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Abstract
Shallow coastal waters are dynamic environments that dominate global marine methane emissions. Particu-

larly high methane concentrations are found in seasonally anoxic waters, which are spreading in eutrophic
coastal systems, potentially leading to increased methane emissions to the atmosphere. Here we explore how
the seasonal development of anoxia influenced methane concentrations, rates of methane oxidation, and the
community composition of methanotrophs in the shallow eutrophic water column of Mariager Fjord,
Denmark. Our results show the development of steep concentration gradients toward the oxic–anoxic interface
as methane accumulated to 1.4 μM in anoxic bottom waters. Yet, the fjord possessed an efficient microbial
methane filter near the oxic–anoxic interface that responded to the increasing methane flux. In experimental
incubations, methane oxidation near the oxic–anoxic interface proceeded both aerobically and anaerobically
with nearly equal efficiency reaching turnover rates as high as 0.6 and 0.8 d�1, respectively, and was seemingly
mediated by members of the Methylococcales belonging to the Deep Sea-1 clade. Throughout the period, both
aerobic and anaerobic methane oxidation rates were high enough to consume the estimated methane flux.
Thus, our results indicate that seasonal anoxia did not increase methane emissions.

Introduction
Atmospheric concentrations of methane—a major regulator

of global climate—have increased nearly threefold from
preindustrial levels (Saunois et al. 2020). Yet contemporary
methane trends (1982–2020), including periods of stabilization
(2000–2007) and renewed growth (2007–present), have thus far
not been explained, demonstrating the need for resolving
methane sources and sinks (Turner et al. 2019). Shallow coastal
waters are estimated to contribute 50–80% of global marine
methane emissions although they only cover 15% of the total
ocean surface area (Weber et al. 2019). Particularly high con-
centrations of methane are observed in oxygen-depleted waters
(Reeburgh et al. 1991; Sansone et al. 2001; Capelle et al. 2019).
Since the mid-20th century, declining oxygen levels have been

recorded in coastal seas, bays, and estuaries such as the Baltic
Sea, Chesapeake Bay, and the Danish coastal zone (Gilbert
et al. 2010), where hypoxic and anoxic conditions are increas-
ing in size, number, and frequency (Breitburg et al. 2018). Typi-
cally, coastal hypoxia and anoxia are recurrent seasonal
phenomena owing to the seasonality of density stratification
and algal growth (Diaz and Rosenberg 2008). In a fully oxygen-
ated water column, methane concentrations are usually
< 0.05 μM (Reeburgh 2007), whereas the concentrations that
accumulate under oxygen-deficient conditions can vary widely
between systems, from 0.1 μM in the seasonally anoxic shelf
waters of west India (Shirodkar et al. 2018) to 0.25 μM in the
hypoxic Boknis Eck in the Baltic Sea (Steinle et al. 2017) and
1.9 μM in seasonally anoxic Saanich Inlet, British Columbia
(Capelle et al. 2019), to reach 40 μM in the highly eutrophic
and seasonally anoxic Chesapeake Bay on the US East coast
(Gelesh et al. 2016). In these systems, methane is primarily sou-
rced from anoxic sediments, where it is produced by
methanogenic archaea (Ferry 1992). The spatiotemporal vari-
ability in methane dynamics contributes to shallow coastal
waters being the most uncertain term in the marine methane
budget (Weber et al. 2019) and highlights the importance of
understanding how methane cycling is regulated on a seasonal
scale and under different oxygen conditions. In particular, little
is known about the efficiency of methane oxidation in the water
column under different oxygen conditions, and how the process
responds to the development of hypoxic and anoxic conditions
and to the associated increase in methane concentrations.
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In the presence of oxygen, methane is oxidized aerobically by
methane-oxidizing bacteria using the oxygen-dependent particu-
late or soluble methane monooxygenases (for a review, see
Trotsenko and Murrell 2008). Studies on pelagic methanotroph
distributions are scarce, but members of the
Gammaproteobacteria are suggested as important methane con-
sumers in the ocean (Tavormina et al. 2010). Pelagic marine met-
hanotrophs are capable of consuming methane to levels below
atmospheric saturation concentrations (Reeburgh 2007) and
thereby constitute an effective filter. Rates of aerobic methane
oxidation from various marine water columns range several
orders of magnitude (from 10�5 to 103 nmol L�1 d�1; Mau
et al. 2013), with much of the variability driven by differences in
methane concentrations. Thus, the highest activities are mea-
sured in methane plumes (Steinle et al. 2015) and rates up to
150 nmol L�1 d�1 are reported from hypoxic methane-enriched
coastal waters (Steinle et al. 2017; Rogener et al. 2021).

Methane oxidation can also proceed anaerobically in anoxic
waters. Anaerobic methane oxidation was first observed in
marine sediments where it is coupled to the reduction of sulfate
and has been studied extensively (Knittel and Boetius 2009).
Since then, anaerobic methane oxidation has been shown to
couple to the reduction of nitrate, nitrite, iron, and manganese
(Ettwig et al. 2010; Haroon et al. 2013; Ettwig et al. 2016), and
there is growing evidence that the process may be of importance
in both marine and freshwater systems. Recently, nitrate- or
nitrite-dependent anaerobic methane oxidation was proposed as
a major pelagic methane sink in a marine oxygen minimum
zone (OMZ; Thamdrup et al. 2019), and methane oxidation rates
from anoxic depths in lakes have been proposed to be coupled
to a variety of electron acceptors (van Grinsven et al. 2020;
Roland et al. 2021). Still, the potential role of anaerobic methane
oxidation in anoxic coastal waters remains to be explored.

Nitrate and nitrite are the most energetically favorable elec-
tron acceptors after oxygen and potentially relevant in coastal
and freshwater systems, where they have become increasingly
available as a result of eutrophication (Galloway et al. 2008).
Methane oxidation coupled to nitrate reduction has been
described for “Candidatus Methanoperedens nitroreducens” of
the archaeal ANME-2d clade (new family Methanoperedenaceae,
Haroon et al. 2013), members of which to date are primarily
reported from freshwater sediments. Nitrite driven methane oxi-
dation is mediated by bacteria of the candidate NC10 phylum,
which are hypothesized to dismutate NO from nitrite reduction
into N2 and oxygen, the latter of which is used for intra-aerobic
methane oxidation via the particulate methane monooxygenase
pathway (Ettwig et al. 2010). Transcriptionally active “Ca.
Methylomirabilis oxyfera” of the NC10 clade have been
observed in OMZs (Padilla et al. 2016) and its relative “Ca.
Methylomirabilis limnetica” was found to comprise up to 27%
of the bacterial community in two anoxic lakes (Graf et al. 2018;
Mayr et al. 2020), suggesting a major contribution to methane
oxidation. Although considered to be obligate aerobes, gam-
maproteobacterial methanotrophs have also been shown to

thrive in various anoxic waters, such as in seasonally anoxic
Saanich Inlet (Walsh et al. 2009; Torres-Beltr�an et al. 2016), in
anoxic lakes (Blees et al. 2014; Mayr et al. 2020), and in OMZs
(Tavormina et al. 2013; Padilla et al. 2017). In some cases they
may maintain their metabolism through in situ oxygen produc-
tion by photosynthesis (Oswald et al. 2015). Yet members of the
class are also capable of partial denitrification (Kits et al. 2015;
Oswald et al. 2017; Padilla et al. 2017) and can oxidize methanol
anaerobically (Dam et al. 2013). In Saanich Inlet, their depth dis-
tribution is highly suggestive of an involvement in anaerobic
methane oxidation (Torres-Beltr�an et al. 2016). Still, the metabolic
ability for complete anaerobic methane oxidation has yet to be
demonstrated.

