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Abstract Although the plankton communities in the Barents Sea have been intensely studied for
decades, little is known about the living planktonic foraminiferal (LPF) and pteropod faunas, especially
those found at methane seep sites. Along a repeated transect in the “crater area” (northern Barents Sea, 74.9°
N, 27.7°E) in spring and summer 2016 the flux of LPF and of the pteropod species Limacina helicina showed
a high degree of variability. The LPF had low concentration (0-6 individuals m™*) and small tests (X = 103.3
um) in spring and a 53-fold increase (43-436 individuals m~>) and larger tests (X = 188.6 um) in summer.
Similarly, the concentration of L. helicina showed a tenfold increase between spring and summer. The LPF
species composition remained stable with the exception of the appearance of subtropical species in summer.
No relationship was observed between the spatial distribution of LPF, L. helicina, and methane
concentrations in the area. The methane plumes in April coincided with elevated dissolved inorganic
carbon, low pH, and calcium carbonate saturation states, and the methane concentration seemed to be
controlled by lateral advection. The §'>C and §'%0 of Neogloboquadrina pachyderma and Turborotalita
quinqueloba are comparable to previous observations in the Arctic and do not show any influence of
methane in the isotopic signals of the shells. Although no evidence of direct impact of high methane
concentrations on the LPF (size and concentration) were found, we speculate that methane could indirectly
enhance primary productivity, and thus biomass, through several potential pathways.

Plain Language Summary Planktonic foraminifera and the thecosome pteropod species
Limacina helicina are microscopic organisms who live in the water column and build their shells out of
calcium carbonate. Little is known about the planktonic foraminiferal faunas in the Barents Sea, and their
seasonality in general. This study is the first on planktonic foraminifera and Limacina helicina in an area of
intense methane seepage from the seafloor. Sampling at sea took place during spring and summer 2016. We
found a significant increase in shell size and concentration (individuals m™>) in both planktonic
foraminifera and Limacina helicina between spring and summer. In spring, carbon dioxide was being added
from the methane plumes, altering the sea-water chemistry at the site of methane release. The addition of
carbon dioxide could stimulate primary production in the overlying water column. However, we did not find
that the spatial distribution of planktonic foraminifera coincided with where the methane concentration was
the highest, or that methane concentration coincided with the elevation of primary production indicators.
This study sheds light on the planktonic foraminifera community and their seasonal development in the
Barents Sea for the first time with stratified net samples.

1. Introduction

Humankind's industrial and agricultural activities since the mid-18th century have caused an increase in
atmospheric carbon dioxide (CO,) from ~280 parts per million (ppm) to the present level, which exceeds
400 ppm (Dlugokencky & Tans, 2019; IPCC: Climate change, 2013). The consensus is that this anthropo-
genic increase in atmospheric CO, has had significant effects on Earth's climate, in particular at high lati-
tudes (IPCC: Climate change, 2013). The polar oceans are very sensitive to the increased temperature and
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atmospheric CO, (Orr et al., 2005; Stouffer et al., 1989). Consequently, the Arctic Ocean has transformed
over the past decades, experiencing, among other processes, loss of sea ice (e.g., Stroeve et al., 2012), freshen-
ing (Haine et al., 2015; Rabe et al., 2011), ocean acidification (e.g., AMAP: AMAP assessment, 2013, AMAP:
AMAP Assessment, 2018), an increase in primary production (Arrigo & van Dijken, 2011, 2015), and intro-
duction of tropical and subtropical species at high latitudes (e.g., Bjorklund et al., 2012; Fossheim et al.,
2015). All of these processes may have far-reaching effects on the entirety of the Arctic food chain, and hence
will have socioeconomic repercussions (AMAP: AMAP Assessment, 2018).

If the current trend in global emissions of CO, continues, the pH of the oceans is predicted to decrease
0.3-0.5 units by the end of the century (Caldeira & Wickett, 2005). The Arctic Ocean will see the most
dramatic effects, due to it being an especially strong CO, sink as a result of cold surface water, high
biological productivity, seasonal freshwater inputs, and decreasing sea-ice cover (Bates & Mathis,
2009; Fransson et al., 2009; Kaltin & Anderson, 2005). Furthermore, shell dissolution and a range of
other negative physiological responses may occur in calcifying planktonic organisms at high partial
pressure of CO, (pCO,), especially in combination with increased temperature. Pteropods (Bednarsek
et al., 2014; Bednarsek et al., 2012; Comeau et al., 2009; Lischka et al., 2011) and planktonic foramini-
fera are considered to be especially vulnerable to ocean acidification (e.g., Davis et al., 2017; Manno
et al.,, 2012; Moy et al., 2009). The reproduction rates of living planktonic foraminifera (LPF) change
in response to changes in the environment with higher rates under favorable conditions and vice versa
(Kucera, 2007). The global LPF community has changed since preindustrial times in terms of the spatial
distribution of assemblages (Jonkers et al., 2019). The shift in the global LPF community is consistent
with recent changes in temperature, demonstrating the sensitivity of the LPF to environmental condi-
tions (Jonkers et al., 2019). Yet our understanding of LPF ecology is fragmented, especially in the north-
ern polar regions. Little is known about causes of interannual variability in production in terms of
absolute abundance (concentration) and species distribution patterns (e.g., Schiebel, 2002; Schiebel &
Hemleben, 2000), the controls of vertical habitat changes (Greco et al., 2019; Kretschmer et al., 2018;
Rebotim et al., 2017), and how the vertical habitat varies ontogenetically (Bijma et al., 1990;
Hemleben et al., 1989; Schiebel et al., 1997). Also, linkage between the reproduction cycle of the LPF
and the lunar cycle is barely known (Bijma et al., 1990; Erez et al., 1991; Hemleben et al., 1989;
Jonkers et al., 2015; Schiebel & Hemleben, 2017; Volkmann, 2000). To complicate matters further, the
extent to which different ecological parameters affect the production and distribution of LPF vary at
species level (Schiebel & Hemleben, 2017). Lastly, it is not known whether or not the dominant
Arctic species, Neogloboquadrina pachyderma, can overwinter in brine channels in pack and fast ice,
as they do in the Southern Ocean (Dieckmann et al., 1991; Spindler, 1996). All of this leads to uncer-
tainties when it comes to using planktonic foraminifers as a proxy for paleoclimate.

