remobilised, exposing gas hydrate deposits a few kilometres to the north, as well as widespread free gas
accumulations and active seeps (Fig. 1¢) within and adjacent to the slide area (Geissler et al., 2016; Vanneste et al., 2006). Previous
observations reported water-column methane concentrations of up to 218 nM, indicating substantial seafloor methane release
(Geissler et al., 2016). Moreover, elevated atmospheric methane concentrations at 80°N, 12°E suggest an ocean—atmosphere
methane flux that cannot be explained by wetlands or known anthropogenic sources, pointing instead to a marine contribution
(Platt, 2015).
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3.2.2 Western Barents Sea (Region 4)

The dissolution of gas hydrates and methane ebullition from the seabed are key processes that contribute to the formation of distinct
geomorphological features in marine sediments and on the seafloor due to fluid flow (e.g., Judd and Hovland, 2007; Mienert et al.,
2022). Features such as craters, pockmarks, and pingo-like structures are widespread on Arctic shelves and in the Barents Sea,
reflecting episodic methane release events over geological timescales. The northernmost cross-shelf area of Storfjordrenna hosts
seven gas-hydrate pingos that actively emit free gas into the water column (Carroll, 2016). These pingos contain methane-derived
authigenic carbonates and support exceptionally rich benthic fauna at water depths of approximately 350—390 m, corresponding to
the gas hydrate stability zone and its upper termination (Sen et al., 2018). Variability in water-column temperature, driven by the
inflow of warm AW via the WSC, its mixing with colder ArW, and episodic brine outflows from Storfjorden (Fer et al., 2003),

modulates gas-hydrate stability and controls methane-release dynamics in the area.

3.2.3 Eastern Barents Sea (Region 5)

The crater areas are among the most intensively studied and are characterised by kilometre-wide depressions formed by methane
blowouts associated with rapid gas hydrate destabilisation during the last deglaciation, approximately 15,000 years before present
(Andreassen et al., 2017; Portnov et al., 2013, 2014; Serov et al., 2015). Although these large-scale blowout events occurred in the
past, the associated structures continue to emit methane at lower and more stable rates. For example, Barents Sea craters are
irregularly distributed across an area of approximately 500 km? at water depths of 310-360 m, with individual depressions reaching
5-30 m in depth (Carroll, 2016).

Hopendjupet (Fig. 1c) also hosts an extensive crater field with strong gas flaring linked to thermogenic source rocks. Gas hydrate
stability in this area occurs at approximately 360 m water depth (Patton et al., 2020; Serov et al., 2022). Major regional geological
structures serve as focal points for the migration of free gas from the subsurface (Serov et al., 2024). Cruises in the area have
documented extremely intense gas seepage, presence of gas-hydrate pingos, and oil slicks at the sea surface, highlighting the
ongoing activity of methane release and associated hydrocarbon fluxes (Winsborrow et al., 2021; Winsborrow and Knies, 2021) .
In the northern section of Hopendjupet, Olga Basin is the easternmost site studied and provides insight into the hydrodynamics of
the north-central Barents Sea. This area also hosts craters in the southern part of Storbanken, which are associated with several gas
flares, carbonate crusts, and bacterial mats, features that have been extensively investigated during multiple cruises (Table 1). Water
depths in this region are approximately 150 m, and the craters often exhibit very steep slopes, highlighting the localised

geomorphological impact of Jurassic-age outcrops (Biinz et al., 2018).

3.2.4 Lofoten-Vesterilen (Region 6)

The southernmost region investigated during the CAGE expeditions is Lofoten—Vesteralen, located along the Mid-Norwegian
continental margin. Methane seepage dynamics in this region differ from those observed at the margins of Svalbard and the Barents

