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In the northern South China Sea (SCS) we explored methane dynamics in the water
column during SONNE-cruise SO266 in October/November 2018. Two depth zones
contained elevated methane concentrations: the upper 400 m (<10 nM) and near
gas seeps at the seafloor (up to 2100 nM). Seeps occurred at Four Way Closure
Ridge (FWCR) at the active continental margin as well as at Southern Summit Formosa
Ridge (SSFR) at the passive continental margin. In the upper ocean, methane dynamics
correlated with (1) temperature, (2) water masses, and (3) suspended matter. In the first
case, elevated methane concentrations and aerobic methane oxidation rates (MOxs)
occurred in water with temperatures > 10◦C and > 20◦C, respectively. Both 16S rRNA
gene and pmoA amplicon analyses revealed distinct microbial and methanotrophic
communities in water with temperature of 27◦C, ∼10◦C, and 3◦C. Second, we found
elevated methane concentrations in 200–400 m in the FWCR-region whereas increased
methane concentrations occurred in the uppermost 100 m above SSFR. The deeper
plume above FWCR might be due to an intrusion of the Kuroshio water mass into SCS
keeping the methane from being aerobically oxidized in the warm surface water and
vented to the atmosphere. Finally, all peak methane concentrations occurred in water
depth, with rather low backscatter, i.e., in water depth with less suspended matter.
At the seafloor, ocean currents and long-term seepage appeared to control methane
dynamics. We derived methane fluxes of 0.08–0.12 mmol m−2 d−1 from a 4.5 km2 area
at FWCR and of 3.0–79.9 mmol m−2 d−1 from a 0.01 km2 area at SSFR. Repetitive
sampling of the area at SSFR indicated that changing directions of ocean currents
possibly affected methane concentrations and thus flux. In contrast to these seepage
sites with distinct methane plumes, retrieval of drilling equipment produced no methane
plume. Even gas emission triggered by seafloor drilling did not supply measureable
methane concentrations after 3 h, but caused an increase in methanotrophic activity
as determined by rate measurements and molecular-biological analyses. Apparently,
only long-term seepage can generate methane anomalies in the ocean.

Keywords: methane concentration, methane seeps, methane oxidation rate, methanotrophs, ocean current,
water column, South China Sea, ocean methane paradox
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INTRODUCTION

Methane is after water vapor and CO2 the most abundant
greenhouse gas on Earth. Currently the ocean contributes 2–10%
to the atmospheric methane content despite the many seepage
sites in the ocean (Skarke et al., 2014; Mau et al., 2017; Riedel
et al., 2018) and the generation of methane in the oxic surface
and subsurface water (Reeburgh, 2007; Conrad, 2009).

Methane in the ocean originates either from discharge
of methane from sediments or from methane formation in
the water column itself. In the sediment, methane originates
from decomposition of organic matter buried during sediment
deposition. Microbial methane is produced by methanogenesis
in anoxic sediments at relatively shallow sediment depths where
temperature do not exceed 80◦C (Wilhelms et al., 2001; Stolper
et al., 2014). Marine CO2 reduction or disproportionation of
methylated substrates (Whiticar, 1999; Hinrichs and Boetius,
2002; Formolo, 2010) mediates this microbial or biogenic
methane. In contrast, thermal breakdown of organic matter
occurring at high temperature and pressure in depths greater
than one kilometer (Tissot and Welte, 1984) forms so
called thermogenic methane. Although of lesser importance,
serpentinization and Fischer–Tropsch reaction generate abiotic
methane (Johnson et al., 2015; McCollom, 2016). In addition to
these sedimentary sources, conspicuous methane concentration
maxima in oxic water layers provided indications for methane
production under oxic conditions. As microbial methanogenesis
relies on reduced, anoxic conditions, this phenomenon was
called the “ocean methane paradox” (Reeburgh, 2007). Studies
of this phenomena identified fecal pellets (Karl and Tilbrook,
1994; Karl et al., 2008) and the guts of zooplankton (de Angelis
and Lee, 1994; Tang et al., 2011; Stawiarski et al., 2019) as
anaerobic micro-niches allowing anaerobic growth and thus
methane production. Furthermore, photoautotrophs, i.e., algae,
harbor potentially methanogenic Archaea, who utilize acetate
produced by the algae. Their attachment hints to a direct transfer
of substrate for methane production (Grossart et al., 2011;
Bogard et al., 2014). In addition, methylated compounds like
methylphosphonates (MPn) (Karl et al., 2008; Repeta et al., 2016)
or dimethylsulfoniopropionate (DMSP) (Damm et al., 2010)
correlate with methane concentration and were postulated as
source of methane in the water column.

Several processes reduce the amount of methane in the
sediment and water column decreasing the amount of methane
entering the atmosphere. Buoyancy-triggered advection and
pressure gradients transport the methane formed in sediments
toward the ocean floor. On the way, methane can be sequestered
within a cage of water molecules, in a gas hydrate structure, stable
under the low temperature and high pressure conditions that
define the gas hydrate stability zone (Sloan, 1998). A large fraction
of methane was found to be consumed via anaerobic oxidation of
methane (AOM) (Barnes and Goldberg, 1976; Reeburgh, 2007;
Knittel and Boetius, 2009) at the sulfate-methane transition zone
and aerobic methane oxidation at the sediment surface and in the
water column (Murrell, 2010).

AOM leads to the precipitation of authigenic carbonates
(Kulm et al., 1986) and provides energy for vent-specific biota

(Sibuet and Olu, 1998). Carbonates and chemoautotrophic
communities are typical features for cold seeps, which occur at
sites where methane produced in the sediment is not completely
exhausted by the above described processes and a fraction of
the methane is emitted into the water column. This methane
can be emitted either being dissolved in fluids or, in case of
over-saturation, in form of gas bubbles (Valentine et al., 2001;
Judd and Hovland, 2007; Reeburgh, 2007). As the bubbles
ascend through the water column, a fraction of the methane
gas dissolves (McGinnis et al., 2006), generating patches of
high methane concentration (Leifer et al., 2000). When the gas
discharge is persistent and vigorous, it leads to the formation
of large dissolved methane plumes. The dissolved methane is
diluted by mixing with the surrounding ocean water and it is
further oxidized by aerobic methanotrophs (e.g., Mau et al.,
2012). Only in cases where dissolved methane either originating
from the sediment or produced in the water column reaches the
surface-mixed layer in concentrations above saturation can it be
transferred to the atmosphere via sea-air gas exchange (Cynar and
Yayanos, 1993; Brunskill et al., 2011; Ruff et al., 2016).

Offshore Taiwan the unique tectonic setting and indications
of gas hydrate occurrence provides a target area to explore for
cold seeps. SW Taiwan lies at the transition from plate subduction
to arc-continent collision. The oceanic lithosphere of the South
China Sea (SCS) is subducting eastward beneath the Philippine
Sea Plate at a rate of ∼80 mm yr−1. The subduction forms
the Manila Trench, the offshore Hengchung Ridge (i.e., the
accretionary prism), the Luzon trough (i.e., the forearc basin),
and Luzon arc (Bowin et al., 1978; Taylor and Hayes, 1983; Hayes
and Lewis, 1984; Yu et al., 1997; Chi et al., 2014). To the north of
the subduction zone, the tectonic setting of SW Taiwan presents
the initial stage of arc-continent collision between the Luzon arc
and the northern continental margin of the SCS (Liu et al., 1997;
Huang et al., 2000). One of our research areas is located in the
accretionary wedge formed by the initial collision. The second
research area is situated at the northern passive continental
margin of the SCS where the seafloor morphology is dominated
by erosional gullies.

A widespread bottom-simulating reflector (BSR) that
represents the interface between gas hydrates and free gas covers
an area of more than 15,000 km2 west and south of Taiwan (Chi
et al., 1998). Lin et al. (2009) described four major BSR types in
the region: Ridge type, basin type, submarine-canyon type, and
continental slope type, which are recognized on the basis of the
relationship of BSRs to topographic and structural features. The
former three occur mainly in the accretionary wedge, i.e., at the
active margin, and the latter lies in the SCS continental slope, i.e.,
the passive margin.

As gas hydrate is present in the region, part of the methane
can leak and be emitted into the SCS, which is a semi-enclosed
marginal sea with a deep basin and broad shelves (Hu et al.,
2011). It is a sea confined by sills. The Luzon Strait between
Taiwan Island and Luzon Island is the major passageway with a
sill depth of 2400 m (Jilan, 2004). As the other sills are shallower,
currents outside of the SCS influence mainly the upper water
column. The water column generally consists of four water
masses characterized by salinity. The relatively low saline surface
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water (thickness of up to 100 m) overlies the high salinity
subsurface water (between 100 and 300 m), which lies on top
of the low salinity intermediate water (300–900 m) and the high
salinity deep water (1000–2500 m) (Hu et al., 2011).

However, the transport of water through the straits is the
secondary force acting upon water in the SCS, monsoon winds
drive mainly the currents (Isobe and Namba, 2001). In mid-May
the summer monsoon starts with SW-winds in the southern area
of SCS and expands over entire SCS in June. In September the
NE winter monsoon starts in the north of SCS, develops over the
entire SCS in November, and diminishes in April. In general, the
circulation pattern in the SCS consists of a cyclonic circulation
in the upper 750 m, an anticyclonic movement in the middle
(750–1500 m), and another cyclonic circulation in the deep SCS
(>1500 m) (Gan et al., 2016). The cyclonic surface currents in the
northern SCS including the study areas are strongest in winter
when warm, saline Kuroshio water intrudes from the Pacific
Ocean NW into the SCS and reaches as far as the Taiwan Strait
(Huang et al., 2017).