In the Arctic, gas hydrate provinces are widespread on the continental shelves (Damm et al., 2005;
Graves et al., 2015; Mau et al.,, 2017; Pisso et al., 2016; Sapart et al., 2017; Shakhova et al., 2010;
Westbrook et al., 2009) and are stable under low temperature and high pressure, this stability is threa-
tened under the current climate warming trend. At present, little of the methane (CH,) from the gas
hydrate provinces reach the atmosphere (Graves et al., 2015; Pisso et al., 2016; Silyakova et al., 2015).
Instead, the CH,4 from Arctic subsurface marine hydrate reserves is either anaerobically or aerobically
oxidized in the upper layers of the sediments or in the water column by microbial activity (Boetius &
Wenzhofer, 2013; Ruppel & Kessler, 2017). In the water column, microbial aerobic oxidation (MOx)
and the less common AOM (anaerobic oxidation of methane) are sinks for CH,; both processes remain
poorly understood (Reeburgh, 2013). Following the release of CH, from the seafloor, these water column
processes can change the manner of impact of the CH, release. For example, model studies have shown
that, through the MOy reaction, CH, seepage is a potential source of CO,, which can increase ocean acid-
ification (Biastoch et al., 2011; Archer et al., 2008). It has also been hypothesized that CH, seepage can
cause an increase in photosynthetic primary production (Pohlman et al., 2017), making CH, seepage
areas CO, sinks. There have been several studies in the Arctic focusing on the effects of CH, seepage
on the living benthic communities (Astrbm et al., 2016, 2018, 2019; Sen, Duperron, et al., 2018, Sen
et al., 2019), including living benthic foraminifera, although not exclusive to the Arctic region (Heinz
et al., 2005; Herguera et al., 2014; Hill et al., 2004; Rathburn et al., 2000). However, no studies from
the Arctic exist that examine the effects of CH, seepage on the pelagic ecosystem.
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Figure 1. (a) Map of study area located in the northern Barents Sea, on the edge of the methane hydrate stability zone. Currents and polar front after Loeng (1991),
methane hydrate stability limit after Andreassen et al. (2017). Study area is enclosed in black rectangle. (b) Multibeam bathymetry of the transect area (modified
from Andreassen et al., 2017). White dots mark multinet and CTD sampling stations, yellow diamonds MOy measurement stations, and red square the box-core

location.

Here we aim to improve our understanding of the response of LPF and pteropods to seasonal changes and
CH, release to the water column in the Barents Sea with focus on the species compositions, size, and con-
centration of specimens. This is the first study of LPF in an environment exposed to CH, seepage from
the seafloor. We study the communities between spring (April) and summer (June) to further our knowledge
of seasonal variability and eventual impact of CH, release an extremely variable chemical environment.
Changes in size and concentrations of the LPF population are compared to equivalent data from the domi-
nant species of pteropods Limacina helicina. We conducted two sampling campaigns in Arctic spring and
summer, collecting samples from the Bjerneyrenna crater area, which is located in the northern Barents
Sea. This area is characterized by more than a hundred giant crater-mound systems, with high levels of
CH, release from gas hydrates to the water column, with flares of up to 200 m height (Andreassen
et al., 2017).

2. Study Area and Sampling Locations

The Barents Sea is a relatively shallow continental shelf sea dominated by the warm north-easterly flowing
Atlantic Current, a branch of the Norwegian Atlantic Current called the North Cape Current (Loeng, 1991).
The Bjorngyrenna crater area (referred to in this study as the “crater area”) (74.91°N, 27.7°E; Figure 1) is
located in shallow water (~340 m depth) on the northern flank of Bear Island Trough, which is on the upper
boundary of the gas hydrate stability zone (Andreassen et al., 2017) (Figure 1a). The crater area is ice-free
year-round. During our sampling campaigns, the predominant water masses were Atlantic Water (AW, T
> 3.0 °C, S > 34.65) (<300 m in April and <250 m in June) and Transformed Atlantic Water (TAW, T =
1.0-3.0 °C, S > 34.65) (>300 m in April and >250 m in June), following the definitions of Cottier et al.
(2005). The study site has an area of about 440 km?. Streams of gas bubbles entering the water column were
visually observed by the ROV 30K during the CAGE 16-5 cruise in June 2016, and by hydroacoustics (EK60)
during the CAGE 16-2 cruise in April 2016. Measurements have revealed that the CH, is primarily of ther-
mogenic origin (Andreassen et al., 2017).

Seasonal sampling took place during two expeditions with R/V Helmer Hanssen in spring (CAGE 16-2, 15
April to 22 April) and summer (CAGE 16-5, 16 June 2016 to 4 July) 2016. On 19 April (spring), eight CTD
(conductivity, temperature, depth) stations and a stratified plankton net were conducted across a 9 km trans-
ect (74.91°N, 27.5-27.9°E) located above several craters and mounds actively releasing CH, (Figure 1b). The
sampling procedures were repeated on 29-30 June (summer), 71 days after the first sampling, with the
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addition of aerobic methane oxidation (MOx) rate and CH, measurements at 11 stations (74.91-74.92°N,
27.74-27.8°E) (Figure 1b). Also in June, three additional water samples were taken from a blade core at sta-
tion 1b guided by a ROV just above the sediment-water interface for determining the CO, system (i.e., Total
alkalinity (A) and Dissolved Inorganic carbon (DIC)). A surface sediment sample (position 74.92°N, 27.53°
E) was retrieved using a box corer (Figure 1b).

3. Material and Methods

3.1. Environmental Parameters

Salinity, temperature, and depth in the water column were measured using a CTD (Sea-Bird SBE 19+)
equipped with sensors for dissolved oxygen (DO) (Sea-Bird SBE 43) and chlorophyll a-fluorescence (chlfluo)
(Sea-Bird ECO) (both indicators for primary production), and 12 x 5 L Teflon-lined Niskin bottles for water
sampling. Water samples were collected at nine depths (5, 10, 25, 50, 100, 150, 200, 250 m, bottom), and were
used for determining A, DIC, and CH,. The water was transferred into Pyrex borosilicate bottles (250 ml)
for the CO, system, and into crimp-top glass bottles (120 ml) for CH4 concentration. Both parameters were
sampled via a Tygon tube to prevent contact with air and to avoid gas bubbles. Samples for CH, analysis
were collected immediately upon recovery of the CTD rosette. Also immediately after sampling, water sam-
ples for the CO, system were preserved with 60 ul of saturated mercury chloride (HgCl,), CH, samples were
amended with 1 ml of 1 M NaOH solution and capped with butyl rubber stoppers and crimped. Water sam-
ples were stored in the dark at 2 °C until analysis. The water from the blade core was sampled immediately
after retrieval using a Tygon tube and preserved in the same way as the water samples taken by the CTD.

The water samples for the CO, system were analyzed for At and DIC at the Institute of Marine Research
(IMR Tromse, Norway). The method used is described in detail in Dickson et al. (2007). In short, DIC was
determined using gas extraction of acidified samples followed by colorimetric titration and photometric
detection using a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3D,
Marianda, Germany). The A was determined by potentiometric titration with 0.1 N hydrochloric acid using
a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3S, Marianda, Germany).
Routine analyses of Certified Reference Materials (CRM, provided by A. G. Dickson, Scripps Institution of
Oceanography, United States) were used to perform accuracy control. The accuracy of the measurements
was better than +1 and +2 umol kg™ for DIC and Ar, respectively.

The remaining parameters of the CO, system of pH, fugacity of CO, (fCO,), and aragonite saturation (Qa,)
were calculated using a CO,-chemical speciation model (CO2SYS program, version 01.05) (Lewis & Wallace,
1998; Pierrot & Wallace, 2006) and the DIC and At measurements, in combination with temperature, sali-
nity, and depth (pressure). The equilibrium constants K1, K2 from Mehrbach et al. (1973) refitted by Dickson
and Millero (1987), and the total hydrogen-ion scale (pHT) were used. We used the HSO, dissociation con-
stant of Dickson (1990), and the boric acid dissociation constant of Uppstrém (1974).

