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• Methane and liquid hydrocarbons are
seeping from the seafloor at Scott Inlet.

• Cold seep benthicmegafauna are typical
of Arctic marine sediments.

• Soft corals incorporate hydrocarbons
into biomass.

• High methane in bottomwater drops to
background levels in upper water col-
umn.

• Pelagic methanotrophs persist in bot-
tom water down current from the
cold seep.
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Seabed hydrocarbon seeps present natural laboratories for investigating responses of marine ecosystems to pe-
troleum input. A hydrocarbon seep near Scott Inlet, Baffin Bay, was visited for in situ observations and sampling
in the summer of 2018. Video evidence of an active hydrocarbon seepwas confirmed bymethane and hydrocar-
bon analysis of the overlying water column, which is 260 m at this site. Elevated methane concentrations in bot-
tom water above and down current from the seep decreased to background seawater levels in the mid-water
column>150m above the seafloor. Seafloormicrobial matsmorphologically resembling sulfide-oxidizing bacte-
ria surrounded areas of bubble ebullition. Calcareous tube worms, brittle stars, shrimp, sponges, sea stars, sea
anemones, sea urchins, small fish and soft corals were observed near the seep, with soft corals showing evidence
for hydrocarbon incorporation. Sediment microbial communities included putative methane-oxidizing
Methyloprofundus, sulfate-reducing Desulfobulbaceae and sulfide-oxidizing Sulfurovum. A metabolic gene diag-
nostic for aerobic methanotrophs (pmoA) was detected in the sediment and bottom water above the seep
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Methanotrophs
Benthic megafauna
epicentre and up to 5 kmaway. Both 16S rRNA gene and pmoA amplicon sequencing revealed that pelagicmicro-
bial communities oriented along the geologic basement rise associated with methane seepage (running SW to
NE) differed from communities in off-axiswater up to 5 kmaway. Relative abundances of aerobicmethanotrophs
and putative hydrocarbon-degrading bacteria were elevated in the bottom water down current from the seep.
Detection of bacterial clades typically associatedwith hydrocarbon andmethane oxidation highlights the impor-
tance of Arctic marine microbial communities in mitigating hydrocarbon emissions from natural geologic
sources.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Methane (CH4) is a potent greenhouse gas with a radiative global
warming potential 32 times that of carbon dioxide (CO2) over a 100-
year horizon (Etminan et al., 2016). Identifying sources and sinks of
methane and assessing its flux into the atmosphere is a priority for un-
derstanding climate change. This is particularly pressing in polar regions
where climate change is occurring faster than at lower latitudes
(Serreze and Barry, 2011). In the Arctic, methane is released frommelt-
ing permafrost, wetlands, andmarine environments includingmethane
emissions from cold seeps in the seabed (Elder et al., 2020; Ferré et al.,
2020; Parmentier et al., 2013; Shakhova et al., 2010; Thornton and
Crill, 2015). At cold seeps methane and other hydrocarbons originating
in the subsurface can escape into the overlyingwater column. These fea-
tures formwhen pressurized fluids in the subsurfacemigrate up toward
the seabed through fissures and faults, or other areas of increased per-
meability. Unlike hydrothermal vents and mud volcanoes, which also
release methane and subsurface fluids, cold seeps exhibit lower rates
of fluid flow and ambient temperatures close to that of the surrounding
seabed (Suess, 2014, 2018), which is near 0°C in the Arctic Ocean.

Cold seeps are hotspots of biological activity on the seafloor where
chemical gradients caused by seepingmethane and other hydrocarbons
fuel microbial communities that in turn support higher trophic levels
via symbioses and predation (Demopoulos et al., 2018; Levin et al.,
2016). Methane-oxidizing microorganisms (methanotrophs) use
methane for carbon assimilation and energy by converting it to biomass
and CO2, thereby mitigating the warming potential noted above
(Crespo-Medina et al., 2014; Kessler et al., 2011; Leonte et al., 2017).
Microbial mats at cold seeps host diverse populations of methane- and
sulfide-oxidizing bacteria (Crépeau et al., 2011). In deeper anoxic sedi-
ments, populations of anaerobic methane-oxidizing archaea (ANME)
associated with sulfate-reducing bacteria (SRB) attenuate the amount
of methane reaching the seafloor and water column (Boetius and
Wenzhöfer, 2013) . Methane that migrates past these consortia may
still be oxidized by aerobic methane-oxidizing bacteria in the water
column, mitigating its release into the atmosphere (Reeburgh, 2007).
Indeed, the combined action of anaerobic and aerobic methane
biofilters can result in the complete oxidation of methane escaping the
seafloor, limiting greenhouse gas emissions at these sites (Boetius and
Wenzhöfer, 2013; Reeburgh, 2007).

Benthic organisms living in or on the seafloor can benefit from sym-
biotic or predatory relationships withmethane-seepmicrobial commu-
nities (Seabrook et al., 2019; Thurber et al., 2013). Seeps can create an
“oasis-effect” providing heterogenous geologic substrates, such as the
presence of carbonate outcrops that allow for the attachment of sessile
organisms that may provide shelter for other organisms (Vanreusel
et al., 2009; Webb et al., 2009) . Furthermore, chemosynthesis-driven
nutrition provision pervading both the seafloor and water column
contribute to seeps being biological hotspots (Åström et al., 2018;
Carney, 1994; Levin et al., 2016). Corals, sponges, bivalves, tube
worms, and shrimp are among the benthic guilds that can derive ener-
getic benefits frommethanotrophs and other seep-associatedmicrobial
populations through symbiotic relationships or microbial grazing
(Hovland and Risk, 2003; Niemann et al., 2013; Thurber et al., 2010,
2013; Zbinden et al., 2008). Predatory species such as crabs, fish, sea
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stars, and octopuses benefit, in turn, by feeding on the lower trophic
levels at the seep, such that methanotrophs and other chemosynthetic
microbes form the base of a diverse marine food web in these settings
(Levin et al., 2016; MacAvoy et al., 2002; Seabrook et al., 2019; Voight,
2000).

The Scott Inlet cold seep is located in theCanadianArctic ~40 kmeast
of Scott Inlet in west Baffin Bay (71.37812 N, −70.07452W; 260 mbsl;
Fig. 1A). The Geological Survey of Canada first published reports of this
seep in 1977 (Loncarevic and Falconer, 1977) and it has since then been
the subject of observations and sample collections involving the use of
ships, remote sensing aircraft and submersible vehicles (e.g. Grant
et al., 1986; Maclean et al., 1981; Punshon et al., 2019). Previous studies
have focused on the marine geology of this site (Levy and MacLean,
1980; Maclean et al., 1981) noting microbial mats and local benthic
megafauna (Grant et al., 1986; Levy and Lee, 1988) , but exploration of
the connection between this seep and local biota has yet to be reported.
Scott Inlet has been identified by the Government of Canada's
Department of Fisheries and Oceans (DFO) as an Ecologically and Bio-
logically Significant Area (EBSA) on account of this hydrocarbon seep
(DFO, 2015) . The area is relevant to seabirds (Latour et al., 2008;
Mallory and Fontaine, 2004) , Greenland Shark including juveniles
(Devine et al., 2018; Hussey et al., 2015) , andmarinemammals includ-
ing the Baffin Bay Narwhal population that use Scott Inlet as a nursery
(Marcoux et al., 2017) .