Elevated methane concentrations above the ocean background
concentration of 2 nM have been observed in the surface,
but also in deep waters together with authigenic carbonates
in the northern part of the SCS. Several large water column
surveys identified the region SW of Taiwan as an area of locally
increased methane concentrations in mid-depth and deep water
and suggested methane seeping from sediments (Chen and Tseng,
2006; Yang et al., 2006; Tseng et al., 2017). For example, Yang et al.
(2006) reported on methane concentrations of up to 5000 nM in
water near the seafloor above a ridge north of our sampling area
at the active margin and considered this as evidence for methane
seepage (stations of this publication are shown as dark blue dots
in Figure 1A). Authigenic carbonates have been recovered from
over 30 seep sites on the northern continental slope of the SCS
(Han et al., 2008) (stations of this publication are shown as green
dots in Figure 1A). Most of the sites were discovered to be
inactive, but a site at the Formosa Ridge, was found to be an
active and the most vigorous cold seep known on the northern
SCS continental slope (Han et al., 2014; Feng and Chen, 2015).

The water column surveys also revealed methane concentra-
tions above atmospheric equilibrium values in the surface water
(Chen and Tseng, 2006; Yang et al., 2006; Zhou et al., 2009;
Tseng et al., 2017) from July to September, when all the cruises
took place, i.e., at the end of the summer monsoon and the
beginning of the winter monsoon. Methane concentrations were
higher above the continental shelf than over the deep ocean and
did not correlate with chlorophyll a (Tseng et al., 2017). The
latter result suggests no direct link between methanogenesis in
the water column and phytoplankton biomass or photosynthesis,
as has been proposed by Zindler et al. (2013) and Bogard et al.
(2014).

In order to further explore the sources of the reported
elevated methane concentrations, we participated on research
cruise SO266 offshore SW Taiwan from 15th October to 18th
November, i.e., during the winter monsoon. One of our aims
was to detect seep sites at the active and passive continental
margin and compare their activities with each other. The second
aim was to investigate methane enrichments in the surface

and subsurface water column that are not associated with seep
sites. By correlating dissolved methane concentrations with
aerobic microbial methane oxidation rates (MOxs), microbial
community composition, oceanographic and hydroacoustic data
we intended to reveal potentially important links for studies of
the ocean methane paradox. Finally, we tested how coring by
gravity corer and by MeBo-Drilling affected methane discharge
and microbial consumption.

MATERIALS AND METHODS

Water Sampling
We collected water samples at three different ridges and in a
canyon during cruise SO266. We studied most extensively the
Four Way Closure Ridge (FWCR, Figures 1A,C) at the active
continental margin and the Formosa Ridge (SSFR, Figures 1A,B)
at the passive continental margin as signs of gas seepage in form
of carbonate patches and hydroacoustically detected flares were
observed (Bohrmann and SO266 Shipboard Participants, 2019).
At FWCR water was sampled crossing two different carbonate
patches (CTD-2 and CTD-5) and the southern part of a ridge
(CTD-4) where gas emissions were hydroacoustically detected
(Figure 1C; Bohrmann and SO266 Shipboard Participants, 2019).
We collected water by lowering the CTD-water sampler to the
seafloor and by raising the instrument to 30 m above the seafloor
while taking samples every 5 m, then towing the CTD-water
sampler to another position, lowering it again and so on. The
acoustic positioning system POSIDONIA, which we clamped
into the wire 27 m above the rosette, facilitated to sample water
above targeted sites. In addition, water samples throughout the
entire water column were collected at two different sites (CTD-
3, CTD-7) as well as 1 h after taking a gravity core (CTD-3)
and 3 h after a gas emission triggered by MeBo drilling a
gas pocket (CTD-8). At the SSFR (Figure 1B) first a towed
hydrocast was deployed crossing the carbonate patch, which
covered the morphological height of the ridge and where active
bubble emissions were detected (CTD-9) (Bohrmann and SO266
Shipboard Participants, 2019). Next a vertical profile through
the water column was sampled (CTD-11) and then water was
collected at 12 sites using a 4 × 3 point grid that covered the
entire carbonate patch (CTD-12). At these 12 sites, we sampled
water at 5 m and 10 m above the seafloor. The grid was extended
toward the south (CTD-13 and CTD-14) and finally the same
12 sites as sampled during CTD-12 were repeatedly sampled
(CTD-15). In addition to these two main seepage sites, FWCR
and SSFR, a vertical profile through the water column was also
investigated at South Yun An East Ridge (SYAER, CTD-6) at
the active continental margin and in the Penghu Canyon (PC,
CTD-10, Figure 1A).

Oceanographic Data
A Seabird CTD Model 911plus recorded oceanographic data.
The CTD comprised conductivity, temperature, and pressure
sensors as well as a SBE 43 oxygen sensor and a WET labs
ECO FLNTURTD fluorometer. According to the manufacturers,
the accuracy of the conductivity, temperature, pressure, and
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FIGURE 1 | Maps of research areas SW of Taiwan. (A) Overview map of the northern South China Sea (SCS) including water column sampling stations at Southern
Summit Formosa Ridge (SSFR), Penyu Canyon (PC), Four Way Closure Ridge (FWCR), and South Yun An East Ridge (SYAER), which are all shown as red circles.
Stations, where the water column was sampled for methane concentration analyses by Yang et al. (2006) are displayed as dark blue dots, and stations where
authigenic carbonates were observed by Han et al. (2008) are shown as green dots. The deformation front (white line) and the upper and lower slope boundary
(black line) are adopted from Lin et al. (2009). (B,C) Bathymetric maps of SSFR and FWCR that include locations of CTD-hydrocasts.

oxygen was ±0.0003 S m−1, ±0.0002◦C, ±0.02%, and ±2% of
saturation, respectively. The difference between the two salinity
and temperature sensors were 0.0069 and 0.0010◦C, respectively.
The WETLabs FLNTU measured chlorophyll fluorescence (ChlF,
λ excitation = 470 nm, λ emission = 695 nm) with a sensitivity of
0.025 µg l−1. The data are archived in PANGAEA (doi: 10.1594/
PANGAEA.915954 and doi: 10.1594/PANGAEA.915990).

Methane Concentration
Methane concentrations of discrete water samples were analyzed
using the batch mode of a Greenhouse Gas Analyzer (GGA,

Los Gatos Research) following the procedure described by
Geprägs (2016). Briefly, water was sampled directly from the
Niskin bottles. Two 140 ml syringes were flushed and filled each
with 100 ml of seawater avoiding any air bubbles. To each of the
syringes, 40 ml of synthetic air without any methane were added.
The syringes were shaken vigorously for over 1.5 minutes to
allow for equilibration between water and headspace. The 40 ml
headspace gas of each of the two syringes was transferred in a dry
140 ml syringe via a Luer Lock adapter and injected in the GGA.
The transfer is essential to minimize the risk of water injection
into the GGA. Right after the injection of the 80 ml headspace
gas (40 ml of each of the sampled syringes), additional 60 ml of
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Zero Air were injected, as needed to reach the required volume of
140 ml of the analyzing chamber of the GGA. The reproducibility
of the method is <2.5%. Processing of 24 samples from the Niskin
bottles took about 2 h.

Methane concentrations in atmospheric equilibrium was
derived using the mean atmospheric methane concentration of
Dongsha Island in October/November 2018 (1.983 ppm)1, the
Bunsen solubility given by Wiesenburg and Guinasso (1979) and
measured ocean temperatures and salinities.

Aerobic Methane Oxidation Rates
Methane oxidation rate (MOx) measurements were implemented
as described by Mau et al. (2013) and Bussmann et al. (2015).
Briefly, water was sampled in 100 ml crimp-top sample bottles.
First, 25% sulfuric acid (0.3 ml) was added to control samples
stopping microbial metabolism. Then, in the case of common
measurements of MOxs, [3H]-CH4 in N2 (50 µl, 20.000 DPM)
was added to each sample bottles by syringe whereupon displaced
water can pass off through an additional needle. All bottles were
subsequently shaken to equilibrate the tracer with the liquid
phase. After that, the sample bottles were incubated for 24 h in
the dark at 3, 10, 20, or 25◦C (± 3◦C) as close as possible to the
in situ temperatures ranging from 3 to 27◦C. At the end of the
incubation period, a 1 ml aliquot of each sample was taken and
mixed with 5 ml Ultima Gold scintillation cocktail for analysis
in a liquid scintillation counter (Perkin Elmer Tri-Carb, 2910)
on board to determine the total radioactivity injected. Finally,
the sample was sparged for ≥ 30 min with helium to remove
remaining [3H]-CH4 and a 1 ml aliquot was analyzed again by
wet scintillation counting.