Sea, primarily due to lower methane concentrations, weaker flare activity, and enhanced vertical and turbulent mixing in the water
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column (Ferré et al., 2024). Seepage activity is spatially heterogenecous and linked to shallow gas accumulations and structurally
controlled fluid migration pathways (Ferré et al., 2024). Geochemical analyses indicate that the emitted methane is primarily of
thermogenic origin (Sauer et al., 2015), while dating of methane-derived authigenic carbonate crusts suggests that seepage has been
active for at least ~11 kyr (Chand et al., 2008; Crémicre et al., 2016). These carbonate structures commonly support microbial mats
and tubeworm assemblages typical of Arctic seep ecosystems (e.g. Argentino et al., 2022). The Hola Trough also hosts abundant
cold-water coral communities, including Desmophyllum pertusum (Lophelia pertusa), forming a unique benthic ecosystem
(Rastrick et al., 2018; Sert et al., 2025). Here, sedimentary inputs modulate the physicochemical properties of the overlying water
column and contribute to reef development via carbonate chimneys, which provide structural habitats that sustain coral growth and

associated biodiversity (Argentino et al., 2025).

4 Results
4.1 Ocean temperature, salinity, density and oxygen

Among all regions, the highest average temperatures throughout the water column were recorded off Lofoten-Vesteralen. Here, the
AW showed an average temperature of 6.4 °C, with a range of —0.7 to 8.0 °C (Table 2). In contrast, the northern MAR showed the
lowest average temperatures, with a mean of 2.1 °C, ranging from —1.8 to 6.7 °C. Across all study regions, temperatures ranged
from —1.8 to 10.1 °C, reflecting seasonal variability and differences in water-mass characteristics (Table 2).

The highest average salinity was observed in the Eastern Barents Sea (34.95), followed closely by the Western Barents Sea (34.93)
and West Svalbard (34.89), while the lowest mean occurred off Lofoten (34.64). Salinity ranges varied substantially, particularly
in coastal areas and at PKF, indicating an episodic influx of less saline coastal waters. Across all regions, salinity ranged from
31.61 to 35.26 (Table 2).

The highest mean density was at deep Northern Atlantic waters (27.85 kg m™) and the Eastern Barents Sea (27.83 kg m™3), whereas
the lowest occurred off Lofoten (27.19 kg m™3), reflecting the higher temperature and lower salinity in this region. Density varied
in broader ranges in regions affected by surface waters from meltwater runoff.

Dissolved oxygen showed moderate variability between study areas. The highest mean concentration was measured north of
Svalbard (6.90 mL L), while the lowest was observed at Northern MAR (5.99 mL L™). Across all regions, oxygen concentrations
ranged from 4.72 to 10.14 mL L' (Table 2).

Mean 6'#0 values reached 0.33%o (0.24—0.41%o) in the Eastern Barents Sea, 0.13%o (—2.34—0.48%o) at the Northern MAR, 0.37%o
(0.01-0.68%0) at West Svalbard, and 0.40%o (0.18-0.65%o) in the Western Barents Sea (Table 2). Overall, 6'®0 values exhibited a
relatively narrow range and were predominantly positive, indicating Atlantic-dominated water masses. Negative values were
observed only in the upper water column at the Gakkel Ridge (Fig. 3), suggesting the influence of Pacific seawater or isotopically
depleted meteoric water, potentially derived from snowmelt or riverine input characterised by negative 6'*0 composition (Alkire

et al., 2010, 2007). All other measurements showed positive, relatively enriched %0 values, ranging from 0.01 to 0.68%eo.
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Table 2. Physical and biogeochemical measurements obtained from CTD casts and Niskin bottle samples. All measured parameters are
grouped by the six main hydrographic areas (Fig. 1c). For each parameter, the regional mean value is reported, along with the whole
range in brackets.