Methane concentrations were determined using the headspace technique, described in detail in Berndt et al.
(2014) and Steinle et al. (2015). In short, 5 ml of pure N, was added into each of the 120 ml glass bottles and
shaken vigorously. Samples were stored in the fridge (2 °C) for 0.5 to 2 hr, allowing the dissolved gas in the
seawater to equilibrate with the headspace gas. Following this, 2 ml of gas was extracted and analyzed by a
ThermoScientific Trace 1300 gas chromatograph equipped with a flame ionization detector (GC-FID).
Methane concentrations were determined according to Wiesenburg and Guinasso (1979).

3.2. Aerobic Methane Oxidation Rates

Aerobic methane oxidation (MOx) is mediated by bacteria and proceeds according to the following
net reaction:

CH4 + 20,=CO, + 2H,0 @®

Water samples were taken at 11 stations along a transect (Figure 1b) from eight different water levels, which
were at 5, 15, 25 m below the sea surface, 5, 15, 25 m above seafloor, and two additional intermediate levels
depending on water depth. Subsamples were taken immediately upon recovery of the sampler. MOx rates
were determined by ex-situ incubations with trace amounts of tritium labeled CH, (C*H,), allowing to
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trace the label transfer by measuring the activity of substrate (C*H,) and product pools (*H,0) after incuba-
tion (Berndt et al., 2014; Niemann et al., 2015; Steinle et al., 2015). Briefly, for each sampling depth, six 20-ml
crimp-top vials were filled and closed bubble-free with PTFE-coated Bromobutyl rubber stoppers (Wheaton,
United States). Each sample was amended with 5 il gaseous tritium-labeled CH, (C*H,) (~20 kBq, American
Radiolabeled Chemicals, United States) and incubated for 72 hr at 4 °C in the dark. The incubations were
terminated by adding 0.5 ml saturated HgCl, solution to one triplicate of the six parallel samples (aboard
ship) and total activity (*H-CH, + *H-H,0) was determined on a 2-ml aliquot mixed with 3 ml of scintilla-
tion cocktail (Ultima Gold, Perkin Elmer) by using a Liquid Scintillation Analyzer Packard TRI-CARB
2300TR (PerkinElmer, IL, United States) at our home laboratory. The remaining triplicate of samples was
used to estimate the net amount of *H-CH, consumption. Therefore, a 10-ml aliquot of the incubation
was amended with aqueous NacCl solution (1 ml, 30%, w/v) and purged for 30 min with air to strip out the
remaining CH,. The activity of the produced *H,O was determined in our home laboratories by liquid scin-
tillation counting. MOy rates were calculated from the fractional turnover of labeled CH, and measured
water column CH,4 concentration assuming first order kinetics (Reeburgh, 2013):

rMOx = kx[CH,], )

where k is the first-order rate constant (determined from the fractional turnover of labeled CH,4 per unit time
and corrected for tracer turnover in control samples) and [CHy,] is the concentration of CH, at the beginning
of the incubation. MOx rates were corrected for insubstantial tracer turnover in control samples, which were
taken frequently, fixed with HgCl, solution immediately after the addition of the tracer.

3.3. Plankton Samples Collection and Treatment

Foraminiferal and thecosome pteropod specimens were sampled concurrent with the hydrographic samples
using a Multinet with mesh size of 64 um (net opening 0.5 m?; Hydro-Bios, Kiel, Germany). This mesh size
enabled the collection of small specimens, possibly preadults, in order to address seasonality and reproduc-
tion between the two sampling campaigns. The nets were towed vertically, collecting plankton at five con-
secutive depth intervals (300-200, 200-150, 150-100, 100-50, and 50-0 m) (Table S1). The flowmeter
attached to the net opening allowed calculation of the volume of water filtered through each net and calcu-
lation of concentration of specimens (number individuals/volume (m™>)). Once on board, the samples were
sieved with sea water through a 63-um sieve and transferred into plastic bottles (250 ml) where they were
immediately fixed and buffered with approximately 230 ml ethanol (98%), a quarter of a teaspoon hexam-
ethylenetetramine (>99.0%), and stored at 2 °C. Once returned to the home laboratory, the samples were
briefly washed with tap water on a 63-um sieve in order to remove organic particles from the surface of
the foraminiferal tests and to break up aggregations of material. Due to the very high concentration of
LPF in June, the samples were split by a Motodo plankton sample divider. The number of specimens in
resulting aliquots was used to calculate the total concentration of foraminifera in the sample. The foramini-
fera were manually counted and identified to species level under a Leica MZ12.5 light microscope following
the taxonomy of Schiebel and Hemleben (2017) and SCOR WG 138 (http://www.eforams.org/index.php/
WG138_Taxonomy).

3.4. Planktonic Foraminifera From Surface Sediment

In order to retrieve recently dead adult specimens from the surface sediments, a box-corer (50 X 50 X 50 cm)
was deployed from the ship. Immediately after recovering the sediment core, the top layer (1 cm) was
scraped off by a spoon, and preserved in approximately 50 ml of ethanol (96%) with rose bengal (2 g L™*
of ethanol), and stored at 2 °C. In the home laboratory, the samples were sieved through a 63-um sieve
and dried for at least 24 hr at 40 °C. Once dried, planktonic foraminifera were picked under a light micro-
scope, with a fine brush, and identified to species level.

3.5. Planktonic Foraminifera and Limacina helicina Morphometrical Parameters

For size measurements, the LPF and L. helicina from the water column, in addition to planktonic foramini-
fera from surface sediments, were uniformly arranged on a slide with the umbilical side facing upward.
Images were acquired by a Leica Z16 APO microscope, using the integrated Leica DFC450 camera and
LAS version 4.12.0 software. The images were processed using the ruler tool in Adobe Photoshop CS6, with
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which the minimum and maximum diameters that bisect the center of the foraminiferal tests were measured
in microns always by the same operator to be as accurate as possible.

3.6. Stable Isotopes

Stable isotopes of carbon and oxygen from LPF shells were analyzed at The Stable Isotope Laboratory at
CAGE—Centre for Arctic Gas Hydrate, Environment and Climate located at UiT—The Arctic University
of Norway, Tromse, Norway. Due to the low concentration and dominance of small shells in April, stable
isotope analysis was only performed on the LPF from June. Twenty specimens of Neogloboquadrina pachy-
derma and 20 specimens of Turborotalita quinqueloba of the same size class (150-200 um) were picked from
all five sampling depths and placed in 4.5 ml vials. A total of 20 samples were analyzed, 10 for each species.
The vials were flushed with He, and five drops of water-free H;PO, were added manually with a syringe.
After equilibration for more than 3 hr at 50 °C, the samples were analyzed on a Gasbench IT and Thermo
Scientific MAT253 IRMS. Isotopic values are reported vs. the VPDB scale, which has been normalized by
two to three inhouse standards with a wide range of 8'C and 8'®0 values. The inhouse standards have been
normalized by several international standards. Instrument uncertainty of 8'*C and 8'®0 is standard devia-
tion <0.1%. (ThermoScientific).