In order to investigate how the seasonal development of
water column stratification and anoxia influences methane oxi-
dation and the methanotroph community in eutrophic coastal
waters, we undertook monthly sampling during the develop-
ment of anoxia in Mariager Fjord, Denmark. We combined bio-
geochemical measurements, experimental analysis of rates of
aerobic and anaerobic methane oxidation, and analysis of the
methanotrophic community through biomolecular analysis.
Mariager Fjord is a brackish fjord on the northeastern coast of
Jutland in Denmark, which due to nutrient loading from land
combined with its topography has anoxic bottom waters
between spring and late fall, but is typically flushed with
oxygen-rich seawater during winter (Fig. S1; Fenchel et al. 1995;
Fallesen et al. 2000). Mariager Fjord thus serves as a good model
system for investigating how biogeochemical processes respond
to the seasonal development of an oxic–anoxic interface.

Materials and methods
Sampling site

Water was sampled at Sta. NOR5503 (26-m water depth,
56�3.760N, 009�58.420E) in the central basin of Mariager Fjord,
Denmark. Sampling was carried out together with the Danish
Environmental Protection Agency, who recorded biweekly
hydrographical profiles as a part of their long-term monitoring
program in the fjord. The basin is redox stratified during most of
the year as freshwater runoff from land maintains a stable halo-
cline at mid-water depth that prevents oxygenation of bottom
waters, and inflow of oxygen-rich seawater to the basin is limited
by the long (> 20 km), narrow (< 2 km), and shallow (< 10 m)
channel that connects the fjord with the Kattegat (Ramsing
et al. 1996). However, nearly every winter a pulse of dense seawa-
ter enters the basin from the Kattegat and introduces oxygen to
bottom waters (Fig. S1; Fenchel et al. 1995; Fallesen et al. 2000).
The oxic water column typically persists for a few months before
an oxic–anoxic interface appears again in the spring. The current
seasonal study was conducted between April and October in 2019
after bottom waters had been oxygenated in January (Fig. 1).

Sample collection and chemical analysis
Hydrographic profiles were measured by the Danish Envi-

ronmental Protection Agency approximately every other week
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Fig. 1. A workflow schematic for incubation experiments. Water is sampled directly from a Niskin bottle through gas-tight viton tubing into a glass bottle
(e.g., Schott Duran bottles) filled with overflow (> 2 volume changes) and sealed headspace free with a deoxygenated stopper. In the lab, (1) a headspace is
introduced and (2) water is purged with He (30 min for a 500 mL glass bottle; flow rate 0.4 L min�1) through a glass frit. (3) Reducing the He flow to approxi-
mately 0.1 L min�1 to control the flow rate, water is dispensed through glass and gas-tight viton tubing into 12 mL glass vials (Exetainer, Labco, UK) with over-
flow. (4) A 2 mL He headspace is introduced and then (5) the vial goes through 2 cycles composed of 30 s vigurous shaking and 30 s flushing with He
(0.5 L min�1). (6) 3H–CH4 is injected (and CH4 if needed) and mixed before (7) the vials are incubated in the dark at in situ temperature. (8) Microbial activity
is terminated by injection of 100 μL saturated HgCl2 and (9) 1 mL of headspace gas from killed controls is transferred to 3 mL storage vials prefilled with
degassed 0.5% wt vol�1 zinc chloride solution. The storage vial can be stored for days to weeks (e.g., until return to home laboratory) and is used to verify the
addition of CH4 and 3H–CH4. (9A) headspace gas (20 μL) from the storage vial is transferred to a 6 mL Exetainer prefilled with scintillation cocktail and 100 μL
of air. Gas and liquid are equilibrated in the dark on a rocking table for 1 h before counting. (9B) CH4 is measured by injection of the storage gas headspace
(250 μL) into a gas chromatograph. (10) Remaining 3H–CH4 is removed by 15 min of purging the water phase with N2 (flow rate 0.4 L min�1; carried out
within 1–2 h after termination of the final timepoint). (11) The activity of water (3H–H2O) is analyzed by scintillation counting of 4 mL aliquots.
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between April and October using a CTD (conductivity, tem-
perature, and depth-measuring device) equipped with an
Aanderaa oxygen sensor 3830 (LOD 1 μM) and a PAR sensor
(LI-COR LI-193). The data included here was downloaded
from https://odaforalle.au.dk/. Profiles of biogeochemical and
biomolecular parameters, and methane oxidation rates were sam-
pled five times between May and October; on 02 May, 04 June,
30 July, 27 August, and 08 October 2019 (in subsequent presenta-
tion of these data, sampling dates will be referred to by month).

Water from discrete depths was collected with 5 L Niskin
bottles and used to measure the concentrations of sulfide,
methane, nitrate, nitrite, and ammonium, as well as for rate
incubations and biomolecular analysis. Two Niskin bottles
were fired simultaneously at the depths sampled for rates and
biomolecular data, in order to have sufficient water for rate
incubations and filtration of biomass. Concentrations of
methane, nitrate and nitrite in the two bottles showed only
minor differences, indicating that biogeochemical conditions
in the two bottles were near identical (Figs. 3, 4F–J). All water
was sampled through gas-tight viton tubing. Samples for sul-
fide were collected in 12 mL glass vials (Exetainers® Labco)
filled from the bottom with three volumes overflow and no
headspace. Samples were immediately amended with N,N-
dimethyl-p-phenylenediamine reagent, stored in the dark and
analyzed spectrophotometrically within 4 h of collection
(Cline 1969). Water for methane analysis was sampled into
60 mL serum bottles with three volumes overflow. A 5 mL air
headspace was inserted followed by 0.9 mL 6 N HCl for preser-
vation and the bottle was crimp-sealed with a butyl rubber
septum. Methane was analyzed the same day after samples
had been shaken vigorously to equilibrate water and gas.
Methane was determined by headspace analysis on a gas chro-
matograph (Thermo Trace 1300) equipped with an FID detec-
tor, and the concentration of methane was calculated using
the temperature- and salinity-dependent distribution coeffi-
cient (Wiesenburg and Guinasso 1979). Samples for nitrite
and nitrate were filtered through 0.2 μm cellulose acetate fil-
ters and analyzed spectrophotometrically using V3+ reduction
and Griess reagent (García-Robledo et al. 2014). Nitrite was
analyzed within 4 h of collection and samples for nitrate were
stored dark at 4�C and analyzed the subsequent day. Samples
for ammonium were collected in 12 mL Exetainers (samples
from June to October were diluted 10–100 times in artificial
seawater), amended with orthophthaldehyde reagent and ana-
lyzed fluorometrically (Holmes et al. 1999).