Site @ () 3) C)] Q)] ()
Northern North West Western Eastern Barents Lofoten
MAR Svalbard Svalbard Barents Sea Sea
# sampling 361 257 3179 885 1148 248
points
Max. depth (m) 4098 856 483 1488 361 800
Temp. (°C) 2.13 4.08 3.50 3.73 2.93 6.44
[-1.76 - 6.67] [-0.13-5.32] [-0.16-7.98] [-1.83-10.14] [-1.75-9.57] [-0.66 - 7.98]
Salinity 34.82 34.82 34.89 34.93 34.95 34.64
[31.61 - [34.17 - [33.41 - [32.36 -35.26] [33.78 - 35.15] [33.98 - 35.09]
35.17] 35.02] 35.16]
Density 27.85 27.61 27.74 27.73 27.83 27.19
(kg m) [25.42 - [23.56 - [26.64 - [25.64 -28.39]  [27.05-28.10] [26.51 - 28.05]
28.09] 28.05] 28.03]
Oxygen 5.99 6.90 6.41 6.71 6.44 6.54
(mL L) [5.39-9.60] [6.14-8.11] [4.72-10.14] [5.32-8.83] [4.98 - 9.79] [6.22 - 8.16]
Methane (nM)  40.82 45.50 47.68 908 113.92 17.46
[0.52 -5982] [0.78 -4461] [0.52-739] [0.52-220014] [0.52-50655] [0.79 - 447.71]
MOx - - 0.07 0.10 3.34
(nM day™) [0.00 - 7.07] [0.00 - 0.95] [0.00 - 31.59]
Nitrate (M) 10.52 9.71 8.18 7.81 8.77 8.17
[0.35-15.83] [5.83-12.25] [0.35-12.70] [0.35-14.91] [0.35-11.74] [0.35-11.36]
Phosphate 0.87 0.67 0.69 0.76 0.75 0.58
(M) [0.26 - 1.27] [0.46-0.84] [0.06-1.39] [0.12-1.94] [0.04 - 1.57] [0.15-1.08]
Silicate (M) 7.12 4.09 3.91 4.26 4.07 4.08
[2.61 -13.29] [2.44-6.23] [0.70-13.56] [0.70 - 13.54] [0.54 - 7.44] [1.68 - 5.33]
DOC (uM) 50.70 56.08 63.54 48.45 57.56 59.80
[26.92 - [37.70 - [37.34 - [32.75-68.49] [33.97 - 104.02] [52.00 - 71.30]
91.96] 63.90] 102.84]
DON (uM) 2.19 3.32 8.19 5.17 3.62 3.65
[0.00 - 14.96] [0.00 - 8.04] [2.05-14.07] [0.00 - 8.54] [0.00 - 15.39] [1.17 - 6.99]
DOP (uM) 0.06 - 0.13 0.09 0.14 -
[0.00 - 0.15] [0.01 -0.28] [0.00 - 0.19] [0.05 - 0.60]
Ammonium 0.09 - 0.92 0.84 0.71 -
(M) [0.01 - 0.32] [0.03 -2.08] [0.18-6.21] [0.04 - 1.87]
PC (uM) 1.71 - 7.16 6.87 3.14 -
[0.51 - 5.49] [1.85-16.84] [1.04 - 35.64] [2.39 - 5.02]
PN (uM) 0.12 - 0.74 0.49 0.35 -
[0.00 - 0.60] [0.07 -1.81] [0.00 - 1.93] [0.20 - 0.49]
PP (uM) 0.03 - 0.09 0.06 0.05 -
[0.01 - 0.09] [0.03-0.21] [0.01-0.17] [0.04 - 0.07]
Chl-a(mgL") 0.28 - 1.02 0.83 0.42 -
[0.00 - 1.00] [0.36-2.73] [0.02-5.75] [0.04 - 0.92]
580 (%o) 0.13 - 0.37 0.40 0.33 -
[-2.34 - 0.48] [0.01 -0.68] [0.18-0.65] [0.24 - 0.41]
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Figure 3. Vertical distributions of biogeochemical parameters in the water column across all study regions. Sites
predominantly influenced by Atlantic-origin waters (previously referred to as the (1) Northern Mid-Atlantic Ridge, (2)
North Svalbard, (3) West Svalbard, and (6) Lofoten) are grouped as Atlantic. Eastern Barents Sea (4) and Western
Barents Sea (5) sites are grouped together as the Barents Sea.