Furthermore, time series and temperature incubations
were conducted to investigate possible differences between
the methanotrophic communities in different water depth.
Therefore, surface water (30 m), intermediate water (400 m)
and deep water above carbonate patches of FWCR and SSFR
was collected and incubated for 1–5 days in case of the time
series and at four different temperatures (3, 10, 20, and 25◦C) in
case of the temperature evaluation. Always a duplicate sample
and a control sample, which was treated with 0.3 ml of 25%
H2SO4, was incubated for either a certain time period or at
a certain temperature. The incubations were terminated as
described above.

MOx-rates were calculated assuming first-order kinetics
(Reeburgh et al., 1991; Valentine et al., 2001):

MOx = k
′

[CH4]

where k’ is the effective first-order rate constant calculated as
the fraction of labeled methane oxidized per unit time, and
[CH4] is the in situ methane concentration. The rate constant
k’ provides an indication of the relative activity of methane
oxidizing microorganisms in a water sample (Koschel, 1980) and
is a first order rate constant if the reaction is solely dependent
on methane concentration and biomass does not increase during
incubation. Time series incubation show constant values of k’

1http://www.esrl.noaa.gov/gmd/dv/data/

over a period of 3 days confirming a first order reaction until
then. Methane concentration and aerobic MOx data are archived
in PANGAEA (doi: 10.1594/PANGAEA.916201).

Acoustic Doppler Current Profiler Data
An on-board Acoustic Doppler Current Profiler (ADCP,
Teledyne RDI Ocean Surveyor, 38 kHz) was used to measure
vertical profiles of water current velocity. The vertical resolution
was set to 16 m depth cell (bins) with an average sampling
interval of 12 s (ensembles). Simultaneous deployment with
the other hydroacoustic devices caused typical interference
patterns, visible in the echo intensity profiles of each beam.
Therefore, raw beam velocities were screened and marked
bad referring to corresponding peaks in echo intensity before
further calculations. Beam coordinates were transformed to
earth coordinates using gyro and heading information from
external ship sensors. The moving platform correction was based
on ADCP bottom track velocities. To determine one current
velocity profile, all ensembles collected during the time of one
CTD cast were combined (ca. 1.5 h, 450 ensembles) by first
averaging independent velocity components and then calculating
magnitude and direction. This reduced the error of measured
current velocity in a specific depth to less than 3 cm s−1.

Hydroacoustic Profiling
Bathymetric data were recorded with the EM122 multibeam
echosounder (MBES) operating at a frequency of 12 kHz. The
software package MB-System Version 5.5.2213 and 5.5.2289
(Caress and Chayes, 1995) was used for bathymetric post-
processing. After converting the data, the records were corrected
for SVP and tides. Then, the data were manually edited,
processed, and final grids were made.

Water column data (WCD) were recorded using the same
MBES. We investigated the data to identify features of dense
concentrations of particles and/or plankton to correlate those
with measured methane concentrations. The software package
QPS Fledermaus was used to convert the raw WCD into.gwc files,
which later were visualized in the same tool for investigations
and interpretation.

Flux Estimation
In order to derive the flux of methane from the ground into the
ocean at the two seepage sites FWCR and SSFR, we calculated
the amount of methane above the seepage sites and how long it
takes to replenish this methane as it is constantly carried away by
ocean currents. This flux estimation excludes any methane that
remained in emitted bubbles from the seafloor.

We first estimated the inventory of methane (I in unit mol)
within a box defined by the locations of the hydrocasts. We
used the more accurate POSIDONIA positions instead of the
ship position to calculate surface areas and volumes of these
imagined boxes. For example, we collected water samples in a
grid like fashion covering an area of ∼100 × 110 m above SSFR.
The corner points of the grid defined the surveyed area and
the sampling at ∼5 and 10 m above the seafloor defined the
height of the box, i.e., ∼5 m. As the seafloor was uneven due to
the carbonate mound, we used the software Surfer to generate
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a grid based on the lowermost water samples and another grid
for the uppermost water samples and used the function volume
to derive the volume between these two layers. This volume
multiplied with the average methane anomalies, within the box
according to Simpson’s law gives the inventory of methane above
the seep site. Hence, we averaged the methane concentrations
of the 12 grid point at 5 m and the 12 grid points at 10 m
distance to the seafloor for SSFR and subtracted equilibrium
methane concentrations according to temperature and salinity of
the seawater (Wiesenburg and Guinasso, 1979). As we sampled
the grid three times, we derived the inventory for each sampled
2-layer-grid. For FWCR we used data of hydrocasts CTD 2, CTD
4, and CTD 5 to define the volume and average of methane
concentrations. The transects sampled during these hyrocasts
crossed two carbonate patches and the southern FWCR from ca.
5 to ∼30 m above the seafloor. As we found similar methane
concentration in the entire area, we summarized those transects
to one large box.

Next, we calculated the output (R) in units of mol s−1. For
this, we multiplied the inventory (I) with current velocity [u(z)]
and divided the result by the lengths of the path it would take to
move the entire box away from its original position (lpath).

R = I∗u(z)/lpath

The current direction and the surface area of the box define the
lengths of the path, which we measured assuming parallel flow
of water above ground by using the software Surfer. Current
velocities and directions, recorded by ADCP in the appropriate
depth where water was sampled, were used for the estimation.

Finally, we divided the output by the surface area of the grid
(A) to derive the flux from the ground into the water column (F).

F = R/A

The uncertainty of the estimated flux is mainly due to the error
of the current data; therefore, we included the range of current
velocities and directions as shown in Table 1.

Characterization of the Microbial
Community
Nucleic Acid Extraction and Sequencing
Water samples for the extraction of nucleic acid was filtered
onto 0.2 µm Supor-200 (Pall Gelman) 47 mm filters at a rate
of approximately 100 ml min−1, preserved in LifeGuardTM

soil preservation solution (Qiagen, Germany), and immediately

stored at −80◦C. In order to prevent repeatedly melting and
freezing samples, the extraction of DNA and RNA was completed
in the same day. We extracted DNA and RNA from filtered water
samples using the DNeasy Powersoil kit (Qiagen, Germany)
and Quick-RNA Fecal/Soil Microbe Microprep Kit (Zymo,
United States), respectively (volume of filtered water listed in
Supplementary Table S1). In total, crude DNA and RNA was
extracted from 23 and 17 samples, respectively. cDNA was
synthesized immediately following the extraction of RNA using
a SuperScriptTM IV VILOtTM Master Mix with ezDNasetTM

Enzyme (Invitrogen, United States). The quantification of
nucleic acid was implemented using QuantiFluor R© dsDNA,
ssDNA and RNA Systems (Promega, United States). Extracted
and synthesized nucleic acid were stored at −80◦C for
subsequent analysis.

High-throughput sequencing of dual-indexed PCR amplicons
encompassing the V4 region of 16S rRNA gene and partial
sequence of particulate methane monooxygenase gene (pmoA)
were conducted to assess the whole and aerobic methanotrophic
community compositions in all samples, respectively. Fragments
of 16S rRNA genes were amplified using the primer combination
of F515 (5′–GTGCCAGCMGCCGCGGTAA–3′) and R806 (5′–
CCCGTCAATTCMTTTRAGT–3′) that target both bacterial and
archaeal communities (Kozich et al., 2013). Both forward and
reverse primers were barcoded and appended with the Illumina-
specific adapters. Each PCR mixture contained 1.1–1.5 ng of
purified genomic DNA, 1U of ExTaq polymerase (TaKaRa Bio,
Japan), 0.2 mM of dNTPs, 0.2 µM of each primer, and 2.5 µl
of 10 × PCR buffer in a total volume of 25 µl. Thermal cycling
involved a denaturation step at 94◦C for 3 min followed by
30 cycles of denaturation at 94◦C for 45 s, annealing at 55◦C
for 45 s, extension at 72◦C for 90 s, and a final extension step
at 72◦C for 10 min. Amplification of pmoA was performed
with a two-step PCR approach using primer combinations
of pmoA189f (5′–GGNGACTGGGACTTCTGG–3′) and pmoA
661r (5′–CCGGMGCAACGTCYTTACC–3′) (Kolb et al., 2003).
The reagents for PCR were the same as those for 16S rRNA.
Nested PCR was performed to avoid the potential variations in
efficiency of multiplexing PCR. For the first PCR, the thermal
cycling was conducted with a denaturation step at 94◦C for
3 min followed by 40 cycles of denaturation at 94◦C for 45 s,
annealing at 56◦C for 45 s, extension at 72◦C for 90 s, and a
final extension step at 72◦C for 10 min. The target region of
pmoA were successfully amplified for 13 samples from CTD-2,
4, 6, 7, 9, and 10 (Supplementary Table S1). The amplicons from
three independent PCRs for individual samples were pooled and

TABLE 1 | Estimation of methane flux from the seafloor at two seep sites FWCR and SSFR based on methane anomaly (equilibrium methane concentrations subtracted
from measured methane concentrations) and current speed and direction.

Area CH4-anomaly Volume Inventory Speed Direction Length Output Flux

nM km3 mol mm s−1 ◦ m mmol s−1 mmol m−2d−1

FWCR 2.8 0.108 300.6 25.2–48.1 9–104 1836–2544 4–6 0.08–0.12

SSFR 603.3 0.000059 36.1 23.9–30.6 94–112 101–108 9–10 66.7–79.9

SSFR 26.1 0.000056 1.5 27.1–37.4 300–315 104–127 0.38–0.43 3.0–3.4

SSFR 71.1 0.000053 3.8 20.9–24.1 309–318 130–147 0.60–0.62 4.7–4.8
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purified as described in Tu et al. (2017), and subsequently used as
templates in the second PCR, in which 10 cycles of amplification
were performed with barcoded primers under the scheme of
thermal cycling same as that for the first PCR. Regardless
of genes, amplicons from different samples were pooled in
equal quantities sufficient for sequencing on an Illumina Miseq
platform (Illumina, United States).