Incubation experiments
Rates of methane oxidation were measured in batch incu-

bations with 3H–CH4 tracer (Valentine et al. 2001; Bussmann
et al. 2015). The sampling and setup of incubations followed
our laboratory’s standard protocol developed to minimize oxy-
gen contamination in shipboard incubations (initially applied
to measure anaerobic rates in OMZ waters; Thamdrup
et al. 2019). A workflow schematic of the protocol can be seen

in Fig. 1. The two Niskin bottles fired at each depth were
mounted with gas-tight viton tubing and water was sampled
simultaneously from the two Niskin bottles into 500 mL glass
bottles with > 2 volumes overflow, such that equal amounts of
water came from each Niskin bottle. Glass bottles were closed
bubble-free with deoxygenated butyl rubber stoppers (De
Brabandere et al. 2012). Samples were kept cool and dark until
return to laboratory (< 4 h) where a headspace was introduced
followed immediately by purging of the water for 30 min with
He. Water was dispensed with ≥ 2 volumes overflow into
12 mL Exetainer vials that were immediately closed with deox-
ygenated chlorobutyl rubber septa. Each vial received a 2 mL
He headspace before undergoing 2 cycles composed of 30 s of
vigorous shaking followed by 30 s of flushing the headspace
with He, to drive the remaining traces of oxygen out of the
water.

In order to evaluate experimentally how the presence or
absence of oxygen influenced methane oxidation we per-
formed two timeseries incubations at each depth to measure
rates of (1) anaerobic methane oxidation and (2) aerobic
methane oxidation. The set of vials intended for analysis of
aerobic methane oxidation were injected with oxygen
(as 100% pure oxygen gas, between Steps 5 and 6 in Fig. 1) to
a target concentration of 30 μM. Since the purging of samples
that accompanies the setup of incubations removes the ambi-
ent methane pool, all vials received unlabeled methane
(injected as methane-saturated water) to re-establish the in
situ methane concentration. Injection volumes were deter-
mined based on the distribution coefficient (Wiesenburg and
Guinasso 1979). Each vial was then injected with tracer as
10 μL of 3H–CH4/N2 tracer mixture. The tracer mixture was
prepared in February 2019 from a 20 Ci mmol�1 single labeled
3H–CH4 aliquot (American Radiolabeled Chemicals). The ali-
quot contained 1 mCi in � 10 mL and was diluted with N2 to
a final activity of � 0.05 mCi mL�1 in the tracer mixture. The
mixture was stored in a Hungate tube over NaCl-saturated
water until 2–4 d before each experiment, when a fraction of
tracer mixture was transferred through two Exetainers prefilled
with 50% wt vol�1 NaOH (for cleaning). In each transfer step,
the Exetainer containing tracer mixture and NaOH was
shaken vigorously for 30 s. The mixture was finally stored over
alkaline ascorbate as an oxygen scrubber (Thamdrup
et al. 2019), until it was injected into incubations. Incubations
were initiated within 10 h of sample collection, took place in
the dark at near in situ temperature, and were terminated in
duplicates at four timepoints; 0 (killed controls), 6, 12, and
24 h, by injection of 100 μL saturated HgCl2. Terminated sam-
ples were stored under the same conditions as live incubations
during the 24-h incubation period. The aqueous concentra-
tion of oxygen in incubations was monitored during the incu-
bation (see “Monitoring oxygen in incubations”).

After termination of the final timepoint (24 h), 1 mL of
headspace gas was transferred from killed controls to storage
vials (3 mL Exetainers) prefilled with a degassed 0.5% wt vol�1
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zinc chloride solution. The storage vials (containing gas from
killed controls) were kept at 21�C until analysis, where they
served to quantify the addition of unlabeled methane and
tracer to incubations (details below). Within 1–2 h after termi-
nation of the final timepoint, incubation vials were purged for
15 min with N2 bubbling through the water phase (flowrate
0.4 L min�1) to remove all 3H–CH4 from the sample. The
activity of 3H in water (AH2O) was then measured by scintilla-
tion counting of 4 mL of sample within 12–18 h after termina-
tion of the final timepoint. Analysis of 3H–CH4 in the storage
vials was carried out 1–4 d after termination of each experi-
ment following Thamdrup et al. (2019). The concentration of
unlabeled methane in incubations was determined from the
remaining gas in the storage vial by injecting 250 μL of the
headspace gas into a gas chromatograph.

AH2O increased approximately linearly with incubation
time (no time lag) and rate constants, k, were calculated from
the slope of the linear regression of AH2O plotted over time, by
k = AH2O � t�1 � ACH4

-1. Since incubations were carried out
with in situ concentrations of methane (Fig. S5), we calculated
the rates of methane oxidation as the product of k and the in
situ concentration of methane (k � [CH4]insitu; Reeburgh et al.
1991; Valentine et al. 2001). Rates were integrated over the 4–
5-m depth interval analyzed for rates, using the trapezoidal rule.
A t-test determined whether rates were significantly different
from zero and a two-sample t-test was used to determine if rates
in incubations injected with oxygen were significantly different
from rates in incubations not injected with oxygen.

Abiotic transfer of 3H between the 3H–CH4 tracer and water
is a well-known phenomenon with the rate of transfer
depending on the matrix (Bussmann et al. 2015). To our
knowledge, only one study has previously reported using the
3H–CH4 tracer to measure rates of methane oxidation in sulf-
idic waters, but abiotic transfer was not investigated
(Reeburgh et al. 1991). To investigate the potential for abiotic
transfer of activity between 3H–CH4 and water in our incuba-
tions and evaluate the validity of the 3H–CH4 method in sulf-
idic waters, we undertook a sampling on 21 October 2019 for
an tracer assesment experiment at three depths spanning a
gradient in in situ sulfide concentration of 0–32 μM. This in
situ concentration range corresponded approximately to the
range of 0–38 μM encountered across the 19 samples collected
for methane oxidation rate determinations, of which 7 con-
tained detectable sulfide (LOD 1 μM). The purging of samples
during incubation setup (Step 2 in Fig. 1) was shown to
remove approximately two-thirds of the ambient sulfide pool
in agreement with a previous report (Jensen et al. 2009). Thus,
the tracer assesment experiment covered experimental sulfide
concentrations of 0–10 μM, while two incubation experiments
(18 m in August and 19 m October, marked with asterisk in
Fig. 4) contained substantial sulfide (between 7 and 14 μM).

The incubation setup for the tracer assessment experiment
was identical to that used in the anoxic seasonal experiments
(details in Supporting Information Methods and Discussion).

This assessment showed that sterile filtered incubations with
10 μM sulfide had an abiotic rate that was 11% of the meth-
ane oxidation rate measured in parallel standard practice incu-
bations. Similarly, killed control incubations exhibited
transfer rates ≤ 12.5% of the standard practice rate at the same
depth (details in Supporting Information Methods and Discus-
sion), implicating overall a minor effect on the calculated
methane oxidation rates.

Rates of denitrification were determined alongside methane
oxidation rates following the method outlined in (De
Brabandere et al. 2014). For this purpose, an additional 500
mL glass bottle was filled at each depth. In the laboratory, the
bottle was amended with 15N-labeled nitrite (to 25 μM) before
undergoing the same downstream treatment as previously
described for methane oxidation rates, to minimize oxygen
contamination in incubations. Incubations were injected with
unlabeled methane as methane-saturated water to match the
in situ concentration and were carried out under the same
conditions as described previously. The production of 14N15N
and 15N15N was analyzed on a gas chromatography-isotope
ratio mass spectrometer (GC-IRMS; custom made GC setup
coupled to a Thermo Delta V Plus mass spectrometer;
Dalsgaard et al. 2012). Rates were obtained from the regression
slopes of 14N15N and 15N15N accumulation over time and the
mole fraction of 15N in the initial substrate pool according to
(Thamdrup and Dalsgaard 2002). A t-test determined whether
rates were significantly different from zero.