In 2018, we returned to Scott Inlet with a remotely operated vehicle
(ROV) and Rosette water column sampler to conduct an interdisciplin-
ary study of its microbiology and benthic ecology. The aim of this study
is to characterize the benthic biota andmicrobial community influenced
by hydrocarbon seepage. Latitude has been shown to influence the
structure of microbial communities at methane seeps (Seabrook et al.,
2018). Here we present extensive biological characterization and sug-
gestways inwhich the seep communities contribute tomethane cycling
in the Arctic.

2. Methods

2.1. Seep identification and sampling at Scott Inlet

The location of the seep on the seabed was first determined using a
submersible vehicle in 1985 (Grant et al., 1986). The seep sits at a depth
of 260 m below sea level (mbsl) and is oriented along a geologic base-
ment rise on the south-eastern flank of Scott Trough (Fig. 1B). Vertical
relief is due to Pleistocene glacial scouring and the presence of a struc-
tural high, interpreted as Precambrian, on the south-eastern flank of
the seabed trough. This feature is thought to be partially responsible
for the focusing of deep fluid expulsion along syn-rift faults reactivated
during the Eocene Eurekan Orogeny (Blasco et al., 2010; Maclean et al.,
1981). Seeping fluids reaching the seabed contain hydrocarbons gener-
ated from an organic-rich source rock of uncertain identity. The domi-
nant current flows from Northwest to Southeast.

The Canadian research icebreaker CCGS Amundsen visited Scott Inlet
on August 12 and 13, 2018. Methane seeps were identified via bubble
ebullition and microbial mats observed on live video obtained using a
Super Mohawk II remotely operated vehicle (ROV). The methane seep
identified by the ROV was at 71.37812 N, −70.07452 W (Table S1),
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Fig. 1. Scott Inlet, Baffin Bay. The seep denoted as Stn0 in this study (black dot in panel A) lies on the southern rise of Scott Trough. (A)Multibeam data of the regional bathymethry of Scott
Trough (courtesy of ArcticNet). Background regional bathymetry was generated from an unpublished Canadian Hydrographic Service database (courtesy of the Geological Survey of
Canada). Multibeam data resolution is 25 m and 1000 m. (B) Seismic profile across Scott Trough (cf. black line in panel A) obtained from a 1978 airgun seismic record (CCGS Hudson
780290). The profile is axial to the Scott Trough Sub-Basin described in detail elsewhere (Harrison et al., 2011). This image is modified from Blasco et al. (2010) and is published here
under the Open Government Licence – Canada, version 2.0 (https://open.canada.ca/en/open-government-licence-canada). (C) Sampling design for the exploration of Scott Inlet, with or-
ange dots identifying sampling sites (SW-5K, SW-1K, Stn0, NE-1K, NE-5K) that lie along the south rise of Scott Tough. Bubble ebullition was observed at Stn0. Blue dots identify sampling
sites up current from the seep, and green dots identify sampling sites down current from the seep. The dominant surface current runs NW to SE.
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consistent with previous expeditions (e.g. Mort et al., 2013) , and is re-
ferred to below as Station 0 (Stn0). Surface oil slicks were observed on
September 2 and 3, 2018 during a follow-up expedition onboard the
RV Nuliajuk (71.402087 N,−70.141945 W).
2.2. Video and photograph collection

Video footagewas collected at Stn0 and sites 1 km(NE-1K) and5 km
(NE-5K) away from Stn0 in theNEdirection (Fig. 1C). These sites are sit-
uated along the geologic basement rise of Scott Trough, the feature on
which the seep lies. Video and photographic footage of the seafloor
was obtained using an ROV fitted with a forward-looking HD camera
(1Cam Alpha, SubC Imaging, 24. 1 megapixels), and a pair of lasers
3

situated 6 cm apart for size estimation. Photos of a surface water oil
slick were taken from the RV Nuliajuk using a digital camera.
2.3. Water and sediment sampling

Water and sedimentwere sampled according to the samplingdesign
shown in Fig. 1C and station details shown in Table 1. Water was col-
lected for methane measurements, hydrocarbon analysis, and microbi-
ological analyses. Water sampling was performed with a CTD-Rosette
equippedwith 24Niskin bottles eachwith a 12 L capacity, that were de-
ployed at several depths from surface seawater down to 7 m above the
seafloor. Replicates were sampled from a given water depth by
collecting water from separate Niskin bottles deployed at that depth.

Image of Fig. 1
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1
Sampling stations. Additional details are found in Table S1.

Station Latitude Longitude Water
depth
(m)

Analysis

NW-5K 71.40855 −70.17774 557 CH4, microbiology
NW-1K 71.38466 −70.09111 312 CH4, microbiology
NE-5K 71.40957 −69.97310 266 CH4, microbiology, megafauna,

oil
NE-1K 71.38654 −70.05215 254 CH4, microbiology, megafauna,

oil
Stn0 t1 71.37635 −70.07686 260 CH4, microbiology
Stn0 t2 71.37965 −70.06951 265 CH4, microbiology, megafauna,

oil
Stn0 t3 71.37876 −70.07145 264 CH4, microbiology
Stn0 t4 71.37845 −70.07475 265 CH4, microbiology
Stn0 t5 71.37711 −70.07255 262 microbiology
SW-1K 71.37226 −70.09275 251 CH4, microbiology
SW-5K 71.34725 −70.17225 226 CH4, microbiology
SE-1K 71.37283 −70.04810 215 CH4, microbiology
SE-5K 71.35005 −69.96353 216 CH4, microbiology

Stn0 was sampled five times (t1-t5) over 24 h.
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Detailed sample collection information, including sampling depths for
water collected for different analyses, are listed in Table S1.

Duplicate water samples for dissolved methane analysis were per-
formed on bottom water collected within 7 m of the seafloor at Stn0
as well as at the NW, NE, and SE stations (Fig. 1C) (methane was not
measured at the SW stations). Additional water samples at Stn0 were
also collected at the sea surface (≤2 m) and at 10, 30, 50, 100, 150 and
200 mbsl (Table S1). Water samples were transferred from Niskin bot-
tles to 60 mL glass serum vials using silicon tubing. Glass vials were
overfilled avoiding bubble contamination and headspace, and immedi-
ately preserved with 50 μL of saturated mercuric chloride solution be-
fore crimp sealing with chlorobutyl rubber stoppers. Preserved
samples were stored at room temperature in the dark until analysis.