3.7. Statistical Analyses

To test for difference between the environmental parameters sampled in the surface and bottom waters of
April and June, a Mann-Whitney U test (Mann & Whitney, 1947) was conducted on the data. The stations
were separated into their surface (0-100 m) and bottom (100-300 m) water samples.

To test for possible significant differences between the LPF population sampled in April and June, we used a
Mann and Whitney U test and tried the following hypothesis:

1. Are LPF concentrations (all species together) and test size significantly different between sampling
periods?

2. Are specific (species by species) LPF concentrations significantly different between sampling periods?

3. Are LPF concentrations by depth significantly different between sampling periods?

4. Which environmental parameters are significantly different between the sampling periods?

To determine if there is a relationship between the maximum CH, concentration at each station and LPF
concentration in the overlying water column, and primary production indicators, we performed a
Pearson's correlation test on both April and June data. Both the Pearson's correlation tests and the Mann-
Whitney U tests were performed on the program RStudio (Version 1.2.1335) (RStudio Team: RStudio:
Integrated development for R, 2015). In order to compare the species diversity within the LPF population
between April and June, the Shannon Index (H’) (Shannon & Weaver, 1949) was calculated.

4. Results

4.1. Environmental Parameters

Temperature and salinity, the CO, system parameters (DIC, Ar, pH, and calcium carbonate saturation states
Q), and primary production indicators along the 9-km transect reveal clear seasonal differences between
April and June. In April, the water column is well mixed in terms of temperature and salinity (Figures 2a
and 2b), with temperature ranging between 2.77 °C and 3.77 °C, and the salinity between 34.99 and 35.02.
In April, the water column is dominated by AW with an occasional presence of TAW in the bottom ~50
m. In June, the temperature ranges from 2.1-7.03 °C, increasing toward the surface, and the salinity between
35 and 35.02. In June, the water column is more thermally stratified, with a surface mixed layer extending to
~50 m water depth. In June, the lower ~100 m of the water column is dominated by the colder TAW, and the
upper ~250 m is dominated by AW. Sea surface temperature increased by 3.26 °C from April to June, while
the salinity remained almost constant. This allows for the investigation of seasonal changes in thermal stra-
tification on the LPF and Limacina helicina. In Figures 2 and 3, all parameters are presented on the same
scale, with the exception of CHy, due to the large difference in concentration between the two sampling sea-
sons (Figures 2c and 3c).

In April (Figure 2), our data show two CH,4 plumes close to the seafloor (Figure 2c), which also correspond to
plumes of elevated DIC and fCO, (Figures 2d and 2k). These plumes of elevated CH, and carbon originate
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Figure 2. Vertical sections of (a) temperature (°C), (b) salinity, (c) methane (nM), (d) dissolved inor;
kg_l), (f) pH, (g) aragonite saturation (Q4;), (h) calcite saturation (Qc,), (i) chlorophyll a-fluorescence (chlfluo, V), (j) dissolved oxygen (DO, ml L™ ), and (k)
carbon dioxide fugacity (fCO,, patm) in April 2016. Black dots represent sampling depth for water samples throughout the water column. Station IDs are given on

the top of the figure.
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carbon dioxide fugacity (fCO,, patm) in June 2016. Black dots represent sampling depth for water samples throughout the water column. White stars and white text

are concentrations from bladecore samples at sediment-water interface. Station IDs are given on the top of the figure.
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from the seafloor at 27.65 and 27.85°E and extend upward to approximately 200 m water depth. The maxi-
mum CH, concentration is 57 nM, found at stations 2a and 4a, at 13 and 9 m above the seafloor, respectively
(Figure 2c). The CH,4 concentration is elevated throughout the entire water column (average concentration
= 15.7 nM), with only a slight gradient from the seafloor to the surface. From 300 m water depth to the sea-
floor, the average CH, concentration reaches 31.8 nM. The CH, concentration decreases from 300 to 5 m
water depth to reach 15.7 nM. The plumes are also characterized by lower pH, Q4,, and Qc, (pH = 8.02,
Qar = 1.4, Qc, = 2.3), compared to surrounding waters (pH = 8.08, Qa, = 1.7, Qc, = 2.7). At is slightly ele-
vated at the plume locations, and ranges from 2,311 to 2,321 umol kg_l.

In June, the CH, concentrations close to the seafloor are on average more than one order of magnitude
higher than in April, with a maximum concentration of 959 nM at station 8b, 1 m above the seafloor
(Figure 3c). Elevated CH, concentrations extend to 150 m, shallower than in April (200 m). From 300 m
water depth to the seafloor, the average CH, concentration is 275 nM, and from 300 to 5 m water depth it
is 9.3 nM. Waters at the seafloor were recorded to have Q,, as low as 0.76 at station 1b, this coincides with
relatively low temperature (2.5 °C), high DIC (2,252 umol kg™*) and a pH of 7.8 (Figure 3g). The fCO, in the
waters at the seafloor at station 1b is 766 patm (Figure 2k). The Ar is elevated at the top 75 m (TA > 2,318
umol kg™") compared to the rest of the water column (Figure 3e). In the upper 75 m of the water column,
DIC values decreased from about 2,160 umol kg™ in April (Figure 2d), to <2,100 umol kg™* in June
(Figure 3d), coinciding with increased Ar, pH, DO, and chlfluo (Figures 3e, 3f, 3i, and 3j). The surface DO
and chlfluo are higher in June than in April (DO: 5.8 to 6.5 ml L™" vs. 5.9 to 6 ml L™, chlfluo: 0.3 to 1 ml
L™ vs. 0.5 to 0.7 ml L"), suggesting higher primary production in June relative to April. In the layer
between 100 and 250 m water depth, the CO, system parameters (DIC, At, pH, Q) are
relatively homogenous.

Overall, from April to June we observe a thermal stratification of the water column and an increase in CH,
concentration with increasing water depth. Although the seafloor CH, concentrations were higher in June
compared to April, its global background concentration along the sampled transect was higher in April. The
DIC concentrations in the waters at the seafloor increased from April to June and high values of about 2,200
umol kg™ encompassed the entire study area.

4.2. Microbial Methane Oxidation Activity

The highest microbial methane oxidation activity is found close to the seafloor (0-15 m above seafloor) with
a maximum value of 32 nM d™" at station M10 (Figure 4, Table S6). The average MOy activity close to the
seafloor from all stations along the transect is 11 nM d . At the sea surface and in the water column down
to 215 m, MOy activity was below detection limit. Methane concentrations are highest in the bottom waters
(0-25 m above sea floor), and range from 38 (station M8) to 767 nM (Station M5).