Quantitative PCR Analysis
Quantitative PCR (qPCR) and quantitative reverse transcription
PCR (qRT-PCR) were used to analyze the copy number and
gene expression at transcriptional level of 16S rRNA genes
for bacteria and pmoA for aerobic methanotrophs in all DNA
and cDNA extracts using a QuantStudio 3 real-time PCR
systems (Thermo Fisher Scientific, United States). All samples
were analyzed in triplicate reactions (20 µl each) with each
composed of 1 x SYBR green PCR master mix (Thermo
Fisher Scientific, United States), 200 nM of each primer, and
2 µl of template DNA/cDNA. Primers targeting specific groups
included: B27f and EUB338r for bacteria (Lipp et al., 2008)
and pmoA189f and pmoA661r for aerobic methanotrophs.
Each qPCR temperature program started at 95◦C for 10 min,
followed by 40 cycles of 15 s denaturation at 95◦C and
1 min annealing. The annealing temperatures were: 56◦C
for bacteria and 59◦C for aerobic methanotrophs. Primer
specificity was confirmed by both melting curve analysis and
gel electrophoresis. Standard preparations were the same as
those described in Tu et al. (2017) and Lin et al. (2018).
The copy numbers of genes represented the average of three
measurements and were calculated with the length of amplicon,
assuming 650 g mol−1 of one base pair of DNA. The
quantity of pmoA genes was normalized to the abundance
of 16S rRNA genes.

Sequence Processing and Analysis of 16S rRNA
Gene and pmoA Amplicon
Sequences of 16S rRNA amplicons were analyzed using Mothur
1.42.3 following the standard protocols described by Schloss et al.
(2009). Unique reads were aligned to the Silva SSU database of
the NR 132 release2. Reads not aligned in the same region were
removed. Sequence regions beyond the primers were truncated.
Potential chimeric sequences were detected and removed using
the UCHIME program (Edgar et al., 2011). The obtained
sequences were deposited in GenBank under the Bio-project
accession number: PRJNA592351. The number of sequences in
each sample after quality filtering is shown in Supplementary
Table S1. The assignment of taxonomic information to each
read is based on the NR 132 release following the procedures
described in Tu et al. (2017).

The usearch command “fastq_mergepairs” from UPARSE
(Edgar, 2013) was used to assemble pmoA reads from the
Illumina amplicon sequencing. The assembled reads were
filtered using the usearch command “fastq_filter” to remove
sequences shorter than 150 bp and with expected errors
larger than 0.5. The remaining reads were denoised by

2www.silva.org

the usearch command “unoise3” to identify and correct
sequencing errors as well as to remove chimera and reads
with abundance lower than 4. The built-in UNOISE algorithm
generated zero-radius OTUs (ZOTUs) to report all correct
biological sequences in the reads. The representative
sequences of ZOTUs were subsequently analyzed using the
FunGene Pipeline Version 9.8 (Fish et al., 2013). Based
on the reference sequences of pmoA, reads were translated
into amino acids by FrameBot (Wang et al., 2013). The
translated sequences shorter than 50 a.a., possessing frameshift
errors and inframe STOP codons were removed. The
number of sequences in each sample after quality filtering
is shown in Supplementary Table S1. Subsequently, the
remaining high quality sequences were clustered at 93%
similarity (threshold for genus level) (Degelmann et al.,
2010; Bragina et al., 2013). The amino acid sequences of six
representative pmoA OTUs were aligned with 129 reference
pmoA sequences retrieved from FunGene database (Kalign,
default parameters, Madeira et al., 2019). The phylogenetic tree
was reconstructed using the Simply Phylogeny tool (default
setting, Madeira et al., 2019) based on Neighbor-joining
algorism. The type II pmoA sequences were used to root the
phylogenetic tree.

All statistical analyses and visualization were performed in
the R software (Version 3.6.1, R Development Core Team,
2013, 2017) using phyloseq (McMurdie and Holmes, 2013),
vegan (Dixon, 2003), metagenomeSeq (Paulson et al., 2013), and
ggplot2 (Wickham, 2016) packages. Pearsons’s correlations were
calculated using ggplot2 to test whether the transcription of
pmoA correlated with the concentration of methane and the rate
of methane oxidation.

RESULTS

Oceanographic Data
The water column in the northern SCS can be separated into
depth zones with distinct characteristics (Figure 2). The mixed
layer reached down to 50 m. The water of this zone had a
temperature of 27–28◦C and salinities between 33.7 and 34.4
(Figures 2A,B). Temperature refers throughout the text to
potential temperature, i.e., the temperature a water parcel has
when it is brought to the surface to exclude the effect of pressure
resulting in warmer water. The oxygen concentrations range
between 4.2 and 4.4 ml l−1 (Figure 2D). In the thermocline
beneath the mixed layer, the temperatures dropped from 28 to
12◦C from 50 to 300 m water depth, respectively. In this zone
several other features occurred. Fluorescence peaked between 50
and 125 m in the upper thermocline (Figure 2E) and a salinity
maximum was centered at ∼150 m. Beneath the thermocline,
salinity decreased to 34.4 at 300–650 m and the oxycline extended
to ∼800 m where oxygen concentrations were as low as 1.9 ml/l.
In the deep water below 1000 m, salinity increased to 34.6,
oxygen concentrations increased to 2.4 ml l−1, and temperature
decreased to 2◦C at 2000 m.

Apart from that vertical zonation, the research sites showed
differences. In the mixed layer, water above FWCR was less saline
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FIGURE 2 | Depth profiles of all measurements of potential temperature (A), salinity (B), potential density (σθ) derived from potential temperature and in situ salinity
(C), oxygen concentration (D), and fluorescence (E). (F) Potential temperature versus salinity data of all stations. The colored rectangles indicate potential
temperatures and salinities of local water masses as described in Hu et al. (2011).

than water above SSFR (Figure 3). Fluorescence peaked in the
uppermost 50–100 m above FWCR and slightly deeper at 62–106
m above SSFR (Figure 3).

Methane
Methane concentrations in atmospheric equilibrium would vary
from 2.1 to 3.7 nM from sea surface to 2000 m. Elevated
methane concentrations above these equilibrium concentrations
indicate a source of methane apart from the atmosphere. Water
from sea surface to 400 m and above seep sites below 1000 m
contained such elevated methane concentrations (Figure 4A).

Concentrations of 3–10 nM occurred in the uppermost 100 m
above SSFR and between 200 and 400 m above FWCR and SYAER
(Figure 3). In waters > 1000 m, we found increased methane
concentrations above FWCR and SSFR, both areas of active bubble
seepage as observed during cruise SO266 (Bohrmann and SO266
Shipboard Participants, 2019). However, methane concentrations
did not exceed 10 nM at FWCR while reaching > 1000 nM
above SSFR. Crossing two carbonate patches at the northern
part of FWCR (CTD-2 and 5), methane concentrations were
generally above 5 nM with increased concentrations at the edge
of the larger and apparently more active carbonate patch (CTD-2;
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FIGURE 3 | Depth profiles of methane concentrations – upper row, fluorescence – middle row, and salinity – lower row of the uppermost 500 m. (A) Shows the
measurements of stations at SSFR – Southern Summit Formosa Ridge, (B) displays station data of SYAER – South Yun An East Ridge (CTD-6) and PC – Penghu
Canyon (CTD-10), and (C) shows data recorded above FWCR – Four Way Closure Ridge.

Figures 5A,B). Crossing the southern FWCR showed generally
elevated methane concentrations of 5–8 nM (CTD-4; Figure 5C).
Even at a site > 1 km away from the carbonate patches and any
flare site, methane concentrations were slightly elevated (4.0–4.8
nM, CTD-7; Figure 5D). Overall, all stations in the area of FWCR
showed increased methane concentrations.

In contrast to the general moderate methane concentrations in
the kilometer wide study area at FWCR, methane concentrations
in the water above SSFR showed distinct peaks in the area of
the carbonate paved morphological height, which is ∼140 m
elevated above the surrounding seafloor and a location where
distinctive flares were detected in hydroacoustic data (Bohrmann
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FIGURE 4 | Depth profiles of methane concentrations (A), aerobic methane oxidation rates (B), and the relative activity of methanotrophic microorganisms – k’ (C).
Horizontal colors refer to the water masses: surface water – blue, subsurface water – orange, intermediate water – yellow, and deep water – dark blue. The red line
in (A) indicates the methane concentration in atmospheric equilibrium, i.e., values greater than the equilibrium concentrations suggest a source of methane. Symbols
refer to the different sampling areas. Station CTD-8 located at FWCR was excluded, because these results display the difference, which results from sampling after a
gas emission was caused by seabed drilling and the drilling rig was retrieved.

and SO266 Shipboard Participants, 2019). A transect crossing the
SSFR (CTD-9) and a station near the southern edge (CTD-11) of
the carbonate peak confirmed methane seepage (Figures 5G,H).
Highest methane concentrations of 282 nM occurred south of the
carbonate peak ∼ 5 m above ground whereas methane plumes
with lower concentrations (<10 nM), but up to 100–150 m above
ground, were found over the northern part (Figure 5G). The
peak of the methane plumes varies from 5 m above seafloor
(lowermost water sample) in the south to 20–30 m in the north
and even 70 m above the seafloor at the station near the southern
edge (Figure 5H). In comparison, at FWCR elevated methane
concentrations were solely found 20–25 m above ground.