Water samples (4 L)were collected at the surface (≤2m)and bottom
water at Stn0, NE-1K and NE-5K to measure dissolved organic matter
(DOM) composition. A mid-water column sample at 120 mbsl was
also collected at Stn0 for DOM analysis. Immediately following collec-
tion, water samples were pumped into pre-cleaned amber glass bottles.
After filtration through 0.45 μmglass fiber filters and 0.2 μmmembrane
filters (Whatman) filtrates were acidified to pH 2 with HCl and ex-
tracted with methanol via solid phase extraction (SPE) as described by
Dittmar et al. (2008), with styrene-divinylbenzene polymer sorbent
(Agilent Bond Elut PPL, 5 g).

Water for microbial analyses (3 L) was collected from the bottom
water at every site (Fig. 1C) and from surface water (≤2 m) at Stn0.
Five bottom water samples were collected at Stn0 over a 24-h period
to assess short-term temporal variability (Table S1). Niskin bottles
were emptied via silicon tubing into plastic carboys (both were rinsed
twice with water from the same sample before filling the carboy).
Water (3 L)was passed through 2 μmpore size, 47-mmdiameter sterile
filters (PALL) immediately upon collection, and filters were stored at
−80°C.

Sediment and benthic invertebrates were sampled at sites Stn0, NE-
1K and NE-5K using spatulas fitted to the arms of the ROV. Sediment
(~300mL)was sampled into a container stored inside theROV sampling
skid and was kept separate from the benthic invertebrate samples. Ali-
quots (~1 mL) of the sediment were immediately frozen at −80°C
after the dives. Water that entered the container during ROV sediment
collection (referred to as ROV water below) was also collected after
the dives by decanting it from the container in the sampling skid
(~1 L). When the ROV was stationary on the bottom, the sampling
skid at its base was located <20 cm from the seafloor, thus the ROV
water that was collected is most likely bottom water from this depth.
ROV water was passed through 2 μm pore size sterile filters (PALL) im-
mediately upon collection, and filters were stored at −80°C.
4

2.4. Video survey of benthic megafauna and microbial mats

A qualitative assessment of benthic megafauna diversity at Scott
Inlet was performed through analysis of the ROV video footage. Dive
plans prioritized the identification of hydrocarbon seep indicators (e.g.
microbial mats and bubble ebullition from the seafloor), sediment sam-
pling, and collection of invertebrates. Since video surveys were not spe-
cifically designed for a biodiversity study, video analyses for megafauna
benthic diversity were descriptive and non-quantitative.

Separate ROV dives took place at sites Stn0, NE-1K and NE-5K. Addi-
tionally, the ROV transited in a straight line between NE-1K and Stn0 to
survey seep indicators along the geologic basement rise on the south-
east flank of Scott Trough. ROV navigation tracks per second were
mapped using ArcMap version 10.6.1. Position accuracy for this system
at a depth of 250m is estimated at 0.26–1.3m. Imageswere analyzed by
photo frames (i.e. snapshots) extracted from the videos using VLC soft-
ware. To characterize representative benthic megafauna at a general
level at each site, video frameswere pre-selected based on their location
displayed in ArcMap. Field of view width for pre-selected frames was
calculated using the distance between laser points using the software
ImageJ (Schneider et al., 2012). Standard deviation of the mean field
of view width for the pre-selected frames at each site was used to fur-
ther filter the frames to account for fluctuating distance from the bot-
tom. If the ROV was too far from the seafloor in a pre-selected frame
(e.g. seafloor visibility impaired), then the next suitable frame was
used for analysis. The field of view widths for analyzed photo frames
ranged between 1.5 and 3.4 m for dive 70 (Stn0, N = 26 frames), and
between 2.4 and 5 m for dive 71 (NE-1K, N = 49) and dive 72 (NE-
5K, N= 33) respectively, for a total of 108 images. Further information
about the ROV dives can be found in the Supplementary Information.

Organisms were mostly identified at a general level (e.g. brittle star,
crinoid, sea urchin), and are considered tentative since voucher speci-
mens for confirmation were not collected on this expedition. Some or-
ganisms commonly seen during the dives such as tubiculous
polychaetes (Nothria sp.) and the shrimp Eualus gaimardii were col-
lected using an Agassiz trawl in the area between ROV dives (within
600 m SW of Stn0), supporting video-based taxonomic identifications.

2.5. Lipid compositional analyses

Two soft coral colonies (Pseudodrifa sp. and Gersemia sp., both in
family Nephtheidae) were subsampled at NE-1K and NE-5K for
lipid classification. Colonies were frozen at −80°C immediately fol-
lowing collection and subsampling using pre-cleaned tools. Entire
soft coral branches (including polyps and other tissue) were sub-
sampled in duplicate (0.7–1.0 g) before analysis. Lipid extraction
took place at the Northwest Atlantic Fisheries Centre (NAFC, St.
John's, NL) according to the methods of Folch et al. (1957) and
Parrish (1999). Lipid classes were identified and quantified in an
Iatroscan (Lipid Lab, Memorial University, St. John's, NL) by comparing
peak position and area with the following commonly used standards:
n-nonadecane and phenanthrene (hydrocarbon; HC), cholesteryl pal-
mitate (steryl ester; SE), 3-hexadecanone (ketone), tripalmitin (triacyl-
glycerol; TG), palmitic acid (free fatty acid; FFA), 1-hexadecanol
(alcohol; ALC), cholesterol (sterol; ST), 1-monopalmitoyl-rac-glycerol
(acetone-mobile polar lipid; AMPL), and DL-α-phosphatidylcholine
dipalmitoyl (phospholipid; PL). Lipid data are presented as percentage
of lipid composition by class.

2.6. Methane measurements

Dissolved methane was measured using an automated purge and
trap system coupled to a gas chromatograph–mass spectrometer
(ShimadzuGCMS-QP2010) at theUniversity of British Columbia follow-
ing the methods of Capelle et al. (2015). Calibration curves were pre-
pared using a Praxair certified gas standard (±5% accuracy for CH4)
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mixed with helium to prepare standards of varying concentrations. Air-
equilibrated water samples were analyzed as part of every run to verify
measurement accuracy. The laboratory has participated in intercalibra-
tion exercises for oceanic methanemeasurements (Wilson et al., 2018).