4.3. Planktonic Foraminiferal Concentrations and Assemblages in the Water Column and
Surface Sediments

In April, LPF concentrations are low, ranging from 0 (station 7a, 200-300 m depth) to 6 (station 1a, 0-50 m
depth) individuals (ind.) m > (Figure 5). Also in April, benthic foraminifera occur in the Multinet samples at
all of the stations with the exception of 7a. In June, the concentration of planktonic foraminifera is higher
compared to April, and ranges from 12 ind. m™ (station 8b, 200-300 m depth) to 436 ind. m™> (station
2b, 50-100 m depth) (Figure 5). In June, benthic foraminifera are only found in the Multinet samples from
station 8b. Maximum concentrations of LPF in both seasons are located in surface waters (0-100 m), and the
lowest in the 100-300 m water depth interval. The total concentrations of LPF across all stations is 87 ind.
m~ in April, and 4,637 ind. m™ in June, with an average per station of 11 and 580 ind. m~>, respectively.
During both seasons, the five stations to the west (1a/b, 2a/b, 3a/b, 4a/b, 5a/b; Figures 1b and 6) have a
higher concentration of LPF compared to the three stations to the east (6a/b, 7a/b, 8a/b) (Figure 5). The con-
centration of LPF along the 9-km transect is highly variable both in April and June (Figure 6).

There are seven LPF species present in April and 12 in June (Figure 7). The assemblages of April and June
are both largely dominated by Turborotalita quinqueloba and Neogloboquadrina pachyderma, where they
together make up to 90.6% and 88.8% of the total LPF community, respectively. This allows for a comparison
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Figure 4. (a) Map over MOx and methane sampling stations, and vertical sections of (b) aerobic methane oxidation rate (nM d_l) and (c) methane (nM).

of the size distribution of the T. quinqueloba and N. pachyderma that were present in April and
June (Figure 9).

At most stations and during both sampling periods T. quinqueloba is the dominant species reaching maxi-
mum concentrations in April and June of 6 and 355 ind. m™>, respectively. In April T. quinqueloba makes
up 77.7% of the community, while N. pachyderma makes up 12.9%. In June, T. quinqueloba makes up
64.3%, while N. pachyderma makes up 24.5% (Figure 7). Two significant differences are the decrease of
Neogloboquadrina incompta percentages from 5.2% in April to 0.9% in June. The other significant difference
between spring and summer is the increase in the Globigerinita uvula population from 2.5% to 6.6%. The
June LPF community is more diverse (H’ = 1.12 vs. 0.81), and includes specimens of Globigerina bulloides,
Orcadia riedeli, Turborotalita humilis, and Globigerinoides conglobatus. None of the LPF specimens from the
surface sediments were stained. Turborotalita quinqueloba is the most dominant species in the surface sedi-
ments, making up 80% of the fauna, while N. pachyderma and G. uvula make up 16% and 4%,
respectively (Figure 7c).

4.4. Limacina helicina Concentrations

Limacina helicina is the only pteropod species found in our samples from the crater area. Similar to the LPF,
L. helicina specimens are more abundant in summer than in spring, with the highest concentration in the
surface waters (0-50 m depth) (Figure 8). However, the increase in overall concentration across all stations
from 41 to 127 ind. m™? is not as dramatic compared to the LPF community (37 to 1,971 ind. m™>). During
both periods, L. helicina was absent from some samples. In April, the highest concentration at a single sta-
tion reaches five ind. m > (station 1a, 0-50 m depth), while in June it is 10 times higher, reaching 47 ind. m >
(station 2b, 0-50 m depth). The concentration in the 100-300 m depth interval does not change much
between the two sampling periods. In April, the average concentration in the 100-300 m depth interval is
three ind. m~>, while in June it is two ind. m—>. The spring vertical distribution of L. helicina is quite

OFSTAD ET AL.

10 of 24



LPF/m3 LPF/m3 LPF/m3 LPF/m3
A02468 o 1 2 3 4 5 o 1 2 3 4 5 o 1 2 3 4 5
| ] ! ] ] | ] ] | ] ] L | ] ] | | L ! ! | ] ]
E
o 1
[
)
200-300 1a I]]:’ 2a
LPF/m?3 LPF/m?3
5 o 1 2 3 4 5 0.0 02 04 06 08 10 o 1 2 3 4 5
| 1 1 | ] ] L | | ] ] ] | | ] | 1 ] L | | 1 1 |
o o il
E
ml i I
&
)
N [l i
. 1 . [ e 0 s
LPF/m3 LPF/m3 LPF/m3 LPF/m3
B 0 50 150 250 0 100 300 500 0 50 150 250 0 50 150 250
I IR I I I N | I N (N S R I N N NN N B I I N Y N N |
I
E
£ 100150 ol
&
o
150-200 .
200-300 . 2b
LPF/m3 LPF/m® LPF/m? LPF/m?3
0 100 300 500 0 50 100 150 200 0 50 100 150 200 0 20 40 60 80 100
| L ! ] ] ] 1 1 1 1 ] | 1 1 1 1 ]
E
£ 100-150 -
[
[a}
150-200 -]
200-300 5b . 6b 7b 8b
B T. quinqueloba B N.pachyderma B N.incompta O G. uwula O G. glutinata O N. dutertrei @ Other

Figure 5. Planktonic foraminiferal abundances (individual (ind.) m_3) per species plotted against water depth (m) for every station sampled in (a) April and (b)
June. Bold numbers at the lower right of each graph are station IDs. Please note different x axes.

OFSTAD ET AL. 11 of 24



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005387

Depth (m)

(a) Methane (nM)

Y TSN

60

50 . 4.5-6ind./m®

L0 @ 3-45ind/m?
® 1.5-3ind./m?

100

200 1 30
e 0-15ind./m?
20
300
10

(b) Methane (nM)

1000
‘ >200 ind./m?

800 @ 100 -200 ind./m?
‘600 ® 50-100ind./m’
e 0-50ind./m?

27.5°E 27.6°E 27.7°E 27.8°E 27.9°E
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homogeneous in the depth interval 0-200 m, while in summer the distribution is characterized by a peak in
the surface waters (0-50 m) followed by a sharp decline with depth.

4.5. LPF Size Parameters

A total of 1,562 LPF were measured for their diameters, in addition to 56 planktonic foraminifera from sur-
face sediment samples. In April, the test sizes of the LPF assemblages has a mean of 103.3 um, and are con-
strained to diameters of 60-200 um, with the highest frequency of specimens falling in the 100 to 110 um bin
suggesting the community to be largely dominated by small specimens, likely to be juveniles or young adults
(Figure 9a). In June, the test sizes have a mean diameter of 188.6 um and display a larger range with no
obvious peak in frequency. The size distribution of June ranges from 80-340 um (Figure 9a). The June
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Figure 7. Average LPF species composition across all stations, in (a) April, (b) June, and in (c) surface sediments in the crater area.
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Figure 8. Vertical concentration of Limacina helicina (individuals (ind.) m_3) for stations sampled in (a) April and (b)
June. Note different scales of x axes.

population consists of a mix between small and large specimens, likely to be both adults and juveniles. The
recently dead population in the surface sediments has a size distribution of 100-330 um, with the highest
frequency of specimens falling in the 210 to 220 um bin and in the 230 to 240 um bin (Figure 9a). The dia-
meters of N. pachyderma and T. quinqueloba were not found to be significantly different (p = 0.68), therefore
the increase in LPF diameter from April to June is not a reflection of the increase in the relative concentra-
tion of N. pachyderma (13% to 24% of the LPF community).