In addition to the transect crossing the carbonate peak,
three grid like surveys were completed covering the area of
the carbonate peak (Figure 6). The grids confirmed active and
strong seepage in the area. However, the methane concentration
range varied considerably over time, but indicated a source
at the western side of the peak. We found highest methane
concentrations during the first survey ranging between 10 and
2100 nM (Figures 6A,B). The second survey was shifted to the
south and showed methane concentrations between 2 and 448
nM 1.5 days after the first survey (Figures 6C,D). The last survey
was implemented another half a day later and revealed methane
concentrations between 3 and 968 nM (Figures 6E,F).

In contrast to these two seep sites, FWCR and SSFR, methane
concentrations were below the equilibrium concentrations at
SYAER (Figure 5E) and PC (Figure 5F). Although slightly
elevated methane concentrations were observe near the seafloor
at SYAER and at 1100 and 2230 m in the PC, the concentrations
were still lower than methane equilibrium concentrations.

Besides, we tested if methane concentrations in the water
column increase due to sediment sampling by gravity corer
(CTD-3) and after a gas emission caused by MeBo-drilling at

FWCR (CTD-8), but neither core sampling showed a methane
concentrations greater than the ones already observed after 1 and
3 h, respectively (Figure 5D).

Aerobic Methane Oxidation Rates
Methane oxidation rates (MOx) range between 0.0006 and 0.44
nM d−1 with higher values in surface waters and waters above
seep sites (Figure 4B). In the uppermost 400 m, a general increase
of MOx and the relative activity (k’) of methane oxidizing
microbes was observed toward the surface water yielding highest
MOx and k’ in samples collected closest to the sea surface at∼30
m water depth (Figures 4B,C). MOx-rates were elevated up to
0.076 nM d−1 in the uppermost 400 m, while k’ were increased
up to 0.02 d−1 in the uppermost 200 m. We investigated
surface water above FWCR and PC, but could not implement
measurements above SSFR due to cruise time restrictions. Apart
from the surface maxima, MOx-rates were elevated above seep
sites. However, except from one value (0.43 nM d−1 above SSFR),
MOx-rates were below 0.03 nM d−1 and thus lower than in the
surface water (Figure 4B). In contrast, the relative activity k’ did
not increase above 0.006 d−1 above seep sites and most data were
even below 0.005 d−1 as in the waters above (400–1000 m) and
below (in the PC, 1500–2200 m). Both MOx-rates and k’ were
higher in the surface ocean than above seep sites.

MOx-rates and k’ were similar above the two seep-areas SSFR
and FWCR. Comparing all data crossing the carbonate patches
of FCWR and southern FWCR, MOx-rates were below 0.03 nM
d−1 and k’-values were below 0.006 d−1. At SSFR, MOx-rates
were also below 0.03 nM d−1 except of one value of 0.43 nM
d−1 and k’ values were below 0.003 d−1. In order to test, if
methanotrophic activity decreased with distance to the seafloor,
we investigated MOx and k’ near the seafloor and 30 m above
the seafloor at FWCR (crossing the carbonate patch, CTD-2), but
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FIGURE 5 | Depth profiles of methane concentrations crossing two carbonate
patches at FWCR (A,B) and the southern part of FWCR (C). These data were
used for methane flux estimation. Additional methane concentrations of water
collected above FWCR are shown in (D). CTD-7 was indented to sample the
background at FWCR, CTD-3 was taken after collecting a gravity core and
CTD-8 after gas emission was caused by Mebo-drilling and subsequent

(Continued)

FIGURE 5 | Continued
retrieval of the seabed drilling rig. Methane concentrations above SYAER and
PC are shown in (E,F), respectively. (G,H) Show methane concentrations of
water sampled above SSFR; water was collected crossing the carbonate
mound with hydrocast CTD-9 (G) and at the southern rim with hydrocast
CTD-11 (H). The red lines mark the methane concentration in atmospheric
equilibrium; values greater than the equilibrium concentrations indicate a
source of methane. Note, the scale of methane concentrations in (B,G) vary
to the common scale from 0 to 10 nM.

found no difference. However, MOx and k’ were lower at 150
m above seafloor when compared to values at less than 10 m
above ground at SSFR.

Time series incubations illustrated that the relative activity
k’ of methane oxidizing microbes remained constant up to
3 days (Figure 7A). However, incubations of surface water
showed an increase of k’ after 3 days while incubations
of water from near the seafloor revealed a decrease of
k’ after 3 days.

The influence of temperature on microbial methane oxidation
was tested using surface water (∼30 m), intermediate water (400
m), and deep water above seep sites (>1000 m; Figure 7B). All
except one set of incubations at different temperatures indicated
increasing activity with increasing temperature. Samples of the
one exception originated from 1363 m water depth collected
above southern FWCR.

Investigations after gas emission caused by MeBo-drilling a
gas-rich horizon, showed an elevated k’ in bottom water (MOx
up to 0.0057 d−1, CTD-8, Figure 4). The other data were similar
to measurements above the carbonate patches of the northern
FWCR and seep sites at southern FWCR.

Current Speed and Direction
Currents shift considerably in space and time, but there are
general differences between the eastern research area of FWCR
and the western study site of SSFR (Figure 8). A northward
component appeared to influence the general current pattern
during the first week of sampling at FWCR (Figure 8C).
In the uppermost 100 m of the water column at FWCR
currents shifted from a strong northward (CTD2-3) to an
eastward flow (CTD7-8). There also was a strong westward
flow centered at 200 m, which turned from northwest (CTD2-
3) to southwest (CTD7-8) over the course of 13 days. The
northward influence diminished below ∼400 m, where waters
mainly moved to the south. In contrast to this southern
flow of intermediate and deep water above FWCR, northeast
flow dominates almost the entire water column at the SSFR
(Figure 8A), the western study site (CTD9, CTD11-15). PC
situated between FWCR and SSFR, showed currents flowing
toward the northeast down to 600 m (Figure 8B) similar
to SSFR and water movement to the south below 600 m
similar to FWCR. Surface currents at SYAER located farther
to the east than FWCR moved eastward similar to the current
flow at FWCR (Figure 8B), but the westward flow at 200 m
was not observed as well as there was hardly any southward
flow below 400 m.
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FIGURE 6 | Methane concentrations of water collected at 12 sites using a 4 × 3 point grid that covered the entire carbonate patch at SSFR, see map Figure 1A.
Methane concentrations are plotted on the topography of the mound. The grid was sampled first during hydrocast CTD-12 (A) and repeated after 1.5 day
(CTD-13/14) (B). Another repetition was implemented after 0.5 days (CTD-15) (C). During the first repetition, the grid was moved to the SW (see Figure 1A). At the
12 sites, water was sampled at ∼5 m (lower row) and ∼10 m above the seafloor (upper row). Black arrows indicate current direction.

Methane Output and Flux
Based on the measured methane concentrations and ADCP-
records, we estimated the output in mmol s−1 and the flux
of methane in mmol m−2 d−1 from the sediment into the
water column ignoring any methane remaining in bubbles.
We summarized data of three hydrocasts taken above FWCR
(CTD-2, 4, 5; Figure 1C) for estimation and used the methane
concentrations sampled in a grid-like fashion above SSFR, which
was twice repeated. Due to the different sampling strategies, the
volume of the imagined box including all methane concentration
data above FWCR had a much larger volume of 108,939× 103 m3

compared to the small scale grids sampled above SSFR with
volumes of 59.8 × 103 m3 for CTD-12, 56.5 × 103 m3 for CTD-
13/14, and 52.9 × 103 m3 for CTD-15 (Table 1). The volumes
above SSFR vary according to the actual positions of the water
samples, which was recorded by POSIDONIA. The output was
estimated to be 5 mmol s−1 for FWCR and varied between
9.5 mmol s−1 (CTD12), 0.4 mmol s−1 (CTD13/14), and 0.6 mmol
s−1 (CTD15) above SSFR. Accordingly, fluxes yielded values
between 0.08 and 0.12 mmol m−2 d−1 for FWCR and ranged
between 67–80 mmol m−2 d−1 (CTD12), 3.0–3.4 mmol m−2 d−1

(CTD13/14), and 4.7–4.8 mmol m−2 d−1 (CTD15) during each
of the three sampling periods above SSFR (Table 1).

Microbial Gene Abundance and Activity
of Methanotrophs
Calibration for qPCR was well constrained with regression
coefficients (R2 value) ranging between 0.996–0.997 and 0.993–
0.996 for 16S rRNA and pmoA qPCR assays, respectively. The
efficiencies of 16S rRNA and pmoA qPCR in all assays were

between 86–95% and 80–91% allowing confident enumeration of
0.01 16S rRNA and 0.1 pmoA copies per milliliter of seawater in
a 10 L sample, respectively.