2.7. Hydrocarbon analysis

Dissolved organic matter (DOM) methanol extracts were analyzed
using a 12 T Bruker SolariX Fourier Transform Ion Cyclotron
Resonance-Mass Spectrometer (FTICR-MS) using atmospheric pressure
photoionization in positive ion mode (APPI-P) and electrospray ioniza-
tion in negative ion mode (ESI-N) (Oldenburg et al., 2014, 2017). The
APPI-P ionization used a krypton lamp at 10.6 eV as the ion source,
with a transfer capillary temperature of 400°C, and a nebulizer pressure
of 1.0 bar. APPI-P analyses were conducted using a sample diluted at
0.25 mg/mL in methanol:toluene (1:1). The electrospray ionization pa-
rameters included a flow rate of 200 μL/h, 4 kVof capillary voltage, and a
nebulizer pressure of 1.0 bar. ESI-N sample solutions were 0.25 mg/mL
in methanol, doped with 2% ammonium hydroxide.

The extracts were spiked with 10 μL of a standard mixture prior to
analysis to assess internal calibration efficiency (Silva et al., 2016).
Ions ranging fromm/z 150 to 1500were isolated by a linear quadrupole
and accumulated over a period of 5–50 ms in the collision cell, prior to
their transfer to the ion cyclotron resonance (ICR) cell. Spectrawere col-
lected in absorption mode (Kilgour et al., 2013). Two hundred tran-
sients of 8 million points in the time domain were collected and
summed to improve the experimental signal/noise ratio (SNR). FTICR-
MS raw data were processed using the calibration and peak assignment
(CaPA v.1; Aphorist Inc.) software package. Peaks with SNR >5 were
assigned based on highly accurate m/z measurements and using the
stable isotopic pattern (up to the third most intense isotopologues
were used), whenever possible. Elemental composition boundaries
used in data processing include 12C4–95, 1H0–200, 16O0–30, 14N0–8, 32S0–2,
23Na0–2, 15P0–2, and 35Cl0–2 (with suffixes related to atom number of
the molecule), and only assignments with error lower than 300 ppb
were accepted. Mass spectra were internally calibrated using
pseudohomologous series present in each sample. Solvent blanks
were analyzed for each mode, and the most prominent peaks detected
in blank spectra were omitted from consideration in the sample results.
Data visualization used Ragnarök v.1.7 (Aphorist Inc.).

2.8. DNA extraction

DNA was extracted from biomass collected from filters and from
sediment samples using the DNeasy PowerWater and DNeasy
PowerSoil DNA Isolation Kits (Qiagen), respectively. DNA extraction
from filters was performed as per manufacturer's instructions, with
DNA eluted in 30 μL nuclease-free water pre-heated to 50°C. DNA was
extracted from 0.3 g sediment according tomanufacturer's instructions,
with DNA eluted in 100 μL nuclease-free water pre-heated to 50°C.

2.9. 16S rRNA gene amplicon sequencing and analysis

Amplification of a 291 bp region of the V4 region of the 16S rRNA gene
in water and sediment DNA extracts used primers 515F (Parada et al.,
2016) and 806R (Apprill et al., 2015). Prior to amplification, the DNA
used as the template in the PCR reaction was adjusted to 5 ng/μL. Tripli-
cate 25 μL PCR reactions were performed for each sample using 12 μL
2× KAPA HiFi Hot Start Ready Mix (KAPA Biosystems), 2.5 μL of each
primer (515F and 806R), 6.5 μL nuclease-free water, and 1 μL DNA tem-
plate. PCR used a touchdown protocol of initial annealing at 95°C for
3 min followed by 10 cycles of denaturation at 95°C (30 s) followed by
primer annealing at temperatures dropping from 60°C to 51°C (45 s),
then extension at 72°C (1min). This was followed by an additional 15 cy-
cleswith a consistent annealing temperature of 55°C, endingwith a 5min
extension at 72°C. Resulting amplicons were pooled and sequenced on a
5

MiSeq BenchtopDNA sequencer according toDong et al. (2017), resulting
in an average library size of 41,436 reads per sample. Libraries generated
through PCR amplification and sequencing of DNA extraction negatives
(i.e. blanks that did not include a filter or sediment sample), positive con-
trol DNA (20 Strain Even Mix Genomic Material, ATCC® MSA-1002TM),
and PCR negative control DNA (i.e. PCR without and DNA template)
were included for quality control.

Operational taxonomic units (OTUs) were generated using MetaAmp
version 2.0 (Dong et al., 2017). Paired-end merging options for the
MetaAmp pipeline included a minimum overlap of 100 bp allowing for
1 bp mismatch in the overlap region, an expected error of 1 bp, and
allowing up to 2 bp mismatches to the primer sequence. For quality con-
trol, 16S rRNA gene amplicons were trimmed to 250 bp. Sequences were
clustered into OTUs using a 97% sequence identify threshold. Taxonomy
was assigned to representative sequences for each OTU with the
UPARSE-OTU algorithm using the SILVA (version 132) database
(Pruesse et al., 2012). Diversity analyses were performed in the R soft-
ware environment version 3.6.2 (R Core Team, 2019) using theworkflow
VisuaR (Ruff and Hrabe de Angelis, 2019) and custom scripts. Microbial
community composition and ordination were performed using ‘ampvis2’
version 2.5.5 (Andersen et al., 2018). Sequence similarity to reference 16S
rRNA gene sequences was identified through BLASTn searching (Zhang
et al., 2000) using the refseq_rna database. Statistical analysis of OTU se-
quence abundances was performed using DESeq2 version 1.24 (Love
et al., 2014).

2.10. pmoA gene amplicon sequencing and analysis

The β-subunit of particulate methane monooxygenase is encoded by
the pmoA gene, which is used as a molecular target for detecting aerobic
methanotrophs (Dumont and Murrell, 2005; McDonald et al., 2008).
Normalized DNA template (5 ng/μL) was amplified using water column-
specific pmoA primers wcpmoA189f and wcpmoA661r (Tavormina
et al., 2008). Triplicate 25 μL PCR reactions were performed for each sam-
ple using 12.5 μL 2× KAPA HiFi Hot Start Ready Mix (KAPA Biosystems),
2.5 μL of each primer, 6.5 μL nuclease-free water, and 1 μL DNA template.
PCR used a protocol beginning with an initial denaturation at 94°C for
5 min, followed by 28 cycles of denaturing at 94°C (30 s), annealing at
56°C (45 s), and extension at 72°C (1 min), and ending with extension
at 72°C (5 min).

Amplified DNA sequences were prepared for sequencing on aMiSeq
Benchtop DNA sequencer according to Dong et al. (2017). This resulted
in average pmoA library size of 4110 reads per sample, with libraries of
<500 reads excluded from further analysis.