4.2 Methane and MOx

Among all methane measurements, the highest concentrations were recorded at the gas-hydrate pingos in Storfjordrenna, Western
Barents Sea (Table 2). These structures are associated with active fluid seepage (Waage et al., 2019) and were sampled during
ROV dives, where methane concentrations reached up to 220,015 nM. Elevated concentrations were also measured in the Hinlopen
region of the Barents Sea using ROV-based sampling (Winsborrow and Knies, 2021), with values reaching 50,655 nM. These near-
seafloor ROV measurements substantially increased the regional mean methane concentrations compared to conventional CTD-
rosette water-column sampling, yielding average values of 113 nM in the Eastern Barents Sea and 908 nM in the Western Barents
Sea.

At West Svalbard, methane concentrations were consistently elevated in bottom samples with a mean concentration of 47.68 nM.
The maximum value (739 nM) was recorded at 100 m water depth near a dense cluster of seeps. Across all 344 stations where
methane was measured at water depths ranging from 59 to 419, the overall mean concentration was 49 nM. Mean methane
concentrations were 40.82 nM at the MAR samples and 45.50 nM north of Svalbard, whereas the lowest concentrations were

observed off Lofoten, with a mean concentration of 17.46 nM.
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Figure 4: Depth distribution of methane concentrations in water column samples across all study regions. Both axes are on a logarithmic
scale. Colours indicate sampling regions: Eastern Barents Sea (orange), Western Barents Sea (pink), Lofoten (green), North Svalbard
(purple), West Svalbard (grey), and Northern Mid-Atlantic Ridge (blue). The black dotted line represents the approximate background

methane concentration profile averaged from previous Atlantic measurements (Keir et al., 2005; Kolomijeca et al., 2022; Scranton and
Brewer, 1978).
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Figure 5. Relationship between methane (nM) versus MOx (nM day™) and turnover time (years, yrs). All axes are presented on a logio
scale. Data points are colour-coded by study areas. Numerical prefixes in the legend correspond to the study regions given in Table 1 and
Fig. 1c: (3) West Svalbard (including fjords and PKF sites), (4) Eastern Barents Sea (Pingos), and (5) Western Barents Sea (Crater area).

The highest MOx was measured in the crater area of the Eastern Barents Sea (Table 2), reaching a maximum of 31.6 nM day ' at
500 m water depth near the seafloor. At PKF, West Svalbard, maximum MOx reached 7.07 nM day™!, while at the pingo site in
Storfjordrenna (Western Barents Sea), the maximum rate was 0.95 nM day . Although MOx measurements were not conducted at
all sites, when measured, detectable rates were generally confined to the lower part of the water column, where methane
concentrations were highest. In contrast, MOx in the upper water column were typically negligible or below detection limits. A
distinct regional contrast was evident among the study areas (Fig. 5). Methane oxidation appears to be more efficient in the Eastern
Barents Sea than in West Svalbard. For example, MOXx rates in the crater area of the Eastern Barents Sea were up to 250 times
higher than those measured at West Svalbard (Table 2). Overall, MOx activity in the Eastern Barents Sea was approximately one
to three orders of magnitude higher than in the Western Svalbard region. This contrast was also reflected in methane turnover times.
In the crater area, turnover times were generally less than a year, whereas at PKF and in the Svalbard fjords, they ranged from 1 to
1,000 years (Fig. 5). The Pingo site in Storfjordrenna exhibited comparatively shorter turnover times than the PKF, ranging from
months to 50 years (Fig. 5).
17
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4.3 Nutrients

Inorganic nutrients were measured across all six regions, encompassing 184 stations and 1,466 sampling depths. The overall mean
concentrations were 8.5 uM for nitrate, 0.72 uM for phosphate, and 4.41 uM for silicate. The concentration ranges are similar
among regions and aligned with the observed hydrographic structure of the water column. Vertical distributions of nutrients
followed characteristic water-mass stratification patterns, with nutrient enrichment occurring below the biologically productive
surface layer (Fig. 3). Ammonium was measured during two cruises (CAGE 17-1 and CAGE 17-2), covering the Eastern and
Western Barents Sea, PKF, and the Northern Mid-Atlantic Ridge. Except for a single elevated concentration of 6.21 pM at the
surface at the pingo site, ammonium concentrations ranged from 0.01 to 2.08 uM. Ammonium did not exhibit a consistent depth-
related pattern, yet concentrations were generally higher in the surface and subsurface layers.