The 16S rRNA and pmoA gene abundances along the water
column (Figure 9) were measured above FWCR (CTD-2, 3, 8),
the southern ridge of FWCR (SFWCR; CTD-4), and SSFR (CTD-
11). Overall, gene abundances generated from most DNA and
cDNA templates ranged between 0.5 and 70 copies of pmoA gene
and between 0.3 and 26 copies of pmoA transcript per milliliter
of seawater, respectively (Figure 9). The mean pmoA gene and
transcript abundances were higher in the upper part than the rests
of the water column with the highest value present in subsurface
water collected above SFWCR (CTD-4, Figure 9B).

The abundance ratio of pmoA genes to bacterial 16S rRNA
genes ranged between 3.6 × 10−5 to 3.4 × 10−3 and was higher
in samples collected above SFWCR than those above FWCR and
SSFR. In contrast, the abundance ratio of transcripts between
two genes ranged between 1.3 × 10−6 to 1.0 × 10−5 and
was higher in water samples collected above FWCR than those
above SFWCR and SSFR. These transcript ratios were lower
than the average DNA ratio (Figure 9). In general, the highest
transcript abundance ratios were present in the subsurface water
in all hydrocasts. Although the transcript abundance of pmoA
showed no clear trend with the in situ concentration of methane
(Figure 10A), it demonstrated a strong correlation with the MOx
and k’ value in FWCR (Figures 10B,C).

Microbial Community Composition
A total of 1,344,605 16S rRNA reads and 78,096 pmoA reads were
obtained after quality control and cleaning, and corresponded
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FIGURE 7 | Time series (A) and temperature incubations (B) of water from
different depths. k’ refers to the relative activity of methanotrophic
microorganisms and MOx to the aerobic methane oxidation rate. (A) Shows
that k’ remains constant up to 3 days. (B) Illustrates increased MOx at
temperatures >20◦C especially in surface water samples (CTD-4 FWCR
depth: 31 m and CTD-11 SSFR depth: 33 m).

to a total of 63,571 OTUs at 97% similarity and six OTUs at
93% similarity, respectively. Based on 16S rRNA composition,
the family Methylomonaceae within the order Methylococcales
is the only detected aerobic methanotroph present in the water
column. The fraction of Methylomonaceae varied along depth
and among sampling sites, accounting for less than 0.1–5.7 and
14.7% of the total reads at DNA and cDNA levels, respectively
(Figure 11). Except for the high fractions (5.7% for DNA and
14.7% for RNA reads) for samples collected after the MeBo
drilling on a gas-rich horizon (CTD-8, 1241 m), the relative
abundances of both DNA and cDNA sequences affiliated with
the family Methylomonaceae showed a trend of increase from the
surface to the bottom in hydrocasts CTD-3, CTD-4, and CTD-11
taken above FWCR and SSFR (Figure 11). Sequences assigned
to the family Methylomonaceae could be further categorized
into 8 clades including two genera with culture representatives,
Methylomonas and Methyloprofundus as well as 6 uncultured
clades (Figure 11). Among these clades, the clade IheB2-23 was
the most abundant one at all depths, comprising from less than
0.01 to 8.2% (for the transcripts in sample collected after Mebo-
drilling at FWCR) of the sequences. The remaining sequences of

the family Methylomonaceae were mainly affiliated with the clade
Milano-WF1B-03 (Figure 11).

Phylogenetic analysis based on pmoA sequences showed that
the most two dominant pmoA OTUs were affiliated with type
Ia methanotrophs (pmoA OTU03) and type Ib methanotrophs
(pmoA OTU06) (Figure 12A). The type Ia related pmoA OTU03
dominated over others in samples collected from >1000 m
water depth (43.8–88.2% of the pmoA sequences in each sample)
(Figure 12B). In contrast, the abundances of type Ib related
pmoA OTU06 exceeded others in samples taken from 100 to
500 m water depth (98.7–99.6% of the total pmoA reads in each
sample) (Figure 12B).

Pairwise comparisons based on the 16S rRNA gene showed
that the whole microbial community in samples from the upper
region of the water column, i.e., 30 m water depth, were grouped
together and separated from those from the middle (100–500 m)
or bottom parts (>1000 m) of the water column (Figure 12C).
Community similarities were significantly correlated with water
temperature (R2 = 0.695), concentrations of dissolved oxygen
(R2 = 0.681), and water depth (R2 = 0.543) in the NMDS
ordination for 16S rRNA genes (both DNA and cDNA; P-value
for all mentioned values ≤0.001; Supplementary Table S2).
Likewise, the community similarities for pmoA genes inferred
from the NMDS ordination were also significantly correlated
with water temperature (R2 = 0.859, P≤ 0.001), water depth
(R2 = 0.778, P ≤ 0.001), salinity (R2 = 0.619, P = 0.020), and
dissolved oxygen (R2 = 0.553, P = 0.015) (Figure 12D and
Supplementary Table S3).

DISCUSSION

Methane Concentration and Microbial
Oxidation in the Different Water Masses
The T-S-plot indicates four water masses, which have been
described by Hu et al. (2011) (Figure 2F). The surface water
extends from sea surface to ∼100 m and is characterized by
low salinities (33.5–34.5). According to our results, this part
contains the surface mixed water and the upper thermocline
water. A salinity maximum (S > 34.6) marks the subsurface
water, which is located at water depth between 100 and 200 m
and includes the middle part of the thermocline. Beneath at 200–
300 m, subsurface water mixes with intermediate water in the
lower part of the thermocline. For simplicity, we merge these two
depth zones and call it subsurface water. Below this depth zone,
intermediate water with salinities of <34.5 extends from 300 to
900 m. Within this depth zone, the oxygen minimum zones is
located. Finally, deep water with salinities between 34.5 and 34.6
fills the SCS in the investigated areas.

Seep derived methane affected solely the deep water mass
whereas methane anomalies in the upper ocean were not
restricted to one water mass. We found elevated methane
concentrations in the surface water, the subsurface water, and in
the upper part of the intermediate water (to 400 m) (Figure 4A).
Microbial MOx-rates were similarly elevated in those water
masses, but in contrast to the methane concentration, which were
higher near the seafloor; MOx-rates were higher in the uppermost
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FIGURE 8 | Depth profiles of the east (upper three graphs) and north velocities (lower three graphs). (A) Shows the east and north velocity of stations at SSFR –
Southern Summit Formosa Ridge, (B) displays station data of SYAER – South Yun An East Ridge (CTD-6) and PC – Penghu Canyon (CTD-10), and (C) shows data
recorded above FWCR – Four Way Closure Ridge.

400 m. These high MOx-rates in the uppermost 400 m resulted
from high values of the relative activity (k’) of methane oxidizing
microbes (Figures 4B,C). Based on these results, we termed the
methane anomalies to be located in the upper water column
(including surface, subsurface and intermediate water) and in the
lower water column (in deep water).

In order to reveal the community composition and activity
of methanotrophic bacteria, we observed that the pmoA gene
abundance of methanotrophic community ranged between 0.5
and 70 copies per milliliter. Higher abundance occurred at
400 m (Figure 9), i.e., at the lower boundary of elevated
methane concentration in the upper water column. In contrast,
the number of pmoA transcripts was highest in the surface
SCS (Figure 9) where MOx-rates and k’ values were increased.
Pearson’s correlation confirmed a linear relationship between

the transcripts of pmoA and both, MOx and k’, above FWCR
(Figure 10). These results are similar to previous studies in a
boreal wetland and rice paddy soils, highlighting the number of
pmoA transcripts as a proxy of methanotrophic activity (Reim
et al., 2012; Siljanen et al., 2012). In contrast to the positive
correlation between pmoA transcript abundances and MOx and
k’ values, a significant negative correlation between the number
of pmoA transcripts and methane concentrations was revealed by
excluding the point with the highest pmoA transcripts (Pearson’s
correlation |r| = −0.82, P = 0.04), suggesting a net drawdown of
methane concentration by elevated methanotrophic activities.

Temperature and Methanotrophy Relation
In the upper ocean, methane generation and consumption
appears layered and closely related with temperature
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FIGURE 9 | pmoA gene and transcript abundance in copies per milliliter of seawater, and the normalized pmoA gene to the abundance of 16S rRNA gene at the
indicated depth above (A) FWCR, (B) SFWCR, and (C) SSFR. The number of copies and error bars represent the average and standard deviations calculated from
four measurements.

(Figure 13). Methane concentrations above the equilibrium
concentration extended to a depth of 400 m. The increase in
methane concentration correlated with temperatures >10◦C
(Figure 13A). In contrast, aerobic methanotrophic activities
were mainly elevated in the uppermost 100 m correlating
with temperatures >19◦C (note no data in the region
above SSFR; Figure 13B). MOx-rates determined from
incubations of water samples at different temperatures
(3, 10, 20, and 25◦C) also suggest higher relative activity
at temperatures >20◦C in water samples collected in
∼30 m (Figure 7B). In conclusion, while methane
generation appeared to take place in the uppermost 400
m, aerobic microbial methane consumption was restricted
to predominantly the uppermost 100 m. Based on our
data set, temperature appears to play an important role
controlling microbial generation and consumption of methane
in the study region.