Representative sequences for pmoA OTUs were generated by
MetaAmp version 2.0 (Dong et al., 2017) using an 86% sequence identity
threshold, which corresponds to the 97% identity threshold for 16S rRNA
genes in Type IGammaproteobacterialmethanotrophs (Wen et al., 2016).
Paired-end merging options for pmoA sequencing included a minimum
overlap of 50 bp allowing for 5 bp mismatches in the overlap region, an
expected error of 1 bp, and 2 bp differences to the primer sequence.
Amplicons were trimmed to 400 bp. Taxonomy was assigned to the
OTU representative sequences using the classify.seqs command in
‘mothur’ version 1.39.5 (Schloss et al., 2009) and the pmoA gene reference
database created by Yang et al. (2016) using the “wang”method, a kmer
size of 8, and a cut-off bootstrap value of 80% (Dumont et al., 2014). Rep-
resentative sequences were aligned against a pmoA database using ‘mus-
cle’ version 3.8.31 (Edgar, 2004) and pmoA phylogeny was calculated in
‘FastTree’ version 2.1.9 (Price et al., 2009) using the GTR nucleotide evolu-
tion model and visualized in iTOL version 5.5 (Letunic and Bork, 2019).

2.11. DNA sequences

16S rRNA and pmoA gene amplicon sequences can be found in the
NCBI Sequence Read Archive under the BioProject accession
PRJNA632012.
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3. Results

3.1. Visual observations of seafloor hydrocarbon seep indicators

White microbial mats visually similar to those typically found in
other seep environments (Seabrook et al., 2018; Teske and Carvalho,
2020; Thurber et al., 2020) were observed at Stn0 (Fig. 2A), in the
area that was previously identified as a hydrocarbon seep by the
Geological Survey of Canada (Grant et al., 1986; Levy, 1978; Levy and
MacLean, 1980). Video footage revealed bubbles seeping out of the sea-
floor in several locations around Stn0 and along a 1 km transect be-
tween Stn0 and NE-1K (Fig. S1; Supplementary Video). Microbial mats
were also observed in areas where bubble ebullition was not actively
A D

B

C

E

F

Fig. 2. Scott Inlet seafloor images obtained during dives with the Super Mohawk II Remotely O
microbial mats (A), shrimp (Eualus gaimardii) urchins and anemones (B), soft corals (Nephtheid
(resembling Ptychoaastria polaris), sponges (Tentorium-like) and demersal fish (Gymnelus sp.)
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observed at the time of video collection.Microbialmats at Stn0were es-
timated to bewithin a ~40mdiameter region. Exposed carbonate crusts
at Stn0 and NE-1K were approximately 1–2 cm thick and up to 30 cm
long linear dark grey hard features that appeared slightly irregular in
form. No epifauna were observed growing on the crusts (Fig. 2F). Two
weeks after the ROV survey, a surface water slick was observed in the
same area 3.5 km NW of Stn0 (71.402087 N, −70.141945 W; Fig. S2).

3.2. Benthic megafauna video surveys

Photo frames selected for Stn0 captured an area within a 190m-pe-
rimeter polygon where the average water depth was 274 ± 1.0 m. The
seabed within this area was dominated by pebbles on a sandy matrix
perated Vehicle (ROV) on August 12 and 13, 2018. Features of particular interest included
ae) and sponges (Mycale-like) (C), worm tubes (Nothria sp.), brittle stars, benthic jellyfish
(D), basket stars (Gorgonocephalus sp.) and crinoids (E), and carbonate crusts (F).

Image of Fig. 2
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(69% of frames, Fig. 2A, B). Polygons from sites NE-1K and NE-5K have
perimeters 160 m and 193 m, and average water depths of 263 ±
1.4 m and 273 ± 1.3 m, respectively. The bottom at both NE-1K and
NE-5K was variable composed of cobbles and boulders, and areas dom-
inated by pebbles (Fig. 2C–F).

Stn0 was characterized by the presence calcareous tube worms
(likely Nothria sp.; Fig. 2C–F) and brittle stars (usually >10 per field of
view; Fig. 2B). Shrimp, small sponges (e.g. Tentorium-like), unidentified
sea stars, sea anemones, sea urchins, and small fish (e.g. Gymnelus sp.)
were also observed at this site (Fig. 2B–F). At NE-1K sponges were par-
ticularly common in areas dominated by boulders and cobbles, and less
abundant in pebble-dominated areas where brittle stars and Nothria-
like tube worms were more common. Sponges included erect (e.g.
Mycale-like) and other smaller forms (e.g. Tentorium- and Polymastia-
like). Encrusting worm tubes were also common in areas dominated
by cobbles and boulders. Shrimp, sea urchins, soft corals and benthic jel-
lyfish (resembling Ptychoaastria polaris) were also observed at this site,
whereas less common organisms included sea stars, sea anemones, and
small demersal fish (resembling Gymnelus sp.) (Fig. 2D). At NE-5K cri-
noidswere themost conspicuous benthicmegafauna (>100 individuals
in total). Crinoids were not observed in the frames analyzed for the
other dives, though sparse distributions were noted ~23 m SE of Stn0
where seep indicators were identified on the initial reconnaissance
dive that discovered Stn0. Brittle stars were also common, along with
Nothria-like tube worms, particularly in areas where pebbles were the
dominant substrate type. Sponges (Mycale-like) were observed at NE-
5K, but they were not as abundant as at NE-1K. Nephtheidae soft corals
and the sea star Leptasterias polaris were also observed at NE-5K. Less
frequently observed organisms included benthic jellyfish, sea anem-
ones, the basket star Gorgonocephalus sp. (Fig. 2E), and small demersal
fish (Fig. 2D). Overall, Stn0, NE-1K and NE-5K harboured diverse ben-
thic megafauna that were qualitatively similar.

Shrimp (Eualus gaimardii) were observed in 85%, 40%, and 27% of the
analyzed frames at Stn0, NE-1K, and NE-5K, respectively. A maximum of
five individuals per frame were counted at Stn0, which may represent
an underestimate due to variable video resolution and distance from the
seafloor precluding observation of small individuals. Shrimp were the
only epibenthic invertebrates noticed on top of microbial mats, with
others such as brittle stars and sea urchins observed between microbial
mats. During ROV sediment sampling, shrimp would approach the sam-
pling area, gather around the holes created by removal of the sediment,
and activelymove their claws in a behaviour possibly indicative of uptake
of organic matter suspended during sediment disturbance (see Supple-
mentary Video).