DOC concentrations were highest in the surface layer, reaching 102 uM in PKF, 104 uM in the Olga basin, and 91 pM in the
Gakkel Ridge (Fig. 3). DOC decreased rapidly with depth at most of the studied sites. Dissolved organic nitrogen (DON) was
highly correlated with DOC and showed a similar pattern in all stations. DON concentrations ranged from 0 to 15.39 pM, with the
highest measured in Olga Basin.

Particulate carbon (PC), particulate nitrogen (PN), particulate phosphorus (PP), and chlorophyll a (Chl-a) were measured during
the CAGE17-1 and CAGE17-2 cruises at PKF, Olga Basin, Storfjordrenna, and Vestnesa Ridge. Associated with primary
production, these parameters were consistently at their maximum in the surface and subsurface layers and rapidly fell below the
detection limit at the nutricline (Fig. 3).

Stoichiometric relationships between nitrate and phosphate, and between nitrate and silicate, showed strong and consistent
correlations, with R values of 0.90 and 0.77, respectively, indicating stable nutrient coupling across the sampled regions (Fig. 6).
Compared to the canonical Redfield ratio (Redfield, 1958) (N:P = 16:1) and the typical marine N:Si relationship (~1:1 for diatom-
dominated systems), the observed slopes suggest deviations from suggested stoichiometric proportions. In particular, the nitrate-
to-phosphate ratio indicates relative nitrate limitation, while the nitrate-to-silicate ratio suggests silicate limitation relative to nitrate

availability (Fig. 6).
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Figure 6: Stoichiometric relationships between dissolved and particulate nutrients. Blue solid lines represent best-fit linear regressions
or LOESS smoothing (with shaded standard error); red lines indicate the classical Redfield ratios (N:P = 16:1; C:N = 6.6:1). Linear

395 regression equations and Pearson correlation coefficients (R) are provided within each panel. Abbreviations: dissolved/particulate
organic carbon (DOC, PC), nitrogen (DON, PN), and phosphorus (DOP, PP).
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5 Discussion
5.1 Variability of methane and MOx in Arctic margins

Our results demonstrate pronounced regional variability in methane dynamics across Arctic seep systems (Fig. 4, Table 2).
Although methane enrichment was generally confined to bottom waters near seep sites, the magnitude of methane accumulation
and MOx differed markedly among regions. The strongest methane enrichment occurred in seep sites in the Barents Sea,
particularly in the Pingo site, Hopendjupet, and the Crater area, where both methane concentrations and methane oxidation (MOx)
rates substantially exceeded those observed along the West Svalbard margin (Fig. 4, Table 2). These differences likely reflect
contrasts in seep intensity, hydrographic conditions, and geological settings among regions.

Localised high-intensity seep sites further highlight this variability. Pingos in the Storfjordrenna represent methane-release
hotspots, where methane concentrations can reach orders of magnitude higher than those observed at most other Arctic seep
systems. Under such extreme conditions, methane supply exceeds the capacity of local methanotrophic communities to oxidise
methane, allowing a greater fraction to bypass the microbial filter and potentially reach the atmosphere.

Similar regional variability was evident in MOX rates and turnover times (Fig. 4). MOx rates in the Eastern Barents Sea were two
to three orders of magnitude higher than those measured at the West Svalbard at similar methane concentrations. Similarly,
microbial turnover times are orders of magnitude smaller in Crater area than in the PKF and West Svalbard Fjords, indicating
substantially more efficient methane consumption. These findings indicate that methane oxidation is not solely controlled by
methane availability but is also strongly influenced by regional environmental factors. Differences in hydrography, water-mass
residence times, microbial community structure, and nutrient availability likely regulate methanotrophic activity and, consequently,
the efficiency of methane removal from the water column.