In April, the largest tests are found in the 200-300 m water depth interval, where the average test diameter is
107.95 um. The smallest tests were in the 0-50 m interval, with an average diameter of 98.85 um (Figure 9c).
In June, the largest tests are in the 150-200 m water depth interval, where the average test diameter is 210.77
um. The smallest tests are found within the 200-300 m water depth interval, with an average diameter of
157.1 pm (Figure 9d). The difference in test size between April and June at the crater area is statistically
significant (Figure 9e).

Seven LPF shell diameters in April (n = 957) were found to be smaller than 64 um, the mesh size of the nets,
and none in June (n = 605).

4.6. Limacina helicina Size Parameters

The shell diameter of 331 specimens of L. helicina was measured (256 from April and 175 from June). In
April, the shell diameters are constrained to 150-300 um, with the most frequent diameter falling in the
150 to 200 um bin. As in the LPF population small specimens, in this case, veliger larvae, are dominant.
In June, the size distribution widens, ranging from 150-1200 um with no clear dominant size frequency.
The seasonal size trend of L. helicina mirrors that of the LPF population, in that the April population is lar-
gely dominated by small specimens, likely to be juveniles or young adults, and the June population consists
of a mix between small and large specimens, likely to be both adults and juveniles.

4.7. Stable Isotopes of LPF

In June, the 8'®0 composition of N. pachyderma in the water column ranges from 2.3%. to 3.17%o
(Figure 10a; Table S2). The highest 8180 value is found in the 200-300 m depth interval at station 8b, and
the lowest in the 0-50 m interval at stations 8b and 5b. For T. quinqueloba, the §'0 values range from
1.82%o to 2.74%o (Figure 10a; Table S2). The highest 8'*0 value is found in the 100-150 m depth interval
at station 5b, and the lowest in the 0-50 m interval at station 8b. For both species, a general trend of decreas-
ing 880 values with shallower water depth is shown by the linear regression line. The linear regressions for
N. pachyderma and T. quinqueloba have r* values of 0.44 and 0.13, respectively.
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Figure 9. Size distribution of (a) LPF and planktonic foraminifera from surface sediments and (b) Limacina helicina in the crater area in April (blue) and June (red).

Note different scales of y axes. Vertical distribution of LPF test sizes in the crater area in (c) April and (d) June, in addition to standard deviation, and (e) a box-and-
whisker plot of test size. Note different scales of x axes.

The 8"3C composition of N. pachyderma in the water column ranges from —1.02%o to —0.17%o (Figure 10b,
Table S2). The highest 813C value is found in the 200-300 m depth interval at station 5b, and the lowest st3c
value is found in the 50-100 m interval at stations 8b. For T. quinqueloba, the 8"*C values ranged from
—2.39%o to —1.1%o (Figure 10b, Table S2). The highest value was found in the 100-150 m depth interval at
station 5b, and the lowest in the 0-50 m interval at station 8b. The linear regression line for N.
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pachyderma shows a general trend of increasing 8**C values with depth, and an * value of 0.24. The §'*C
values of T. quinqueloba throughout the water column do not show any trend.

4.8. Statistical Analyses

All environmental parameters in the surface (0-100 m) and bottom (100-300 m) waters show a statistically
significant difference between the two sampling periods, with the exception of surface water chlfluo (p =
0.22) (Table S3). All LPF variables, that is, total concentration, concentration by depth, species-specific con-
centrations, and test sizes, also show statistically significant differences between the two sampling seasons
(Table S4). The Shannon diversity index (H’) for the LPF community in spring is 0.81, while in summer, it

is 1.12. During both seasons, there is no statistically significant correlation between CH, concentration
and overlying LPF concentration, chlfluo or DO (Table S5).

5. Discussion

There are 47 planktonic foraminiferal morphospecies in the modern ocean (SCOR WG 138), but few can be
found in any considerable numbers in the Arctic and polar regions. The Arctic and northern polar LPF popu-
lation shows a low diversity, and is dominated by Neogloboquadrina pachyderma and Turborotalita quinque-
loba (e.g., Carstens et al., 1997; Eynaud, 2011; Jensen, 1998; Pados & Spielhagen, 2014; Volkmann, 2000),
similar to our samples from the Barents Sea. In addition, our samples from April and June in the crater area
highlight the highly heterogeneous nature of the LPF spatial distribution (Meilland et al., 2019) along the 9
km transect (Figure 6). It has been shown that the zooplankton community in the Barents Sea display strong
seasonal variability in terms of their concentration and community composition (Arashkevich et al., 2002).
This seasonality is caused by variations in sea surface temperature and phytoplankton biomass. The phyto-
plankton biomass at a given site is controlled by changes in the mixed layer depth, brought on by thermal
stratification. The shoaling of the mixed layer depth enables nutrient pumping (e.g., Bé, 1960) and creates
an environment with high nutrient and light levels, marking the start of the phytoplankton bloom. Wind dri-
ven mixing supplies nutrients and supports a prolonged primary production into summer and early fall. It
has been found that in cold regions, primary productivity serves as a timing cue for when conditions are
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suitable for growth and reproduction of the LPF (Kretschmer et al., 2016). Typically, the highest concentra-
tions of LPF occurs during the summer (e.g., Fischer et al., 1988; Kretschmer et al., 2016).

In addition to the potential shift in LPF phenology, a change in the LPF faunal composition at high latitude
regions, as a result of ocean warming, has already been observed. For example, the species diversity has
increased over the past few decades. There is a higher concentration of the subarctic species Orcadia riedeli,
Globigerinita uvula, and Neogloboquadrina incompta (Meilland, 2015; Meilland et al., 2018) in polar regions
compared to preindustrial times (Jonkers et al., 2019) (Figures 5 and 7). The observed recent increase in LPF
diversity highlights that the Arctic and polar LPF community is changing. Our study shows the current com-
position of the LPF population in the northern Barents Sea, and its seasonal (spring to summer) develop-
ment in relation to changes in the environmental conditions, including CHy, in the water column.

5.1. LPF Seasonal Variability

We observe significant differences in the LPF community sampled in the Barents Sea crater area between
April and June (Table S4) and in all the environmental parameters (Table S3), with salinity being the least
variable and surface CH, being the most (Figures 2b, 2c, 3b, and 3c). Seasonal variations in plankton com-
munities and water properties in the Barents Sea have been intensely studied (e.g., Arashkevich et al., 2002;
Loeng et al., 1997; Oziel et al., 2016; Oziel et al., 2017; Reigstad et al., 2002; Wassmann & Slagstad, 1993).
March represents the winter season in the central and northern Barents Sea, with very low chlorophyll a
concentrations in the water column (Reigstad et al., 2002). In the crater area, thermal stratification of the
water column starts in April (spring) following the rise in daylight. Although stratification is very subtle
in our temperature profile, the two-layered water column (divided at 200 m) can be seen clearly in the
chlfluo and DO profiles (Figures 2a, 2i, and 2j). In April, the mean test diameter of the LPF population is
103.3 um, and 88% of the population has a test equal or smaller than 120 um. The small test size coincides
with low concentration (0-6 ind. m™>). This is likely to be the first population of the spring season. The
occurrence of small tests in early spring was also found in the Greenland Sea (Jensen, 1998) and the Fram
Strait (Gyldenfeldt et al., 2000). The spring bloom in the Barents Sea typically peaks in May and ends in
June when nutrients in the surface water layers are depleted and there is stronger zooplankton grazing by
planktivorous organisms like chaetognaths and medusae (Arashkevich et al., 2002; Oziel et al., 2017).