Limited video of the 1 km transect between NE-1K and Stn0 revealed
variable bottom types,with cobbles and pebbles as themost commonpri-
mary substrate. Sponges and encrusting tube worms were abundant in
areas where larger substrates (cobbles or boulders) were present in the
area surrounding NE-1K, but not further toward Stn0. Overall, brittle
stars were the most conspicuous organisms, with worm tubes, small
Tentorium-like sponges, sea urchins (and skeletons), sea stars, and soft
corals also observed.
3.3. Lipid analysis of soft corals collected at NE-1K and NE-5K

Two Nephtheidae coral specimens were collected for lipid analysis
to identify the effect of the naturally seeping hydrocarbons on benthic
megafauna in the vicinity. The analysis revealed variable lipid class com-
positions in these soft corals. For Pseudodrifa sp. (Fig. 3B) collected 1 km
from the seep at NE-1K, hydrocarbonswere themain lipid class (33.0±
1.7%), followed by Acetone Mobile Polar lipids (23.6 ± 2.8%) (Fig. 3A).
This was not observed for Gersemia sp. (Fig. 3C) collected 5 km from
the seep at NE-5K,whichwas dominated by steryl esters andwax esters
(51.0 ± 1.0%), followed by phospholipids, with hydrocarbons making
up 1.7% of the lipid composition (Fig. 3A).
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3.4. Dissolved organic matter and hydrocarbons in the water column

Dissolved organic matter (DOM) analysis by FTICR-MS revealed that
the compound class distribution of the bottom water samples is domi-
nated by the Ox class group (O1 to O14 with highest abundances for
O7 compounds), followed by N1Ox, N2Ox and N3Ox compound class
groups, and lowest abundances and variety for N4Ox classes (Fig. 4A).
This distribution pattern is typical for seawater. In addition to the
DOM, relatively high abundances of hydrocarbons were observed,
with the highest levels observed at Stn0. An examination of total hydro-
carbon abundances with water depth revealed a decrease with distance
from Stn0, with bottom water exhibiting higher concentrations than
surface samples (Fig. 4B).

3.5. Dissolved methane in the water column

The concentration of dissolvedmethane in the bottomwater ranged
from 4 to 610 nM and was highest at Stn0 and lowest at NW-1K and
NW-5K (Fig. 5A). In the NE and SW stations oriented along the southern
rise of Scott Trough (Fig. 1C), methane was higher in bottom water of
the stations 1 km away from Stn0 (Fig. 5A). Methane samples at Stn0
over a ~24-hour period (Table S1) revealed variability in the bottom
water between 9 and 609 nM. Depth profiles of methane taken ~14 h
apart at Stn0 (Fig. 5B, C) showedmethane concentrations remaining el-
evated in the bottom 100m of the water column, above which it was at
background levels (near atmospheric equilibrium) observed elsewhere
in the Baffin Island shelf seawater (Fenwick et al., 2017; Punshon et al.,
2019). Methane profiles at Stn0 are similar to observations made in
2012 at another location in Scott Inlet by Punshon et al. (2019) , who
measured 60 nM in the bottom water at Scott Inlet; this is consistent
with the spatial and temporal variability in bottomwater methane con-
centration reported here (Fig. 5).

3.6. Microbial community structure

Species richness (OTU count and Chao1 Index) and evenness
(Inverse Simpson Index and Shannon Entropy) were lower in the sedi-
ment at Stn0 compared to sediment samples collected atNE-1K andNE-
5K (Fig. S3A). Putativemethane-oxidizing and sulfate-reducing bacteria
detected in the sediment and microbial mats include members of the
genus Methyloprofundus, members of the SEEP-SRB4 Desulfobulbaceae
family, and several members of the genus Sulfurovumwithin the family
Sulfurovaceae (Fig. 6B). Many members of these clades were not found
1 km (NE-1K) and 5 km (NE-5K) from the seep at Stn0. Clades of anaer-
obic methane-oxidizing (ANME) archaea were found only at Stn0
where 4 OTUs had a combined relative abundance of 1.5% (Table 2),
with the most abundant OTU being affiliated to ANME2a/b and making
up 1.1%. Sequences affiliated to members of Desulfobacteraceae were
found in higher relative abundance at Stn0 as well as 5 km away from
the seep (NE-5K) where no evidence of methane seepagewas observed
(Table 2).

Overall, microbial signatures considered to be indicators of methane
seeps (as defined by Pop Ristova et al. (2015) and Ruff et al. (2015))
were more prevalent in sediment from Stn0 than in sediment 1 km
and 5 km away (Table 2). Only three OTUs affiliated to the white mat-
forming Beggiatoaceae family were detected in the sediment at Stn0
and these only in very low relative abundance (<0.05%), including
one affiliated to “Candidatus Marithrix”, which forms mats very similar
in morphology to those seen at Scott Inlet (Teske and Carvalho, 2020).
Sequences of putative aerobic methanotrophs as defined by
Chistoserdova and Lidstrom (2013), were also more abundant in 16S
rRNA gene amplicon libraries for Stn0 sediment (7.8% of the relative se-
quence abundance) than at NE-1K and NE-5Kwhere theywere ≤1% rel-
ative sequence abundance (Table 2).

In bottomwater (i.e. 7m above the seafloor) 16S rRNA genemicrobial
community profiles did not include strong signals for the Sulfurovaceae,
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Fig. 3. Average lipid class composition (% of total lipids; A) for soft coral colonies of Pseudodrifa sp. sampled at NE-1K (B), and Gersemia sp. sampled at NE-5K(C). Error bars represent
standard deviation.
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Methylomonaceae,Desulfobulbaceae and Thiotrichaceae groupsmentioned
above as being prevalent in the surface sediments (Fig. 6A). Comparison
of bottom water libraries reveal the microbial communities along the
SW-NE oriented Scott Trough (Fig. 1) are more similar than the off-axis
(NW-SE) communities (Fig. S4). Considering either axis, microbial com-
munities closer to the seep (i.e. 1 km away from Stn0) weremore similar
to Stn0 communities than those 5 km from the seep (Fig. S4). All water
column communities were dominated by Nitrosopumilaceae, SAR11
Clade I, and Thioglobaceae. Flavobacteriaceae and an unidentified OTU
within the Gammaproteobacteria (OTU4) make up a larger proportion of
the SE communities down current from the seep (Fig. 6A). Richness and
evenness were comparable between all bottom water communities
with the exception of SE-5K which showed higher evenness and the SE-
1K communities which show lower richness (Fig. S3B).

Relative sequence abundance of specific OTUs affiliated to the dom-
inant clades in the bottom water communities highlight these spatial
trends. Members of the Flavobacteriaceae are in higher relative abun-
dance in the bottomwater from Stn0 and SE-1K and SE-5K (Fig. 6A) in-
cluding Polaribacter OTU 14 and Aurantivirga OTU 23. The Colwelliaceae
clade is dominated by two Colwellia OTUs, one being in higher relative
sequence abundance at Stn0, SE-1K, SE-5K, and SW-5K and the other
in higher relative sequence abundance only at SE-1K. Interestingly,
OTUs of putative aerobic methanotrophs (cf. Chistoserdova and
Lidstrom, 2013) do not exceed 1% relative sequence abundance in any
of the bottom water 16S rRNA gene libraries. Nevertheless, patterns at
this low relative abundance are still evident, reflecting overall spatial
trends described above with putative aerobic methanotrophs more
prevalent in bottom waters at and down current (SE direction) from
the seep at Stn0 (Fig. 7).