In highly dynamic water columns, where mixing, advection, and drift continuously disturb the system, the establishment of a stable
MOB community is less likely (Steinle et al., 2015). Under such conditions, even substantial methane inputs from seepage may not
translate into elevated MOx rates because the microbial community cannot maintain sufficient abundance to efficiently consume
methane. In contrast, under more stable hydrographic conditions, MOB communities can develop and persist, thereby making MOx
a more effective methane sink (Steinle et al., 2015). Temporal mismatches between methane supply and microbial response may
also occur, such that sudden increases in methane flux are not immediately accompanied by enhanced MOx activity because MOB
populations cannot rapidly adjust in abundance. In addition, MOB also require micronutrients such as copper and iron, which are
essential for methanotrophic enzymatic pathways (Hanson and Hanson, 1996). The availability of these micronutrients may

therefore regulate the growth and activity of MOB communities and influence their capacity to buffer methane seep emissions.

5.2 Fate of methane in the water column

Following the first discoveries of extensive seep systems in the Arctic Ocean that release methane from the seabed into the overlying
water column (Westbrook et al., 2009), significant scientific attention focused on whether methane released from melting gas

hydrates on the seafloor could reach the atmosphere (Ruppel and Kessler, 2017), amplify climate warming and potentially
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catastrophic climate feedback effects (Biastoch et al., 2011; James et al., 2016; Shakhova et al., 2010). Subsequent investigations
and more detailed process-based studies, however, have provided a more nuanced understanding (Delven et al., 2025; Ferré et al.,
2020c; Joung et al., 2022; Myhre et al., 2016; Platt et al., 2018).

Although active seeps inject substantial amounts of methane into the water column, most methane often does not immediately reach
the sea surface (Myhre et al., 2016). Bubbles (free gas) tend to dissolve rapidly and exchange gases with the surrounding seawater
as they ascend (Jansson et al., 2019; Veloso-Alarcon et al., 2019). The efficiency of methane transport from seep sites to the
atmosphere is further modulated by several physical factors, including water depth, bubble size, rise velocity, and the presence of
hydrate or organic coatings that can stabilise bubbles and slow dissolution (Jansson et al., 2019; Marcon et al., 2025; McGinnis et
al., 2000). In deeper waters, prolonged bubble ascent enhances dissolution and horizontal transport, thereby limiting direct
atmospheric transfer.

Once dissolved, methane is oxidised by MOB and converted to carbon dioxide. This reduces atmospheric methane emissions,
however, the effect is not well quantified. Measurements of atmospheric methane above seep areas generally support a local
attenuation effect (McGinnis et al., 2006; Myhre et al., 2016), but the fate of the dissolved methane that leaves the local area via
ocean currents is challenging to determine. In fact, recent methane fate modelling studies suggest that the dissolved methane (of
bubble origin) that is laterally advected away from the local area is the dominant contributor to methane release from the ocean
(Delven et al., 2025; Nordam et al., 2025). This release of seep-origin dissolved methane can, however, be a relatively slow process
(weeks to years) because it is transported laterally over long distances by ocean currents before it reaches the surface mixed layer,
where it can contribute to the sea-air flux. In this context, MOx can serve as a key control mechanism, regulating methane's fate in
the water column (Nordam et al., 2025; Dglven et al., 2025).

Given the strong regional methane variability observed in this study (Fig. 4, Fig. S2), extrapolating point-based rate measurements
to basin-scale methane budgets introduces substantial uncertainty (Griindger et al., 2021; Silyakova et al., 2020; Steinle et al.,
2015). Accurately assessing Arctic methane emissions, therefore, requires more in-depth studies that couple high-resolution MOx
measurements, advanced genetic analyses, and hydrographic models that account for regional differences in microbial oxidation
efficiency.