Monitoring oxygen in incubations
The aqueous oxygen concentration was monitored during

the incubations in a subset of vials mounted with either full
range optode spots (OXSP5 Pyroscience GmbH, vials injected
with oxygen) or trace range optode spots (TROXSP5
Pyroscience GmbH, vials not injected with oxygen). Oxygen
was logged every 6 h during incubation time using a Firesting
fiber-optic oxygen meter (Pyroscience GmbH). The factory cal-
ibration of spots was corrected for the zero-reading obtained
by addition of sodium dithionite at the end of each experi-
ment. The concentration of oxygen in the incubations
injected with oxygen was 28 � 2.5 μM and did not decrease
by more than 5 μM during the 24-h incubations, while the
concentrations of oxygen in vials not injected with oxygen
was below the detection limit of the method (< 50 nM). For
simplicity, in the following presentation of data, these two
experimental conditions will be referred to as oxic (� 28 μM
oxygen) and anoxic (< 50 nM oxygen).

DNA sampling, extraction, and analysis
Biomass for analysis of biomolecular parameters (amplicon

sequencing of bacterial 16S rRNA and PCR targeting 16S rRNA
of archaea) was collected and extracted following the protocol
described in (Padilla et al. 2016; see Supporting Information
Methods for details).
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Long-length bacterial 16S rRNA gene amplicons were syn-
thesized from a subset of samples at the Next Generation
Sequencing Facility of the Vienna Biocenter (www.vbcf.ac.at)
using the bacteria-specific primers 27F (50-AGRGTTYGATY-
MTGGCTCAG-30) and 1492R (50-RGYTACCTTGTTACGACTT-
30). Barcodes were added in a second round of amplification
with PacBio Barcoded Universal primers and multiplexed onto
two SMRT cells prior to sequencing on two separate runs on a
PacBio Sequel. The resulting data was analyzed with PacBio
tools (https://github.com/PacificBiosciences/pbbioconda),
with pbccs for producing circular consensus sequences, lima for
demultiplexing, and fastq2bam for converting the data to fastq
files. We subsequently trimmed all nonbiological nucleotides
from the data and inferred amplicon sequencing variants (ASVs)
using dada2 (Callahan et al. 2016) in the RStudio software
environment. Both sequencing runs were merged with the
“mergeSequenceTables” commands before the de-novo Chimera
removal of the dada2 workflow. We used the RDP classifier of
the dada2 package to taxonomically classify ASVs using the
SILVA v138 database as a reference. Relative abundances were
calculated as the fraction of ASV counts and total sample count.
ASVs representing putative methanotrophic taxa were identified
by inspection of the taxonomic annotations using keyword
searches and manual parsing.

MUSCLE (Edgar 2004) was used to align the 16S rRNA gene
sequences representing identified methanotrophs from Mar-
iager Fjord with 16S rRNA gene sequences of methanotroph
isolates in (Knief 2015), closely related environmental
sequences obtained via BLASTN, and a selection of published
environmental methanotroph sequences (Walsh et al. 2009;
Tavormina et al. 2013; Mayr et al. 2020). A phylogenetic tree
was constructed using IQTree v. 2.1.2 (Minh et al. 2020). The
model finder selected TN + F + R3 as the best fit substitution
model (Kalyaanamoorthy et al. 2017) and branch support was
calculated via 1000 nonparametric bootstrap replicates.
Sequence data has been submitted to the Short Read Archive
at NCBI under the accession number: PRJNA749906.

As archaea are not targeted by the primers used for 16S
rRNA amplicon analysis, we applied a PCR analysis to screen
for anaerobic methane-oxidizing archaea (ANME). For this we
used the 16S rRNA targeting primer sets: A349F and 519R for
archaea (Ovreås et al. 1997; Takai and Horikoshi 2000),
ANME2a-426F and 1242R for ANME-2a, ANME2b-402F and
1251R for ANME-2b (Miyashita et al. 2009), 2cF and R for
ANME-2c (Vigneron et al. 2013) and AAA641F and 834R for
ANME-2d (Schubert et al. 2011; Vaksmaa et al. 2017). The
PCR reactions were performed in duplicates on a Bio-Rad (CFX
Connect, Real-Time System; see Supporting Information
Methods for PCR conditions).

To further constrain the abundance of ANME-2d, we car-
ried out a quantitative PCR analysis of Archaea and ANME-2d.
Amplicons of the expected product size were detected by gel
electrophoresis and cloned using the Invitrogen™ TOPO™ TA
Cloning Kit, according to manufacturer instructions. Gene

copy numbers of Archaea and ANME-2d were obtained using
the primer pairs A349F/519R (Ovreås et al. 1997; Takai and
Horikoshi 2000) and AAA641F/834R (Schubert et al. 2011;
Vaksmaa et al. 2017), respectively (see Supporting Information
Methods for qPCR conditions).

Flux calculations
The vertical flux of methane due to eddy diffusion was esti-

mated by multiplying the concentration gradient with the ver-
tical turbulent mixing coefficient:

Fz ¼�Kz
dC
dz

ð1Þ

where Fz is the vertical flux, dC/dz is the concentration gradi-
ent of methane, and Kz is the mixing coefficient. For each
month, values for Kz were calculated from the density gradient
dρ/dz obtained from CTD measurements (Lewis and
Landing 1991):

Kz ¼ a0 � g
ρz

dρ
dz

� ��0:5

ð2Þ

where g is the gravitational constant, ρz is the density at depth
z, and a0 is a system specific constant representing the internal
wave energy. We used an a0 of 0.0005 cm2 s�2 as estimated
previously for Mariager Fjord (Zopfi et al. 2001; Jensen
et al. 2009). Calculations are based on the assumption that a0
is constant over time.

Results
Seasonality of stratification

The biweekly CTD measurements performed in Mariager
Fjord between April and October 2019 showed a persistent
halocline at 12–16 -m depth (Fig. 2A). Temperature profiles
revealed an expected temperature distribution for a shallow
temperate water column (Fig. 2B), where water temperature
was near uniform at � 7�C in April, before a thermocline
appeared in early May, coinciding with the halocline at 15-m
depth. The thermocline gradually migrated deeper and
strengthened as surface waters warmed to � 20�C over sum-
mer, before relaxing again in the fall as surface waters cooled
to 13�C in October. Oxygen measurements demonstrated a
seasonal progression in redox stratification that is typical for
the fjord (Figs. 2C, S1). The basin had been flushed with
oxygen-rich water in January of 2019 (Fig. S1), and oxygen
reached the sediment–water interface (26 m) until late May,
when an oxic–anoxic interface appeared close to the
sediment–water interface (Fig. 2C; based on a CTD oxygen
detection limit of 1 μM). The interface shoaled to reach
� 13 m in August, before deepening to 17–18 m in the fall
(Fig. 2C). The oxygen gradient toward the oxic–anoxic inter-
face became steeper over the course of the study, with oxygen
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decreasing from 50 μM to below detection over a depth range
of approximately 5 m in May and June, compared to 1–2 m in
August and October. In late August salinity and oxygen pro-
files indicated an intrusion at � 15-m depth of more saline
water containing � 50 μM oxygen (Figs. 2, 3D). Light pene-
trated to maximally 12 m in spring and to < 7-m depth
between June and October (Fig. S2; > 1% of incident light).