In June, the thermal stratification of the water column in the crater area is much more pronounced and the
boundary layer is shallower (at 100 m). Above 100 m water depth, we find the highest concentration of LPF
and Limacina helicina (Figures 5b and 8). The increase in DO and chlfluo coincide with the thermocline and
are indicative of primary production in the surface waters (Figures 3a, 3i, and 3j). Since salinity did not
change significantly between April and June in the crater area, the decreased DIC of about 60 pmol kg™*
is most likely due to CO, uptake during photosynthesis (Figure 3d). The difference in the surface water
chlfluo (p = 0.22) between April and June is not significant, suggesting that April represents the start of
the spring bloom and in June the end of the spring bloom, where nutrients may already be depleted. By
June, the water temperature in the crater area has apparently increased sufficiently to include the thermal
range tolerated by the nonpolar species Orcadia riedeli and Globigerinoides conglobatus. The water tempera-
ture at the time of sampling represents also the modeled optimal temperature for N. pachyderma
(Kretschmer et al., 2018). Only 19.9% of the population has a test diameter equal or smaller than 120 pm,
meaning that the relative concentration of juveniles has greatly reduced in June, compared to April. In terms
of concentrations, we see a 53-fold increase from April to June (43-436 ind. m_3), but there is no dominant
size of individuals (test diameter) (Figure 9a), suggesting that we are capturing several cohorts, in contrast to
April. Larger tests during times of high flux of LPF are also found in the Fram Strait (Gyldenfeldt et al., 2000).
In April, we see an increase in size with depth, while the opposite occurs in June, suggesting that juveniles do
not have a preferred habitat depth, or that it is unpredictable.

The seasonal trend in zooplankton biomass is nearly identical to that of the primary productivity (Fulton,
1983), suggesting that zooplankton grazing intensifies simultaneously with increasing phytoplankton pro-
ductivity. Temperate and cold-water LPF species are characterized by general absence of symbionts, making
them reliant on productivity in the water column for food (Jonkers & Kucera, 2015). The changes to the LPF
community observed in this study in terms of size and concentration appear to match calanoid copepod sea-
sonality in the same region with spawning of Calanus finmarchicus and Calanus glacialis in March-April,
early adult stages in May, and adult stages in July, which have already started to spawn (Arashkevich
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et al., 2002). Our data suggest that L. helicina also follows this growth pattern, meaning that LPF and L. heli-
cina likely both develop simultaneously with the primary producers (Figure 9b). According to Wang et al.
(2017), the life cycle of L. helicina comprises two generations per year. The population sampled in April
was likely spawned the previous summer and overwintered with minimal to no growth (Figure 9b). By
June, the L. helicina population had tripled in concentration and increased in test diameter from x =
175.6 um in spring, to X = 334.6 um in summer. It is possible that some of the larger L. helicina sampled
in April had spawned the summer/fall population sampled in June. The small-sized L. helicina we captured
in June will then likely spawn in late summer/fall to produce the population that will overwinter.

For the LPF, the Shannon-Wiener Index was higher in June than April (1.12 vs 0.81), reflective of a more
diverse community. Overall, we see a close similarity in species composition in the surface sediments com-
pared to the Multinet samples, suggesting that the surface sediments accurately represent the LPF fauna in
the overlying water column (Figure 7). Planktonic foraminifera in surface sediments can be biased toward
large and fast sinking tests (e.g., Berelson, 2002), which could lead to a misrepresentation of the LPF size
composition; however, this does not seem to be the case in our study.

Oziel et al. (2017) recorded that a smaller summer bloom in the Barents Sea develops in July-August, and
peaks in September. By late summer, the breakdown of the vertical stratification due to surface cooling
and wind mixing cause renewed nutrient enrichment of the surface waters, meaning that the summer bloom
can be sustained as long as the irradiance in the euphotic zone is high enough (Oziel et al., 2017). If our sam-
pling period would have been extended to include the early autumn (September—October), we would expect
the test size distribution of both LPF and L. helicina to show two peaks. One peak should be at the larger end
of the size spectrum, comprising the specimens that will end their lifecycle before winter, and one peak at
the smaller end, which are likely the specimens that are preparing to hibernate and that will seed the next
year's population. However, a smaller mesh size (<64 um) would likely be needed to capture the overwinter-
ing LPF and L. helicina populations. By using a mesh size of 64 um, we do not have any data on the concen-
tration of LPF smaller than 64 um. However, our data show the advantage in using a 64-yum mesh as opposed
to a 100-um mesh, which would have resulted in excluding a large part of the small-sized April population
(Figure 9a). Many seasonal studies, and consequently, models, are based solely on >125 or >150 um fraction.
Our results would therefore indicate that they provide limited information on the population structure of the
planktonic foraminiferal faunas.

5.2. Lunar Cycle

It has been shown that many planktonic foraminiferal species are affected by lunar-phased synchronized
reproduction, which is superimposed on seasonal changes in shell flux (e.g., Jonkers et al., 2015). It is con-
ceivable that the population captured in the northern Barents Sea on 19 April probably was spawned during
the previous full moon (23 March 2016), since the size distribution strongly suggests that this is a single
population (Figure 9a). If they were closely linked to the lunar cycle, the size distribution on 29 June would
show two distinct populations, one that spawned after the full moon on 21 May, and one from 20 June
(Figure 9a). Juvenile specimens grow rapidly and reach a test size of >100 um in less than 10 days
(Hemleben et al., 1989; Spero & Lea, 1996) making it possible for them to be captured in a 64 um net 9 days
later. They should thus produce a peak in the smaller size frequency. However, the lack of peaks in the test
size distribution suggests that these individuals are the result of several spawning events (Figure 9a). The
variability we observe in the LPF concentration and size on 29 June does not appear to be linked to the lunar
cycle, but rather to seasonality.

5.3. Data Comparison to LPF Seasonality in the Greenland Sea and Irminger Sea

There is limited data on the seasonal distribution of LPF in the northern polar and Arctic regions. Global
seasonality models are based largely on two sediment trap studies for polar biogeographic regions: Jensen
(1998) with two locations (GS/2, 75°N, 0°E and OGS5, 72.38°N, 07.72°W) in the Greenland Sea and
Jonkers et al. (2010) in the Irminger Sea (59.25°N, 39.66°W). Due to differences in sampling methods, a
direct comparison between our Multinet study from the Barents Sea and the sediment trap fluxes from
the Greenland Sea and Irminger Sea is not possible. The sediment trap data reflect planktonic foraminifera
that have completed their lifecycle and have sunk into the trap, while our multinet data reflect the living
community at all stages of their life cycle. However, the sedimentation of specimens tends to follow the
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same spatial trends as plankton net samples (Pados & Spielhagen, 2014), meaning relatively high absolute
concentration in the water column will be shown as relatively high fluxes to the sediment trap.