Methane dynamics in the Arctic marine environment are governed by an interplay between methane seep intensity, hydrographic
structure, and MOx capacity. While active seep systems in the Barents Sea generate high bottom-water methane concentrations
and strong vertical gradients, the fate of this methane is modulated by MOx efficiency. In hotspot areas with rich benthic diversity,
such as the Crater area and the Pingo site in Storfjordrenna (e.g., Astrom et al., 2020; Sen et al., 2018), enhanced microbial oxidation
appears to act as an effective biological filter, substantially reducing methane before it can be ventilated to the sea surface. Although
water-column MOx is not directly associated with benthic diversity, seep-associated fauna such as tube worms may indirectly
promote methane oxidation by modifying sediment geochemistry, for example, through irrigation that transports oxygen and
sulphate into deeper sediment layers, thereby creating favourable niches for aerobic methanotrophs and anaerobic methanotrophic
archaea (Astrom et al., 2018; Hong et al., 2017; Sen et al., 2018). In contrast, regions characterised by stronger circulation,

advection, and vertical mixing, such as PKF and Lofoten, may inhibit the establishment of stable methanotrophic communities,
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thereby reducing oxidation efficiency. Under these more dynamic hydrographic conditions, a larger fraction of dissolved methane

may persist in the water column and potentially reach the surface layer before being oxidised.

5.3 Effect of methane on water biogeochemistry

Measurements showed substantial variability for most of the parameters within the shallow water column, particularly at coastal
stations and in the near-surface layers, where hydrological processes are highly dynamic (Table 2, Fig. S1). Vertical profiles became
markedly more uniform below the euphotic zone (Fig. 3). In these deeper layers, water masses were more stable and less influenced
by short-term atmospheric forcing or freshwater inputs. This vertical homogeneity was especially pronounced at offshore stations
where water depths exceeded 500 m, as well as at MAR stations, where depths reached approximately 4000 m (Fig. 3).

Nutrient distributions showed clear depth-dependent and spatial patterns closely linked to primary production. Concentrations were
strongly depleted in surface waters due to biological uptake and gradually increased with depth as a result of remineralisation in
deeper layers (Fig. 3). In contrast, particulate and dissolved organic matter accumulated primarily within the photic zone, reflecting
photosynthesis-driven production and enhanced biological activity in surface waters. This pattern was also evident in the
stoichiometric relationships among these parameters, which exhibited strong linear correspondences across comparisons, indicating
tightly coupled production and recycling processes throughout the study regions (Fig. 6).

Our results are consistent with previous observations demonstrating strong nitrate depletion and nutrient limitation of primary
production in Arctic waters, despite pronounced light limitation during winter (Codispoti et al., 2013; Randelhoff et al., 2020).
However, most of our cruises were conducted during the summer months, primarily in June and July, after the major spring bloom
had already occurred. As a result, surface nutrients had largely been consumed by phytoplankton production, while particulate
organic matter had accumulated in the upper water column. By this time, freshwater input and vertical mixing had also weakened
relative to earlier, allowing the development of a more stratified water column at most stations. Consequently, our data set captures
relatively stable summer conditions and lacks a strong seasonal signal across both continental margin and offshore regions (Table
2, Fig. 3). This post-bloom signature was particularly evident in pronounced silicate depletion, reflecting earlier diatom-dominated
production prior to the establishment of the summer stratified water column (Erga et al., 2014). Correspondingly, nitrogen depletion
was also apparent in particulate matter stoichiometry, where measured elemental ratios deviated from the classical Redfield ratio
(Redfield, 1958) and were instead closer to the revised ratios proposed later (Frigstad et al., 2011; Sterner et al., 2008).

Methane released from Arctic seeps is biologically available to a relatively limited functional group of microorganisms, primarily
MOB. In the absence of an active methanotrophic community, methane behaves largely as a chemically inert compound in oxic
seawater. Consequently, any alteration in water-column biogeochemistry associated with methane enrichment is ultimately
mediated by methane oxidation to carbon dioxide or by the metabolic activity and biomass production of MOB. In the present
study, together with previous investigations, we evaluated whether methane enrichment produces detectable changes in water-
column biogeochemistry and which biogeochemical components might respond to elevated methane concentrations.