Profiles of biogeochemical parameters were sampled at 4–
8-week intervals between 02 May and 08 October 2019
(Figs. 3, S3). The seasonal progression in oxygen conditions
was reflected in concentration profiles of nitrate and nitrite
(Fig. 3F–J). In the entirely oxic water column in May, nitrate
ranged between 40 and 60 μM at all investigated depths while
nitrite was only observed between 10 and 15 m (� 1 μM). The
onset of anoxia in June initiated a drawdown of nitrate in the
bottom water with a consequent accumulation of 6 μM nitrite
at anoxic depths (24–25 m). In July, nitrate and nitrite were
depleted 2–4 m below the oxic–anoxic interface with up to
8 μM nitrate and 3 μM nitrite found at anoxic depths, whereas
in August nitrate and nitrite were nearly depleted at the same
depth as oxygen. Sulfide was never detected at oxic depths but
accumulated below the oxic–anoxic interface with the highest
levels seen at 24 m near the sediment–water interface in July
and August (77 and 88 μM, respectively). In October the oxic–
anoxic interface had shifted slightly downward (to 17.5 m)
and although nitrate was still depleted near the oxic–anoxic
interface, the concentration of nitrite peaked at 16-m depth
(14 μM) and remained > 0.6 μM at all anoxic depths. That

same month the maximum concentration of sulfide had
dropped to ≤ 52 μM. Ammonium was ≤ 1.5 μM at all depths in
May but steadily increased below the oxic–anoxic interface
from June until October, where it reached 75 μM at 24 -m
depth (Fig. S4). Above the interface, ammonium ranged
between 4 and 35 μM.

Methane accumulated immediately when bottom waters of
Mariager Fjord became anoxic (Fig. 3A–E). At oxic depths, the
concentration of methane was < 0.1 μM across all months,
and between June and October there was a pronounced meth-
ane minimum in the oxycline just above the oxic–anoxic
interface. The concentration of methane below the interface
grew steadily from 0.23 μM in June to peak at 1.4 μM at 24-m
depth in August. The spatiotemporal distribution of methane
at anoxic depths was similar to that of sulfide, with methane
concentrations being about 50-fold lower. Methane concentra-
tions increased linearly with depth below the oxic–anoxic
interface, except in October, where they stabilized at � 1 μM
below 19-m depth. Similar to the trend seen in oxygen
profiles, the gradient of methane toward the oxic–anoxic
interface steepened over the course of the study.

Rate constants and rates of methane oxidation
Rate constants (k) and rates of methane oxidation were

measured once a month at three to four depths spanning the
oxic–anoxic interface, except in May, when the oxic–anoxic
interface was absent and rate incubations spanned a gradient
in ambient oxygen concentration of 30–120 μM (Fig. 3A–E).
For each depth we conducted two sets of incubations that we
refer to as oxic (� 28 μM oxygen) and anoxic (< 50 nM oxy-
gen). In all incubations, the 3H activity in the water increased
approximately linearly during the 24 h of incubation time
with no apparent time lag.

Overall, rate constants of methane oxidation in Mariager
Fjord ranged between 0.09–0.8 d�1 (Fig. 4A–E). In most sam-
ples (15 out of 19), there was no significant difference
(p > 0.05) between methane oxidation activity in oxic and
anoxic incubations. However, rate constants measured from
the shallowest depth in May and above the oxic–anoxic inter-
face in June (three depths in total) were lower (35–50%) in
anoxic compared to oxic incubations, while the activity at
one depth below the interface in August (17 m) was 33%
higher in the anoxic incubation. In general, rate constants of
methane oxidation did not change markedly with depth
across the oxic–anoxic interface, except in August, where k in
both oxic and anoxic incubations increased from 0.2–0.3 d�1

above the interface to 0.6–0.8 d�1 below. Instead, the activity
increased during the study period as the stratification devel-
oped over the summer. In May and June, when the oxic–
anoxic interface was either absent (May) or had just emerged
near the sediments (at 24 m, June), rate constants were 0.09–
0.33 d�1, with the highest activities occurring close to the
sediment–water interface in June. Rate constants did not
increase notably between June and July (0.16–0.33 d�1), after

Fig. 2. Seasonal dynamics of salinity (A), temperature (B), and oxygen
(C) between April and October 2019 in Mariager Fjord. Arrows show
dates of sampling for biogeochemical and biomolecular parameters. Salin-
ity data was not available from June 4.
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the oxic–anoxic interface had shoaled to 17 m, but activities
became markedly higher in August (0.2–0.8 d�1), especially at
depths below the interface. The activity remained high in
October (0.3–0.4 d�1) and was uniform across investigated
depths (16–19 m). Incubations from the deepest depths ana-
lyzed for methane oxidation rates in August and October con-
tained 7–10 μM sulfide (Fig. 4D,E; marked with asterisk).

Incubations were carried out with near in situ concentrations
of methane (e.g., Fig. S5), and rates of methane oxidation could
therefore be obtained by multiplying rate constants (Fig. 4A–E)
with the in situ methane concentration (Fig. 3A–E). Since rate
constants did not vary greatly with depth, rates were primarily
determined by the concentration of methane and increased line-
arly with depth in months where methane accumulated in
anoxic bottom waters (Fig. S6A–E, only anoxic incubations
shown). Only rates from anoxic incubations are presented, since
the difference between oxic and anoxic incubations was mini-
mal (Fig. 4D,E, insignificant, p > 0.05, in 15 of the 19 samples).

In the oxic water column in May rates were 0.007–
0.008 μmol L�1 d�1 but increased as bottom waters became
anoxic in June and July reaching 0.016–0.063 μmol L�1 d�1

below the oxic–anoxic interface. Rates further increased as the
methane gradient became steeper over summer and fall. The
highest rates were measured below the oxic–anoxic interface in
August and October, reaching 0.22 and 0.37 μmol L�1 d�1,
respectively. Rates of denitrification were measured in incuba-
tions with in situ concentrations of methane. Denitrification
was detected at all anoxic depths at rates ranging from 0.2 to
7.7 μmol N2 L�1 d�1, whereas no denitrification was detected at
any depth in May nor at 16-m depth in October (Fig. S6F–J).

The methanotroph community
Sequencing of full length 16S rRNA gene amplicons found

methanotroph-related sequences at all depths examined in
Mariager Fjord (no sequence data were available for July). We
identified three methanotroph affiliated ASVs (ASV 10, ASV

Fig. 3. Depth profiles of oxygen and methane (A–E), and nitrate, nitrite, and sulfide concentrations (F–J) between May and October, 2019 in Mariager
Fjord. Samples were collected on 02 May (A,F), 04 June (B,G), 30 July (C,H), 27 August (D,I), and 08 October (E,J) 2019. Data collected at 10 m water
depth and below is shown (full depth profiles are shown in Supporting Information Fig. S3), the sediment–water interface is located at 26 m and the
shaded area indicates anoxic depths (< 1 μM oxygen). Error bars on profiles of methane, nitrate, and nitrite concentrations show the range in concentra-
tion between two Niskin bottles fired simultaneously at each depth sampled for methane oxidation rates (3–4 depths near the oxic–anoxic interface).
Depth profiles of ammonium concentrations are shown in Supporting Information Fig. S4.
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23, and ASV 140), which all belonged to the gammaproteo-
bacterial order Methylococcales. We did not detect any anaero-
bic methane oxidizers related to “Ca. Methylomirabilis oxyfera”
(Ettwig et al. 2010) with the PacBio bacteria-specific primers
and no ANME archaea were detected by the PCR analysis. In
addition, ANME-2d abundances were shown to be below
detection by qPCR (< 100 ANME-2d 16S rRNA gene

copies mL�1; Fig. S7). The relative abundance of
Methylococcales in Mariager Fjord ranged between 0.2% and
5% of total amplicons at all investigated depths, the highest
abundance occurring in May and the lowest in August
(Fig. 4F–J). There was no clear structure in Methylococcales
abundances with respect to the oxic–anoxic interface
between months.