3.7. pmoA gene assessment of methanotrophic microbial communities

To further investigate the occurrence and distribution of
methanotrophs, themethanemonooxygenase gene, pmoA, was amplified
and sequenced from sediment and bottomwater samples. All pmoAOTUs
present in >1% relative abundance belong to the Gammaproteobacteria
(Fig. S5)with the twomost abundant OTUs, pmoA1 and pmoA2, together
making up >97% of all bottomwater libraries (Fig. 8). Both of these OTUs
are affiliated with the Deep sea-3 clade, also known as OPU3, within the
8

gammaproteobacterial order Methylococcales. The mean relative se-
quence abundance of pmoA1 was generally much higher than pmoA2,
with the exception of the down-current SE-1K and SE-5K bottomwaters
where pmoA2 was consistently >38% relative sequence abundance
(Fig. 8).

Richness of pmoA sequences was much higher in the sediment and
ROV water, with rarefaction curves demonstrating that these libraries
did not capture all pmoA diversity present, as opposed to the bottom
water samples where it is very likely that pmoA diversity was ade-
quately sampled (Fig. S6). Both sediment and ROVwater pmoA libraries
were dominated by OTUs belonging to the Deep sea-1 clade, alsowithin
the Methylococcales (Fig. S7). Methyloprofundus belongs to this clade
(Knief, 2015; Tavormina et al., 2015) and it is likely that some Deep
sea-1 pmoA OTUs correspond to the Methyloprofundus OTUs identified
by the 16S rRNA gene sequencing. Amplification and sequencing of
pmoA were unsuccessful in samples of Stn0 surface seawater (15 and
33 sequence reads obtained; Fig. S7), where methane concentrations
are very low (Fig. 5B, C) hence these bacteria are expected to be present
in much lower abundance.

4. Discussion

4.1. Microbial community structure at Scott Inlet

At Scott Inlet, microbial communities in the sediment and bottom
water show a distinct spatial distribution above and around the seep.
Methanotrophs are more diverse in the sediment than in the overlying
water column. This is congruent with the observations of other studies
(Hamdan et al., 2013; Tavormina et al., 2008) that show pmoA in sedi-
ment and water column populations to be distinctly different and sug-
gest methane-oxidizing bacterial communities in these environments
do not establish simply via methanotroph dispersal between the sedi-
ment and water column, as suggested in other contexts (Walsh et al.,
2016). Several Deep sea-1 Methylococcales OTUs were observed in the
sediments based on pmoA sequencing. These methanotrophs are often
found inmethane-rich sediments associated withmicrobial mats or hy-
drothermal vent fauna, but are rarely detected in the water column ex-
cept in methane plumes (Li et al., 2014). Methylococcales were not
detected in thewater column at Scott Inlet. In the sediment at the origin

Image of Fig. 3


Fig. 4. Compound class distribution of protonated and radical ion species (denoted with a dot •) in the DOM spectra from water samples analyzed by FTICR-MS in APPI-P mode. Spectra
from bottom waters at Scott Inlet sites Stn0, NE-1K and NE-5K are compared (A), showing a decrease in relative intensity of the compound class distribution shows with increasing
distance from Stn0. Total intensities of dissolved hydrocarbons (protonated) at these sites at different sampling depths (B) reveal that dissolved hydrocarbons decrease with distance
from Stn0 and that bottom water contains higher concentrations than surface water.
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of the bubbling methane stream, methanotrophs requiring higher
methane concentrations may proliferate. As methane emitted from
the seabed gets diluted in the water column, pelagic methanotrophs
adapted to lower concentrations may be selected. Consistent with this,
pmoA analysis revealed a predominance of Deep sea-3 Methylococcales
OTUs in the water column. The Deep sea-3 clade is distributed widely
in methane systems and pelagic environments and has similarly been
9

shown to have site-specific distribution in other marine settings (Li
et al., 2014; Tavormina et al., 2008). In Scott Inlet bottom water nearly
all methanotrophs identified by pmoA sequencing belonged to the
Deep sea-3Methylococcales.

Different DNA-based analyses suggest that prevailing currents further
influence pelagic microbial community structure in relation to methane
entering the water column at Stn0. Water currents at Scott Inlet flow

Image of Fig. 4
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Fig. 5.Water column methane concentration at Scott Inlet. (A) Methane concentration in
the bottom water varies with geographic orientation in relation to the seep. Sites up
current from Stn0 are shown in blue and those down current from Stn0 are shown in
green. Sites situated along the south edge of the Scott Trough rise are shown in orange.
Depth profiles of methane concentration at Stn0 determined 14 h apart (Table S1) are
shown (B) and (C). Results are reported as the mean of duplicate samples. Background
methane concentration in seawater in this region are ~4 nM (Punshon et al., 2019).
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NW to SE, perpendicular to the orientation of hydrocarbon seepage along
the southern ridge of Scott Trough, which runs SW to NE (Fig. 1).
Silyakova et al. (2020) observed the primary mechanisms controlling
methane dispersal to be horizontal water movement and eddies near
areas of shallow (<120 m) Arctic methane seepage, and suggest that
this dispersion influences biologicalmethaneoxidation. At Scott Inlet, aer-
obic methanotrophs and putative hydrocarbon-degrading bacteria were
observed in higher relative abundance down current from Stn0. Although
these groups exhibited relatively low sequence abundance in 16S rRNA
gene libraries, this should not imply that they do not impact local biogeo-
chemistry, including C1 cycling (Bodelier et al., 2013; Jousset et al., 2017;
Neufeld et al., 2008). OTUs affiliated to lineages known to include hydro-
carbon degraders like Polaribacter and Colwellia (Mason et al., 2014;
Redmond and Valentine, 2012; Tremblay et al., 2019) were detected in
higher relative sequence abundance down current from Scott Inlet. Inter-
estingly, among methanotroph OTUs detected in the water column by
pmoA sequencing, a shift between Deep sea-3 OTUs from pmoA1 to
pmoA2 is observed when comparing the bottom water up current
(NW) and down current (SE) from Stn0 (Fig. 8). It thus appears that
methane-oxidizing bacterial communities persist in this southeastward-
moving water column even at low methane concentrations.

Enrichment of methane-oxidizing and hydrocarbon-degrading bac-
teria at cold seeps may explain the occurrence of these groups in low
abundance in themarine environmentmore generally, e.g. contributing
to the occurrence of methanotrophs in pristine ocean systems (van de
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Kamp et al., 2019) and the ubiquity of methanotrophy in the ocean
(Valentine, 2011). Following the 2010 Deepwater Horizon oil spill in
the cold deep waters of the Gulf of Mexico, aerobic methanotrophs in
the water column oxidized nearly all methane that was released from
the sub-sea blowout, preventing its release into the atmosphere
(Crespo-Medina et al., 2014; Kessler et al., 2011; Yvon-Lewis et al.,
2011). Rare yet ubiquitous marine methanotrophs and hydrocarbon-
degrading bacteria in the Canadian Arctic may oxidize methane and
other hydrocarbons should pristine Arctic marine environments be-
come exposed to methane and other hydrocarbons by release from
decomposing methane hydrates in a warming ocean or the release of
hydrocarbons due to offshore oil and gas activity.