Both the data presented here and prior studies on organic matter biogeochemistry in the presented area indicate that methane does

not directly alter nutrient regimes in the water column (Pohlman et al., 2009; Sert et al., 2020, 2022). Instead, its influence appears
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to be structural rather than stoichiometric, potentially affecting microbial community composition and organic matter cycling rather
than bulk nutrient concentrations. A primary reason for this limited impact is the relative concentration scale: even at the highest
observed methane levels (on the order of several micromolar), nutrient and DOC concentrations are typically one to two orders of
magnitude higher (Table 2). As a result, methane-derived carbon represents only a minor fraction of the total biogeochemical pools,
rendering its effect on nutrient dynamics negligible in snapshot observations.

However, while instantaneous concentration effects appear minimal, methane flux at active seep sites is continuous, even though
individual seeps have been shown to be intermittent (Ferré et al., 2024; Romer et al., 2016). Under hydrographic conditions that
allow accumulation or lateral transport, sustained methane input could exert measurable biogeochemical effects over longer
temporal scales (Boetius and Wenzhofer, 2013; Pohlman et al., 2009). Therefore, although our results suggest that methane does
not substantially perturb bulk nutrient dynamics in the short term, its cumulative impact on microbial processes and organic matter
cycling may become significant under persistent seep activity and favourable retention conditions (Sert et al., 2025).

Overall, our results indicate that methane does not substantially alter the bulk nutrient regimes in the Arctic water column at present-
day concentrations and hydrographic conditions. Even at micromolar levels near active seeps, methane represents a comparatively
small carbon pool relative to dissolved organic and inorganic carbon and nutrients, limiting its direct impact on large-scale nutrient
stoichiometry (Table 2). Instead, methane exerts a more subtle but potentially important structural influence on microbial
communities and organic matter cycling. Elevated methane concentrations lead to more diverse and heterogeneous organic carbon
compositions (Sert et al., 2020, 2023). Importantly, this effect cannot be attributed solely to MOB; rather, methane enrichment
restructures microbial interactions, influences grazing dynamics, and increases the contribution of decaying biomass, thereby
altering carbon biogeochemistry (Sert et al., 2023). Thus, while methane enrichment does not translate into measurable shifts in

nutrient concentrations, it may modify the pathways and composition of carbon processing within the microbial food web.

6 Conclusion and perspectives

Water-column studies conducted during CAGE cruises between 2013 and 2023 have substantially advanced our understanding of
methane dynamics in Arctic marine systems by demonstrating that methane fate is not controlled solely by seep intensity, but rather
by the interplay among hydrography, microbial activity, and regional environmental conditions. Methane enrichment is generally
confined to bottom waters near active seep sites, whereas concentrations in the upper water column are often low and close to
background levels, reflecting rapid dilution, horizontal advection, and/or efficient removal processes. A key outcome of these
studies is the recognition of strong regional variability in MOXx, indicating that the efficiency of the pelagic microbial filter is highly
site-specific and cannot be broadly generalised. At present-day concentrations, methane also appears to exert limited influence on
bulk nutrient stoichiometry, suggesting that its primary role may instead occur through microbial pathways and carbon processing.
Despite these advances, important knowledge gaps remain, particularly regarding the temporal variability of methane release, the

controls and dynamics of MOx, and the transfer of methane-derived carbon into pelagic food webs and organic matter pools.
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Building on the CAGE legacy, future research should adopt a more integrated framework linking seabed methane fluxes, water-
column transport, microbial processes, and ecosystem-scale impacts within a rapidly changing Arctic system.

Future studies should also extend beyond observational water-column surveys of methane distributions and MOx rates. Controlled
incubation experiments are essential for disentangling causal relationships and tracing the fate of methane-derived carbon under
defined environmental conditions. Combining methane-enrichment incubations with high-resolution microbial community
analyses and compound-specific carbon characterisation could directly track the incorporation of methane-derived carbon into
biomass and dissolved organic matter pools. Integrating such experimental approaches within situ flux measurements and physical
transport modelling would provide a more comprehensive understanding of how increasing methane release may influence

biogeochemical cycling and carbon processing in the Arctic Ocean under future climate scenarios.
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