Identified potential active methanotrophs confirmed
temperature as main driver of community compositions
in the water column of the northern SCS. We used both,

16S rRNA and pmoA, to determine the composition of
potentially active methanotroph community, but were not
able to obtain amplicons of pmoA from cDNA samples.
Previous studies have revealed that type I methanotrophs in
the deep water of Gulf of Mexico are more adapted to colder
environments (Valentine et al., 2010). In contrast, type II
methanotrophs tend to be more abundant and active when
temperatures rise to around 20◦C (Mohanty et al., 2007;
Urmann et al., 2009). In the investigated part of the SCS,
only type I methanotrophs based on 16S rRNA were found;
even in the 27◦C warm surface water. Both, 16S rRNA and
pmoA results, related with a R2 of 0.695 and 0.859 to water
temperature (Figures 12C,D and Supplementary Tables
S2, S3). To investigate this relationship in more detail, we
further analyzed the pmoA gene sequences and found different
methanotrophs dominating in different depths. While the
type Ib related pmoA reads dominated over the others in
100–500 m depth (subsurface and intermediate water), the
type Ia related pmoA reads were more abundant than the
others in >1000 m (deep water) (Figures 12A,B). Members
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FIGURE 10 | Concentration of pmoA transcripts in samples collected above FWCR against (A) concentration of methane, (B) methane oxidation rate, and (C)
relative activity. The shading represents ± 95% confidence intervals.

within type I methanotrophs might preferentially proliferate in
distinct habitats.

Methane Anomalies in the Upper Water
Column
Spatial Variability of Methane Concentrations
Large areas of the surface ocean contain methane concentration
above saturation. This super-saturation appears to be a
permanent feature of the world ocean and thus the ocean acts
as a net source to the atmosphere. For example the Baltic Sea
(Schmale et al., 2010; Jakobs et al., 2014), the northwestern Gulf of
Mexico (Brooks et al., 1981) as well as lakes e.g., Lake Lugano in
Switzerland contain surface water with methane concentrations
exceeding atmospheric equilibrium (Blees et al., 2015). However,
there are regional fluctuations in the methane rich surface water
(e.g., Jakobs et al., 2014). In our case offshore Taiwan, the upper
water column contained elevated methane concentrations at
both study sites, but the methane plumes centered at different
depth (Figure 3 and Supplementary Figure S1). The FWCR
plume was located at the lower edge of water moving NW
(Figure 8C), which showed partly temperatures and salinities

of Kurioshio subsurface water (Li et al., 2002; Figure 2F).
Therefore, we speculate that a Kurioshio water intrusion between
surface and subsurface water of SCS kept methane rich water
below the active methanotrophic surface water and separated
it from ventilation by sea-air-gas-exchange. In contrast, the
methane enriched surface water above SSFR moved NE together
with an active methanotrophic community (Figure 8A). Water
masses influencing the distribution of methane in the upper
water column were also reported in the central Arctic Ocean,
where elevated methane concentrations were exclusively detected
in Pacific derived water but not in Atlantic derived water
(Damm et al., 2010). Data offshore Taiwan thus confirms that
methane concentrations in the surface water exceeds saturation,
but methane plumes in oxic waters are not uniformly present.
Instead, they appear to form regional patches according to water
mass distribution.

In order to evaluate possible sources of the surface
methane plumes, we correlated methane concentrations
with oceanographic data. Both plumes do not correlate
with fluorescence as indicator of chlorophyll a and thus
occurring phytoplankton. The FWCR surface plume was
located below the fluorescence peak and the SSFR surface
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FIGURE 11 | The relative abundance of methanotrophs in the water column based on 16S rRNA gene sequences (A) above FWCR at DNA level (B) above FWCR at
cDNA level, (C) above SFWCR at DNA level, (D) above SFWCR at cDNA level, (E) above SSFR at DNA level, (F) above SSFR at cDNA level.
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FIGURE 12 | The N-J tree (A) and relative abundances (B) of pmoA OTUs in water samples. Non-metric multidimensional scaling plot of beta diversity based on
16S rRNA gene amplicons in (C) and pmoA gene amplicons in (D). In (C) the 95% confidence ellipses circumscribe the samples from different water depths, and in
(D) vectors represent environmental variables that significantly correlated with the ordination space with length corresponding to the strength of the correlation.

plume above fluorescence peaks. This finding is equivalent
to the one by Brooks et al. (1981), who also observed little
correlation between methane and chlorophyll in the Gulf
of Mexico. Furthermore, methane plumes did not correlate
with zooplankton migration. As zooplankton move over the
course of a day from epipelagic to mesopelagic zones, sampling
time might cause variations in methane concentration, but
all hydrocasts above FWCR/SYAER and SSFR were taken in
the afternoon/evening. However, despite of the extreme low
relative abundance (less than 0.01% of the total reads), the
detection of anoxic methanogens in water column indicated
the possibility of in situ biogenic methane even though a

link to their attachment to phytoplankton or zooplankton
was not revealed.

Hydroacoustics and Methane Concentrations
Sources of methane in the upper water column can be manifold
and are still an ongoing research target. Microbes can decompose
methylated compounds in the water to methane or anaerobic
archaea generate methane in anoxic micro-niches in zooplankton
guts or fecal pellets (de Angelis and Lee, 1994; Karl and Tilbrook,
1994; Karl et al., 2008; Damm et al., 2010; Schmale et al., 2018).
The latter belong to suspended matter in the ocean; therefore, we
investigated the correlation of hydroacoustic data and methane
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FIGURE 13 | Methane concentrations (A), relative activities of methane
oxidizing microbes – k’ (B), and aerobic methane oxidation rates – MOx (C)
plotted against potential temperature. The red line in (A) shows the calculated
methane concentration in atmospheric equilibrium. Values greater than the
equilibrium concentrations indicate a source of methane occurring in the
upper water column at temperatures >10◦C. In contrast, methane oxidation
rates and relative activities were enhanced in water with temperatures > 20◦C.

concentrations (Figure 14). Elevated methane concentrations are
associated with zones of lower backscatter, thus higher methane
concentrations appear to be not directly linked to dense plankton
or many particles. Still, methane concentration increased from
CTD-3 to CTD-5 as did the backscatter. Deployments of CTD-
4 and 5 took place after zooplankton moved to the surface, a
process observable in multibeam data, but the methane peaks
of these two hydrocasts were found below the plankton layer.

In case of very high backscatter, e.g., CTD-7 and 11, methane
concentrations remained low and did not show a peak supporting
our first observation that elevated methane concentrations
occurred always in zones of lower backscatter. These first results
indicate that the approach of combining methane concentrations
and hydroacoustic data might be a valuable tool to study the
“oceanic methane paradox” in the vast open ocean.

Methane Anomalies in the Lower Water
Column
Methane Fluxes From Two Different Seep Sites
The methane flux at FWCR is lower than the methane flux at
SSFR (Table 1). The difference in flux reflects the lower methane
concentrations in the water above FWCR when compared to
SSFR. Although a much larger area was sampled at FWCR
(4.5 km2) in contrast to SSFR (0.01 km2), we focused on
carbonate paved seafloor and flare locations in both areas.
Seemingly, FWCR was a less active seepage site than SSFR
during our investigations. Fluxes above SSFR vary considerably,
due to the large temporal variations in methane concentrations.
The variable methane concentrations in turn are due to bubble
emissions, which have been hydroacoustically observed as
flares (Bohrmann and SO266 Shipboard Participants, 2019).
Current speed has been rather stable between 21 and 37 mm
s−1 at SSFR, thus, affecting the flux estimates less than the
methane concentrations.

Our flux estimates are based on several assumptions. First,
we assumed stable methane concentrations over time for the
period of which methane concentrations were averaged to obtain
a flux estimate. For example, we summarized all methane
concentrations of water samples collected above SSFR in a grid-
like fashion during CTD-12 assuming that the concentrations
remained similar over ∼3 h. For data obtained above FWCR,
the period is longer as data of three hydrocasts were combined.
However, we found methane concentrations of 5 nM to be a
common concentration near the seafloor of FWCR. The temporal
variability of methane concentrations was considerably higher
in water above SSFR, thus, we sampled the grid three times.
Second, we estimated methane fluxes from the water below our
lowermost water samples. This is due to generating a surface
based on the lowermost samples, which is located ∼5 m above
the seafloor. Hence, our estimates do not include any methane
horizontally spread in the 5 m bottom layer outside of our
surface area, i.e., fluxes might be higher than our estimates.
Third, as we sampled transects instead of grids and focused
sampling water above carbonate patches at FWCR, we might
have included areas of seepage more than areas of non-seepage.
However, the arbitrarily chosen background station (CTD-7;
Figure 5D) showed similar methane concentrations. Finally,
the uncertainty of the estimated fluxes is due to the precision
of the methane concentration and current measurements.
The latter one causes larger uncertainties and thus a range
of velocities and directions were used to evaluate the error
(Table 1). Considering all assumptions, we regard the flux
estimates to be valid within an order of magnitude. However,
our flux estimates do not include any methane that remained

Frontiers in Marine Science | www.frontiersin.org 19 July 2020 | Volume 7 | Article 543

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00543 July 13, 2020 Time: 13:27 # 20

Mau et al. Methane Dynamics Offshore Taiwan

FIGURE 14 | Hydroacoustic data recorded during the upcast of the CTD-hydrocasts (arrow indicates CTD-upcast). Solely the upper 500 m of the hydroacoustic
data are shown together with boxes that represent depths of peak methane concentrations. During hydrocasts CTD-7 and CTD-11, methane concentrations did not
show a distinct plume and were below 5 nM, thus only slightly elevated compared to methane concentrations in atmospheric equilibrium. Increased methane
concentrations were only observed in low backscatter regions.

in bubbles in the investigated water volumes. Therefore, the
flux estimates underestimate methane contribution to the SCS
offshore Taiwan.