Fig. 4. Depth distribution of methane oxidation rate constants (k; A–E) measured in incubations with � 28 μM oxygen (white) or < 50 nM oxygen
(black), relative abundance of Methylococcales and methane concentrations (F–J), and the contribution of individual Methylococcales ASVs to the
total population (shown as percent of total ASVs; K–O) between May and October, 2019, in Mariager Fjord. Samples were collected on 02 May (A,F,
K), 04 June (B,G,L), 30 July (C,H,M), 27 August (D,I,N), and 08 October (E,J,O) in 2019. Data shown for the depth range 10–25 m where the base of
the graph (26 m) marks the sediment–water interface and the shaded area indicates anoxic depths (< 1 μM oxygen). Error bars on rate constants (A–

E) represent standard error. Asterisks (on D–E) show depths where sulfide concentrations in < 50 nM oxygen incubations were 7–14 μM (see
Supporting Information Methods and Discussion). No ASV data was available in July, or from 20 and 24 m in May, 23 m in June, or at 16 m in August
(n.d. ASV).
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Examining the individual Methylococcales ASVs we
observed differences in their proportional abundance and tem-
poral distribution (Fig. 4K–O). At each sampling, the meth-
anotroph community was dominated by a single ASV which
constituted 85–100% of the total methanotroph sequences at
any investigated depth, independent of redox conditions. The
dominating ASV, however, shifted from ASV 10 in May and
June to ASV 23 in August and October. The relative abun-
dance of ASV 140 remained < 15% of methanotroph

sequences across all months sampled. Phylogenetic analysis of
the three ASVs classified them as members of the Deep Sea-1
clade (Fig. 5), which contains the genus Methyloprofundus
sedimenti (Tavormina et al. 2015).

Discussion
By following the onset of anoxia in Mariager Fjord, our

study provided the opportunity to investigate the roles of

Fig. 5. Maximum likelihood phylogeny of near full length 16S rRNA gene sequences of gammaproteobacterial methanotrophs in Mariager Fjord. The
scale bar denotes nucleotide substitutions. Bootstrap values > 80% (black circles) and > 50% (white circles) are shown (1000 maximum likelihood repli-
cates). Strain sequences are adopted from Knief (2015) and MM2020 lake sequences are from Mayr et al. (2020). The red line indicates the Deep Sea-1
clade of the Methylococcales order.
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aerobic and anaerobic methane oxidation in methane removal
during the gradual development of redox stratification over
summer. We evaluate the efficiency of the observed microbial
methane filter in mitigating the release of methane to surface
waters and thus, ultimately, preventing the accumulating
methane pool from contributing to increased emissions to the
atmosphere.

Development of seasonal anoxia and steep concentration
gradients

There was a clear seasonal progression in the redox stratifi-
cation in Mariager Fjord in 2019, where the onset of anoxia in
May preceded the development of steep redox gradients over
summer and early fall (Fig. 2C). Oxygen concentrations
followed the typical pattern observed in previous studies in
Mariager Fjord (Fenchel et al. 1995; Fallesen et al. 2000) and
in the long-term monitoring program carried out by the Dan-
ish Environmental Protection Agency (Fig. S1). However, com-
pared to conditions in the 20th century, when oxygenation
events only occurred every 1–3 years (Fenchel et al. 1995;
Ramsing et al. 1996; Fallesen et al. 2000), the winter oxygena-
tion events now seem more regular, since bottom waters were
oxygenated every winter between 2011 and 2020, except in
2013 (Fig. S1). Thus, in its present state, Mariager Fjord can be
used as a model system for studying seasonal anoxia, with
results that are relevant to various other coastal seasonally
anoxic systems such as the Indian continental shelf
(Shirodkar et al. 2018), estuaries like Chesapeake Bay (Gelesh
et al. 2016), and fjords such as Saanich Inlet (Torres-Beltr�an
et al. 2017; Capelle et al. 2019), as well as seasonally anoxic
lakes that undergo a similar gradual development of redox gra-
dients during their post-turnover phase (e.g., Diao et al. 2017).

The gradual steepening of redox gradients over summer
and fall implies increasing fluxes of oxidized and reduced sub-
strates toward the oxic–anoxic interface, since the specific
density gradient across the interface weakened over the same
time period (dρ/dz from 0.37 to 0.29 kg m�3 m�1 between July
and October, based on a 6-m depth interval transecting the
oxic–anoxic interface; no salinity data available from June). A
higher substrate flux typically sustains a larger microbial com-
munity capable of efficient substrate conversions (Brune
et al. 2000). However, in a seasonally anoxic system, where
redox gradients develop gradually, the generation time of the
microbial populations near the oxic–anoxic interface may
potentially determine how rates respond to the accumulation
of substrate. Generation times of methanotrophs in culture
vary considerably, from hours or days in some aerobic gam-
maproteobacterial methanotrophs (Graham et al. 1993;
Hirayama et al. 2013) to > 2 months for some anaerobic meth-
ane oxidizers (Knittel and Boetius 2009). Thus, if the growth
rate of methanotrophs in the water column is slow, the accu-
mulation of methane in anoxic bottom waters could result in
an increased turbulent-diffusive flux across the oxic–anoxic

interface, or, if growth rates of methanotroph populations
near the oxic–anoxic interface are high enough, they may
continuously mitigate the release of methane from bottom
waters.

In Mariager Fjord, methane accumulated in the bottom
water from < 0.1 μM in May to the maximum of 1.4 μM in
August (Fig. 3A–E). A study performed there in August 1994,
when bottom waters had remained anoxic since winter 1992–
1993, measured 40 μM methane near the sediment–water
interface (Fenchel et al. 1995), suggesting that methane may
continue to accumulate if not interrupted by an oxygenation
event. The rate of methane accumulation over time was simi-
lar to that seen in seasonally anoxic Saanich Inlet where con-
centrations typically increase from � 0.05 μM in winter to
� 1.3 μM during summer (Capelle et al. 2019). However, since
the anoxic water column in Mariager Fjord is about 10 times
shallower than in Saanich Inlet (� 10 m and � 100 m, respec-
tively) the methane gradient in Mariager is steeper and the
resulting flux correspondingly higher.