4.2. Benthic megafauna at Scott Inlet

Cold seep habitats around theworld can host rich benthic communi-
ties . Seepage at Scott Inlet supports chemosynthetic microbial commu-
nities in the sediment and water column, and the development of
microbial mats on the seafloor. Shrimp were the only animal observed
directly on the microbial mats and their behaviour at the sampling
sites may indicate attraction to sediment resuspension which could
occur during ebullition of methane bubbles. Tanner crabs are known
to feed on microbial mats at seeps (Seabrook et al., 2019) and snow
crabs have been observed grazing on microbial mats at an Arctic cold
seep in the western Barents Sea (Sen et al., 2018).

Evidence of a hydrocarbon-fueled foodweb in this environmentwas
also observed in the lipid composition of Nephtheidae soft corals. A
Pseudodrifa specimen collected at NE-1K, 1 km away from Stn0 seepage,
was dominated by hydrocarbons (33% of total lipid composition), which
is high compared to cold-water corals in non-seep environments. For
example, in the Flemish Cap area (Northwest Atlantic), hydrocarbons
contributed <10% (N = 5) of Nephtheidae soft coral lipids and <4% of
cold-water coralsmore generally (Salvo et al., 2018). These lower values
are consistent with observations of a Gersemia soft coral sampled at
5 km from Stn0 (NE-5K), where the concentration of hydrocarbons in
the bottom water was lower (Fig. 4B). A high contribution of
hydrocarbons relative to other lipid classes may reflect incorporation
of seep-derived fluids during biosynthesis through either direct uptake
via feeding or bacterial symbiosis (e.g. Goffredi et al., 2020).

In addition to providing chemosynthetic nutrition, “pavements of
carbonates” created through anaerobic microbial activity at some cold
seeps can provide substrates for attachment by benthic fauna and
thereby contribute to the “biological oasis” effect seen at some seeps
(Levin et al., 2016). Primary hard bottom substrate is an important var-
iable to be considered at Scott Inlet, where variable bottom types are
present (e.g. gravel, cobbles, boulders) potentially influencing benthic
fauna composition (Edinger et al., 2011; Levin et al., 2016; Neves et al.,
2014). For instance, areas with high concentration of sponges (NE-5K)
feature seafloor dominated by boulders and cobbles. At nearby locations
where primary substrate shifted to pebbles, errant organisms such as
brittle stars and tube worms were the main fauna observed. Overall,
areas where exposed carbonate crusts were observed did not represent
hotspots of benthic diversity. They were relatively inconspicuous and
did not appear to host novel fauna relative to other sites in the study
area. The seafloor substrate at Scott Inlet is already variable, likely due
to the presence of ice-rafted debris (Meredyk et al., 2020) , such that
hard substrates offered by seep carbonates may not be advantageous
to megafauna. While some taxa were spatially restricted (e.g. crinoids,
sponges), most were observed throughout the entire study area (e.g.
shrimp, tube worms, brittle stars, soft corals, benthic jellyfish) and are
typical of other Arctic benthic environments (Bouchard Marmen et al.,
2017; Dale et al., 1989; Roy et al., 2014).

Notably absent on the seafloor at Scott Inlet were siboglinid worms
and bathymodiolin mussels that are typically observed at seeps (Levin
et al., 2016). Water depth is likely a factor controlling the distribution
of seep-endemic and symbiont-bearing fauna with these being absent

Image of Fig. 5
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Fig. 6. Microbial community composition in Scott Inlet bottom water (A), sediment (B), and in both sediment and water collected at Stn0 (C) based on 16S rRNA gene amplicon
sequencing. Family-level microbial taxonomy is shown.
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near shallower Arctic seep environments, where non-symbiont-bearing
heterotrophic fauna are dominant (Åström et al., 2016, 2019; Sahling
et al., 2003) . This distribution may be due to increased predation in
shallower zones preventing sessile seep-endemic fauna from becoming
Table 2
Relative abundance of seep-associated populations in sediment.

Station ANME Desulfobacteraceae Seep indicator
clades

Aerobic methanotroph
clades

Stn0 1.5% 1.8% 23.0% 7.8%
NE-1K 0% 0.5% 1.9% 1.1%
NE-5K 0% 4.7% 7.6% 0%
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established (Sahling et al., 2003) , and more photosynthetic input from
primary production which reduces the chemosynthetic nutritional ad-
vantages of the seep environment (Åström et al., 2019) . Seafloormicro-
bial mats, including sulfide-oxidizing manifestations of hydrocarbon-
fueled anaerobic metabolism in seep sediments, were detected but are
notably sparse at Scott Inlet. Limited observations of seep-associated
benthic communities may also hint at a low methane flux at Scott
Inlet that is insufficient for establishing and supporting dense chemo-
synthetic populations. Bernardino et al. (2012) suggest that fluid flux
structures the diversity and abundance of microbial mats and benthic
megafauna at seeps. Alternatively, the seep at Scott Inlet may be too
young for these communities to have fully developed yet (Levin et al.,
2016; Seabrook et al., 2018; Thurber et al., 2020).

Image of Fig. 6


Fig. 7. Relative sequence abundance of bacterial clades affiliated to aerobicmethanotrophs
(as defined by Chistoserdova and Lidstrom (2013)) in bottomwater at Scott Inlet based on
16S rRNA gene amplicon sequencing. All aerobic methanotrophs identified using the 16S
rRNA gene amplicon assay were affiliated to Methylomonaceae.
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5. Conclusion

In the Arctic the impact of climate change is more pronounced than
in low latitude regions and warming oceans can be expected to further
promote the release ofmethane fromdecomposing subsurface hydrates
(Ferré et al., 2020) . ROV video footage at Scott Inlet did not reveal dense
populations and close associations between bacteria and higher organ-
isms, possibly due to the shallow depth of this hydrocarbon seep,
predation and primary production input, or a relatively low flux of hy-
drocarbon fluids. Methane seepage at Scott Inlet does not represent a
notable source of greenhouse gas emissions to the atmosphere due to
its attenuation by diverse methanotrophic bacteria in sediments and
the overlying water up to 5 km away from the seep. This demonstrates
how bacterial populations, even if present in relatively low abundance,
can regulate methane flux from the subsurface to the atmosphere. In
this way, marine microbial communities can play an important role in
mitigating greenhouse gas emissions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.143961.
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