The overall range of methane fluxes fits to reported values.
Torres et al. (2002) measured fluxes using a benthic chamber
that varied between 1 and 90 mmol m−2 d−1 depending on the
dominant chemoautotrophic community. The authors measured
higher fluxes above sediments covered with bacterial mats and
low fluxes in areas covered with clams. Mau et al. (2006) used
the same approach for estimation as this study and derived
fluxes of 1.1–15.3 mmol m−2 d−1 above mud extrusions offshore
Costa Rica. Bubble emissions were not observed during that
study. Therefore, the discrepancy between our flux estimates
offshore Taiwan and those reported ones result most likely from
bubble emissions.

The estimated methane fluxes from the two seep-areas are
approximately two orders of magnitude higher than sea to air
fluxes. We estimated fluxes from the sediment into the water
column to range between 0.1 and 80 mmol m−2 d−1 whereas
different studies reported sea to air fluxes of 0.4–15.6 µmol m−2

d−1 for the SCS (Rehder and Suess, 2001; Mau et al., 2007;
Zhou et al., 2009; Brunskill et al., 2011; Ma and Cui, 2013;
Ye et al., 2016; Tseng et al., 2017) (Supplementary Table S4).
The difference accounts to ∼90 µmol m−2 d−1 considering
the lower seep flux of FWCR. Aerobic MOxs in the water
column average to be 0.02 nM d−1 with a median of 0.01 nM
d−1 (all values). Depth integration of these values (1120 m
for SSFR and 1340 m for FWCR) would yield a flux of 11.2–
26.8 µmol m−2 d−1. This suggests that aerobic methanotrophs
oxidize ∼10% of the emitted methane at seep sites while the
remaining 90% are most likely distributed and oxidized farther
away from the seepage sites to finally form the background
methane concentration of the seas (2 nM). The comparison of our
derived seep fluxes with sea-air fluxes indicate the importance of
the ocean as a sink.

Variability of Methane Seepage From SSFR and
Source Location
We observed a change in ocean current direction that we
speculate to explain part of the variability of dissolved methane
concentrations. While dissolved methane concentrations ranged
up to µM-scale during the first survey, the latter two surveys
showed lower concentrations. The variability of methane
concentration in the vicinity of bubble streams is well known and
reported (e.g., Leifer et al., 2006; Schneider von Deimling et al.,
2011). However, during this study the ocean current direction
changed. Water moved east during the first survey, but to the
north/north-west during the second and third survey (Figure 6).
Measurements of the first survey thus suggest a methane plume
drifting from the NW of the mound to the south by the currents,
which we captured during our first grid sampling. The second
and third survey show punctual elevated methane concentrations
on the NW-side of the carbonate mound and the plume left the
box at this side, thus, we missed sampling the plume. Although
our data indicated a relation of ocean current direction and
dissolved methane concentrations, a change in methane bubble
emission from the ground cannot be excluded.

The partly higher concentrations in the upper layer (∼10 m
above ground) we interpret to be due to the release of methane
from bubbles. For example, during the third survey, 344 nM
methane occurred at ∼5 m above the seafloor, but 963 nM at
∼10 m above ground. Most likely, a bubble was caught while
closing a Niskin bottle to sample water. Peak concentrations
always appeared on the NW side of SSFR; we assume a punctual
source there (Figure 6 and Supplementary Figure S2).

Widespread Methane Anomaly at FWCR
Although methane concentrations were generally much lower
in comparison to the ones found above SSFR, methane
concentrations above the atmospheric equilibrium concentration
appeared to be consistent over a wide area of FWCR. The
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methane concentration in atmospheric equilibrium would be 3.6
nM according to the temperature and salinity of the water, but we
measured a minimum of 3.9 nM in the entire investigated FWCR
area. Measured values range up to 18.2 nM with an average of
6.2 nM and a median of 5.7 nM (Figures 5A–C). We expected
increased methane concentrations above two carbonate patches,
which indicate active seep systems, but instead found elevated
values in water above the southern part of the ridge where
hydroacoustically detected flares indicated bubble emissions, but
no carbonates were observed (Bohrmann and SO266 Shipboard
Participants, 2019). Moreover, methane concentrations above
SYAER, a ridge to the east, were below equilibrium values even
at 3.5 m above the seafloor.

At FWCR elevated methane concentrations in an area of
4.5 km2 point to a continuous seepage. If we consider background
methane concentrations above that area and would fill the
investigated water volume of 0.1 km3 with the output discussed
above (0.016 mol s−1), it would take 5 h to get the calculated
methane inventory above FWCR (300 mol). This time ignores
any loss by current advection and turbulent diffusion. As it
is unlikely that we sampled water while methane rich fluids
or bubbles discharged shortly before sampling, we hypothesize
continuous seepage at least over the time of our investigation
of 13 days. Data of SSFR support our hypothesis. Particularly
during the second survey crossing the carbonate mound, 13 out
of 24 samples had methane concentrations below the equilibrium
concentration (Figures 6C,D). SSFR appeared as an active
seep site with gas emission and chemosynthetic communities
in a carbonate-paved environment (Bohrmann and SO266
Shipboard Participants, 2019), still, methane concentrations
were partly below equilibrium values. Hence, it appears that
seepage at FWCR is not as vigorous with strong bubble
emissions as in the small area investigated at SSFR (0.01 km2),
but that methane rich fluids and gas constantly discharge
over a wide area.

Methane Release Caused by Coring
We investigated methane concentrations, aerobic MOx-rates,
and the abundance of pmoA transcripts after (1) taking a
gravity core (CTD-3) and (2) after MeBo drilled in a gas-
rich area and gas was emitted (CTD-8). The purpose was
to explore the effect of drilling for the ocean environment.
However, water samples after coring showed similar methane
concentrations as measured before and in the area of FWCR
(Figure 5D). Aerobic MOx-rates were also similar as previously
measured in the area. Only the relative activity k’ of the
bacterial community showed an increase in bottom water (k’
up to 0.0057 d−1, CTD-8) after the gas emission due to MeBo-
drilling. Although the number of transcripts of pmoA did not
show a trend of increase after MeBo-drilling, the transcript to
gene abundance ratio was higher as comparing data at similar
depth. Additionally, the relative abundance of methanotrophic
bacteria in the microbial community accounted for up to
14.7% of the total reads at cDNA level, greater than that at
DNA level. It is thus likely that short-term methane release
caused by drilling are insufficient to generate an observable
methane plume, but has an observable effect on the active

microbial community. The community composition sampled
after MeBo-drilling (CTD-8) was similar to the composition
found in other samples of the deep water (Figure 11).
Hence, we speculate that the methane emission induced
a rapid increase of the activity of methanotrophs in the
water column whereas an inoculation of methanotrophs from
suspended sediment due to the removal of the coring equipment
appears less likely.

CONCLUSION

Offshore southwest Taiwan, elevated methane concentrations
occurred in the uppermost 400 m of the water column and at
seepage sites at Four Way Closure Ridge and Southern Summit
Formosa Ridge, which were partly associated with authigenic
carbonates. The main findings concerning the methane enriched
upper water column comprise:

• Elevated methane concentrations appear not uniformly
distributed. Peak methane concentrations occur in
different depth, which seem linked to water mass
interactions in the ocean.
• The zones of elevated methane concentrations in the

upper water column correlate with depths of hydroacoustic
low backscatter, but not with zooplankton migration or
fluorescence as indicator of phytoplankton occurrence.
Based on our data, elevated methane concentrations
in the upper water column appear in ocean depth
with low suspended matter and thus possibly less
microbial competition.
• Methane concentrations and aerobic MOxs correlate with

water temperatures above 10◦C and 20◦C, respectively. It
seems, that microbes generating and consuming methane
do find their optimum temperature in the warmer, upper
water column. Our 16S rRNA and pmoA results confirm
that temperature was the main driver of community
compositions of potential methanotrophs in the water
column of the northern SCS.

Concerning elevated methane concentrations at the FWCR
and SSFR seep sites in the lower water column (>1000 m water
depth), we concluded the following:

• Increased methane concentrations appear to originate from
long-term seepage. Short-term gas emissions caused by
core drilling did not increase methane concentrations
in the ocean, but caused an increase in the activity
of methanotrophic microbes, who appeared rapidly to
respond to elevated methane concentrations. Apparently,
only long-term seepage can generate methane anomalies
such as the widespread methane anomaly above FWCR.
• Methane concentrations and flux estimates at a

bubble emission site above SSFR appear to vary partly
due to ocean current direction as was evaluated by
repetitive grid sampling.
• Methane fluxes from both seep regions are similar to flux

estimates from other seep sites in the world. These fluxes
are two orders of magnitude higher than sea to air fluxes,
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which indicates the sink capacity of the deep waters of SCS
diluting and oxidizing methane.
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