The increase in methane concentrations with depth in Mar-
iager Fjord is indicative of a sediment source. Indeed, Fenchel
et al. (1995) estimated the methane efflux from anoxic sedi-
ments in Mariager Fjord to be 0.3–1.5 mmol m�2 d�1. These
values are in line with fluxes reported from other highly eutro-
phic coastal sediments, such as seasonally hypoxic Randers
Fjord (up to 0.4 mmol m�2 d�1; Abril and Iversen 2002) and
saline Lake Grevelingen (0.6–2.2 mmol m�2 d�1; Egger
et al. 2016). In these environments it is expected that rapid
sedimentation rates sustain the high methane fluxes, by pro-
viding abundant substrate for methanogenesis in surface sedi-
ments, as well as reducing the residence time of slow-growing
anaerobic methanotrophs in the sulfate–methane transition
zone (Egger et al. 2016), emphasizing the importance of
understanding the methane-oxidizing capacity of the overly-
ing water column.

Efficient methane oxidation across an emerging redox
boundary mediated by Methylococcales

With the aim of investigating the seasonal dynamics of aero-
bic and anaerobic methane oxidation, we carried out two parallel
sets of incubations with � 28 μM oxygen and < 50 nM oxygen,
respectively (Figs. 4A–E, S6A–E). Several lines of evidence suggest
that methane oxidation in incubations with < 50 nM oxygen
occurred anaerobically. First, rates of methane oxidation in incu-
bations from multiple depths (e.g., all anoxic depths in June,
August, and October) were > 50 nmol L�1 d�1. This is higher
than what could have been sustained by the maximum possible
oxygen concentration in the incubations, despite applying the
conservative 1 : 1 oxygen to methane consumption ratio of car-
bon assimilating aerobic methanotrophs, as typically the ratio is
closer to 2 : 1 (Naguib 1976). In addition, a system with high pri-
mary production like Mariager Fjord (Fallesen et al. 2000) will
harbor an abundant heterotrophic community (Andersen and
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Sørensen 1986) and the methanotrophs would therefore face
strong competition for the limited oxygen pool from oxygen-
respiring heterotrophs. A previous study in Mariager Fjord esti-
mated oxygen consumption rates of 3.4 μM d�1 just above the
oxic–anoxic interface (Ramsing et al. 1996), which is in line with
the oxygen drawdown of up to 5 μM d�1 evident in our oxic
incubations. These rates would deplete an oxygen pool of
< 50 nM in less than 10 h, assuming half-saturation (Km) values
in the 66–259 nM range as estimated for various Danish coastal
waters (Tiano et al. 2014). Incubations would thus be function-
ally anoxic for most of the 24 h incubation time. Since methane
oxidation rates were linear over the full 24 h incubation time,
there was no indication of a shift from aerobic to anaerobic
metabolism. We also exclude photosynthesis as an internal oxy-
gen source as incubations were carried out in the dark. We thus
conclude that the methane oxidation activity observed in the
incubations with < 50 nM oxygen was anaerobic. Therefore, in
subsequent discussion, we refer to the two incubation types as
oxic and anoxic and will henceforth refer to the activity
observed in each of the incubations as aerobic and anaerobic
methane oxidation, respectively.

Overall, rate constants of methane oxidation in Mariager
Fjord (0.09–0.8 d�1, Fig. 4A–E) correspond to the upper range of
rate constants reported from hypoxic coastal waters (≤ 0.4 d�1,
Rogener et al. 2021; ≤ 0.084 d�1, Steinle et al. 2017) and they
agree well with values seen below the oxic–anoxic interface in
stratified Lake Lugano (0.07–0.71 d�1, Blees et al. 2014). In Mar-
iager Fjord, rate constants in incubations with � 28 μM and
< 50 nM oxygen (aerobic and anaerobic methane oxidation,
respectively) were very similar at each investigated depth
(Fig. 4A–E). This contrasts a previous report of methane oxida-
tion in hypoxic coastal waters, where rates were about fivefold
lower in incubations with 2–230 μM oxygen compared to
� 0.3 μM oxygen (0.2–0.6 and 2 nmol L�1 d�1, respectively;
Steinle et al. 2017), and likewise differs from observations of
anaerobic methane oxidation from an OMZ (incubations with
< 0.1 μM oxygen) where rates were up to 90% inhibited by oxy-
gen concentrations of 1 μM and higher (Thamdrup et al. 2019).
Furthermore, since rate constants of both aerobic and anaerobic
methane oxidation remained relatively constant with depth
across the oxic–anoxic interface, the efficiency of either metabo-
lism in the experiments did not appear regulated by the in situ
concentration of oxygen.

All three methanotrophic ASVs identified in Mariager Fjord
belonged to the Deep Sea-1 clade (Lüke and Frenzel 2011;
Tavormina et al. 2015) of the Methylococcales (Fig. 4F–O).
The uniform relative abundance of the ASVs across the oxic–
anoxic interface was consistent with our observations of simi-
larly invariable rate constants, although relative abundances
cannot be converted directly to absolute abundances. The
increase in rate constants over time may still suggest that the
methanotrophic community was growing. In August, we
observed a shift in the dominating ASV from ASV 10 to ASV
23 corresponding to the highest observed rate constants. This

could potentially be related to the intrusion of a different
water mass indicated by hydrographic profiles in August
(Figs. 2, 3C), although it is unclear how it would contribute to
the observed population shift.

Since we did not detect any known anaerobic met-
hanotrophs such as “Ca. Methylomirabilis” or ANME, we
speculate that members of Deep Sea-1 were responsible for
both the aerobic and anaerobic methane oxidation activity
observed in our incubations. Their involvement in aerobic
methane oxidation is expected, based on genetic potential
and observed substrate use of the close relative M. sedimenti
(Tavormina et al. 2015), however, whether members of the
Deep Sea-1 clade are capable of switching from aerobic to
anaerobic methane oxidation is not known. Phylogenetic
analysis of the three ASVs demonstrated a close relatedness
to sequences from other anoxic environments such as Saan-
ich Inlet (Walsh et al. 2009) where the Deep Sea-1 clade pri-
marily occupies the anoxic part of the water column
(Torres-Beltr�an et al. 2016). The depth interval sampled in
Mariager Fjord (4–5 m) was likely too narrow to resolve any
redox-driven population distributions. Still, our anaerobic
methane oxidation rate data, as well as previously observed
depth distributions, strongly suggest that members of the
Deep Sea-1 clade are involved in anaerobic methane oxida-
tion. Alternatively, the anaerobic activity could be con-
ducted by as-yet-unrecognized organisms, although this
would leave the role of Deep Sea-1 in anoxic water columns
unexplained. Indeed, a growing number of studies have
identified populations of Methylococcales and other gam-
maproteobacterial methanotrophs that inhabit the anoxic
hypolimnia of stratified lakes and likewise raised the ques-
tion of the potential for anaerobic metabolisms within these
groups (Oswald et al. 2017; Mayr et al. 2020; Rissanen
et al. 2021).

Molecular analysis of members of Methylococcales has
demonstrated their ability to couple partial denitrification
(to NO or N2O) with methane oxidation (Kits et al. 2015;
Oswald et al. 2017; Padilla et al. 2017). Oxygen however
still appears required for the first step of methane activation
by the particulate methane monooxygenase enzyme, but
subsequent oxidation of methanol can be carried out anaer-
obically (Dam et al. 2013). Whether organisms such as the
Deep Sea-1 can fully bypass oxygen by utilizing other elec-
tron acceptors like nitrate, nitrite, or other nitrogen inter-
mediates, or otherwise obtain oxygen by alternative means
similar to “Ca. Methylomirabilis,” are questions that merit
attention in future studies. Based on the existing evidence,
we therefore hypothesize that the Deep Sea-1 ASVs in Mar-
iager Fjord are facultative anaerobes and conduct anaerobic
methane oxidation when oxygen is exhausted. Thus, we
predict that they possess enzymatic capabilities for both aer-
obic and anaerobic methane oxidation, as an adaptation to
the dynamic environment near the oxic–anoxic interface in
Mariager Fjord.
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A potential link between anaerobic methane oxidation
and nitrogen respiration

In all months with anoxic bottom waters, nitrate and
nitrite penetrated below the oxic–anoxic interface and
maintained a zone where nitrate and nitrite respiration could
dominate (Fig. 3F–J). This zone narrowed with time, which is
consistent with a previous observation, where both com-
pounds penetrated below the oxic–anoxic interface in July but
were depleted at the oxic–anoxic interface in September and
October (Jensen et al. 2009). To investigate whether anaerobic
methane oxidation in Mariager Fjord could theoretically be
sustained by denitrification, we measured rates of denitrifica-
tion alongside methane oxidation (Fig. S6). Rates of denitrifi-
cation at anoxic depths (0.2–7.7 μmol N2 L�1 d�1) were
comparable to previous measurements in Mariager Fjord (0.5–
2.8 μmol N2 L�1 d�1, Jensen et al. 2009). Throughout the
study, denitrification rates in Mariager Fjord were approxi-
mately ten times higher than rates of anaerobic methane oxi-
dation (Fig. S6). Considering this order of magnitude
difference along with the proposed 3 : 4 CH4 to N2 stoichiom-
etry of methane oxidation coupled to denitrification from
nitrite (Ettwig et al. 2010), it is reasonable to hypothesize that
anaerobic methane oxidation in Mariager Fjord iscoupled to
the denitrification pathway, e.g., to the production of NO or
N2O as seen in some gammaproteobacterial methanotrophs
(Kits et al. 2015; Oswald et al. 2017; Padilla et al. 2017), which
are closely related to the ones observed here. While sulfate
could potentially also serve as electron acceptor for AOM, we
find it unlikely that this was the case in our incubations given
the absence of ANME archaea, which so far appear critical for
sulfate-dependent AOM (Knittel and Boetius 2009).

A robust methane filter composed of aerobic and anaerobic
methane oxidation

Although methane always constituted ≤ 2% of the total
upward flow of electrons to the oxic–anoxic interface, which
was dominated by ammonium and sulfide (Figs. 3F–J, S4A–E),
the overall methane gradient steepened between June and
October (Fig. 3A–E), suggesting an increased diffusive methane

flux from bottom waters to the oxic–anoxic interface that
might cause an increased release to surface waters. In order to
evaluate whether methane oxidation near the oxic–anoxic
interface could consume the upward methane flux, we esti-
mated the vertical flux of methane due to eddy diffusion and
compared it to depth integrated rates of methane oxidation
over the 4–5-m depth interval analyzed for rates near the
oxic–anoxic interface (Table 1). The flux of methane from sedi-
ments and toward the depth interval analyzed for rates was cal-
culated using the gradient from 24–25 m to the deepest sample
collected for rate measurements (18–19 m in July–October). In
June, when the oxic–anoxic interface was at 24-m depth, the
methane flux was calculated across the oxic–anoxic interface
(23–25-m depth). Estimated values of Kz in bottom waters varied
between 0.002 and 0.008 cm2 s�1 across months in agreement
with prior estimates in the system (0.0078 cm2 s�1, Zopfi
et al. 2001; 0.003–0.014 cm2 s�1, Jensen et al. 2009). For a con-
servative estimate of the role of methane oxidation, we used
Kz = 0.008 cm2 s�1 for our flux calculations.

Estimated fluxes of methane ranged from 3.7 to
11.2 μmol m�2 d�1 between months and were highest in
August (Table 1). Fluxes were however always 1–2 orders of
magnitude lower than the depth integrated rates of either aer-
obic or anaerobic methane oxidation (36–439 μmol m�2 d�1),
suggesting that methane oxidation near the oxic–anoxic inter-
face in any month could consume the total upward methane
flux. Still, the orders of magnitude imbalance between the cal-
culated source (flux) and sink (integrated rates) implies uncer-
tainties associated with one or both estimates. The transfer of
activity observed in killed control incubations (Fig. S5) could
result in an overestimate of rates by up to � 13%, however,
such transfer rates (5–51 μmol m�2 d�1) would only account
for a minor part of the discrepancy. Another possibility is that
the eddy diffusivity model does not capture the entire meth-
ane flux. This could be due to complex, intrusion-driven
mixing patterns at the oxic–anoxic interface, which were indi-
cated by short-term fluctuations in salinity and temperature
profiles resulting in nonsteady state conditions in a previous
study in Mariager Fjord conducting multiple CTD casts per

Table 1. Monthly comparison of methane fluxes and depth integrated methane oxidation rates. Rates were integrated over the 4–5-m
depth interval analyzed for rates near the oxic–anoxic interface and are shown for oxic (� 28 μM oxygen) and anoxic (< 50 nM oxygen)
incubations, resulting in, respectively, an aerobic CH4 sink and an anaerobic CH4 sink. The vertical flux was estimated by multiplying the
methane gradient in bottom waters with the vertical turbulent mixing coefficient, Kz, calculated from the density gradient (see “flux cal-
culations” in methods). No methane flux was detected in May.

Month
Interval for depth

integr. (m)
CH4 flux

(μmol m�2 d�1)
Aerobic CH4 sink
(μmol m�2 d�1)

Anaerobic CH4 sink
(μmol m�2 d�1)

May 20–25 - 56 36

Jun 20–25 5.0 139 100

Jul 15–19 8.3 72 66

Aug 14–18 11.2 376 439

Oct 16–19 3.7 358 342
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day (Zopfi et al. 2001). Given such conditions, which are not
visible in a single CTD profile as obtained here, our fluxes
would most likely be underestimated. Likewise, a substantial
non-diffusive contribution to the methane flux from gas ebul-
lition as reported from the near-by Eckernförde Bay (Lohrberg
et al. 2020) cannot be excluded, as the potential occurrence of
shallow gas and rising bubbles in Mariager Fjord remains to be
investigated. Nevertheless, the observation that each respec-
tive methane sink, namely aerobic and anaerobic, exceeded
the methane source by factors between 10 and 100 (Table 1)
strongly suggests that aerobic and anaerobic methane oxida-
tion near the oxic–anoxic interface, potentially mediated by
members of Methylococcales belonging to the Deep Sea-1
clade, can effectively prevent the escape of methane to surface
waters and thereby mitigate the effect of the accumulating
methane on emissions to the atmosphere. The effectiveness of
the filter is further witnessed by the methane concentration
minimum, which persisted just above the oxic–anoxic inter-
face (Fig. 3). Thus, we conclude that methane oxidation near
the oxic–anoxic interface serves as an effective methane filter
independent of ambient oxygen concentrations, which is a
feature of particular importance in a shallow and dynamic sys-
tem such as Mariager Fjord, where oxygen conditions can
change rapidly.

Data Availability Statement
Sequence data has been submitted to GenBank under acces-

sion number PRJNA749906 and all other data is available from
corresponding author upon request.
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