There are two prominent peaks in planktonic foraminiferal concentration in the Irminger Sea during the
year. Similar to our data from the crater area, in the Irminger Sea, the first population completes their life-
cycle by mid-April, while the peak flux into the sediment trap occurs in May-June, and by late June the flux
has greatly decreased. Jonkers et al. (2010) show only a slight difference in foraminiferal shell flux to the
sediment traps from mid-April to late June. However, small and light shells that completed their life cycle
in April may not sink to the sediment trap depths. Due to the 53-fold increase in the LPF population at
the crater area between April and June, we would expect the flux to the seafloor in the crater area to be much
higher in summer compared to spring. This suggests that the LPF bloom dynamics in the northern Barents
Sea may differ from that of the central Irminger Sea. In the Greenland Sea in OG5, the flux of planktonic
foraminifera to the sediment trap starts mid-March, and there are still a very low flux of planktonic forami-
nifera by late April and restricted to the 63-125 um size fraction. By late June in the Greenland Sea (OG5),
there is an increasing presence of planktonic foraminifera in the 125-250 um fraction—which is in agree-
ment with our size data (Figure 9a), and the overall flux of planktonic foraminifera has doubled. This dou-
bling of the flux and increase in size in the Greenland Sea (OGS5) is likely due to the increased presence of
phytoplankton in the summer, similar to what we observe at the crater area (Figure 3i). However, the overall
largest peak in flux at OG5 does not occur until August, suggesting that the highest concentration of LPF at
OGS5 occurs in late summer. Because the time series from the Greenland Sea is from 1991-1992, the current
seasonal trend at OG5 of planktonic foraminifera may be more similar to our current observations in the cra-
ter area due to ocean warming and the reduction of sea ice in the Greenland Sea. Warmer waters cause LPF
populations to peak earlier in the year and to shift northward in the northern hemisphere (Jonkers et al.,
2019; Jonkers & Kucera, 2015). The northern-most time series of LPF, at GS/2 in the Greenland Sea, shows
a narrow LPF production period, and lower flux. In contrast to the Irminger Sea and OG5, there is no spring
bloom. The first planktonic foraminiferal flux to the sediment trap appears in June and consists of tests with
diameters that fall evenly within the 63-125 and 125-150 um fraction, and peaks in September. However,
GS/2 is the only site out of the three, which is dominated by T. quinqueloba. If we are considering the spring
to summer development of the LPF community in terms of concentration and size, our seasonal data seem to
be most in line with OG5 from the southern part of the Greenland Sea.

The data from the Barents Sea is also in agreement with the global seasonality model by Jonkers and Kucera
(2015). The model shows that in high latitude waters, which have a surface temperature above 5 °C, the peak
in the LPF concentration occurs early in the summer, slightly after or at the same time as the maximum
chlorophyll a concentration, validating the tight link between primary production and LPF seasonality.
This suggests that our samples in June represent the peak in LPF concentration.

It must be emphasized that since these sediment trap experiments were done in 1991-1992 and 1994-1995
by Jensen (1998) and in 2003-2006 by Jonkers et al. (2010), there may have been changes in the hydrography
and water mass properties due to ocean warming and ice melt, resulting in a different LPF seasonality. There
are also strong interannual variations in productivity at any given site. Finally, the location of the three sedi-
ment trap experiments and our sampling site in the crater area are all in different oceanographic settings, so
we would not expect to see the exact same seasonal trends and species compositions.

5.4. The Effect of Methane on Productivity and LPF Biomass

Methane seep ecosystems are unique, because they host chemosynthesis-based communities resulting in an
“oasis effect” on the seafloor, due to enhanced macrofaunal biomass and diversity in comparison to nearby
nonseep environments (Astrﬁm et al., 2018; Levin, 2005; Levin et al., 2016; Sibuet & Olu, 1998; Sibuet & Olu-
Le Roy, 2002; Thomsen et al., 2019). At the crater area, numerous frenulate siboglinid worms, the dominant
chemosymbiotrophic megafauna in high latitude seeps, and chemosynthetic bacterial mats are recorded
(Sen, Duperron, et al., 2018). The impact of CH, seepage on benthic productivity and biomass in the
Arctic is clear (Astrém et al., 2018, 2019), but an effect on the ecosystem in the overlying water column is
unknown. Aggregations of various demersal fish have been found at CH, seeps around the world, although
the cause of this remains unclear (Astrom et al., 2019; Bowden et al., 2013; Grupe et al., 2015; Sellanes et al.,
2008; Sen, Astrom, et al., 2018). We hypothesize that planktonic organisms may behave in the same manner
in that they aggregate above seeps.
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The hypothesis that CH4 seepage enhances primary production and hence biomass in the water column has
been discussed previously in the literature (e.g., D'Souza et al., 2016; Pohlman et al., 2017; Rakowski et al.,
2015). Enhanced primary production and CO, uptake has been reported at a site off the west coast of
Spitsbergen, which is also characterized by high CH, flux from the seafloor (Pohlman et al., 2017). The
mechanism, which causes this enhancement, is, however, unknown. One of the hypotheses is that the phy-
sical bubbling of CH, gas from the seafloor may cause an upwelling of nutrient rich waters. This mechanism
may be present even at depths exceeding 1,000 m, particularly if gas plumes are strong and extend high into
the water column (D'souza et al., 2016; Leifer et al., 2009). It is feasible that this upwelling effect of nutrient-
rich water, and therefore an enhancement of photosynthetic primary production, also occurs at the crater
area where the water depth is only 370 m and intense gas seepage with CH, bubble streams up to 200 m
height were observed (Andreassen et al., 2017).

In addition to the physical bubbling mechanism, potential chemical pathways that could link CH, seepage
and photosynthetic primary production exist as well. Further evidence to support the links between CH, and
planktonic biomass was found in a subterranean estuary ecosystem. It was shown that shrimps were feeding
on CHy-derived carbon (Brankovits et al., 2017). Methane-derived carbon could be added to the water col-
umn by two mechanisms; first through bubble stripping, which entails gas exchange of CO, from CH, bub-
bles (Vielstddte et al., 2015), and second by CO, production as a result of active microbial MOx
(equation (1)). An addition of CO, into the water column may lead to an increase in primary production
if nutrient levels are sufficient (Engel et al., 2013). The hypothesis that CO, is added to the water column
by gas exchange from CH, bubbles is supported by the elevated DIC and At in the CH, plumes in April, rela-
tive to the surrounding water (Figures 2d and 2e). In April, the pH, Q,,, and Qc, are lower in the plumes
than in the surrounding water, likely due to a net CO, addition from the CH,4 plumes (Figures 2f and 2g).
In June, the high DIC values in waters just above the seafloor are no longer confined in plumes and has
likely been accumulating and dispersing since April (Figure 3d). Since Ar is relatively constant between
the seasons, CO, has most likely caused the elevated DIC. MOy data from June (Figure 4c) show 14 times
higher rates compared to rates measured at another Arctic CH, seepage location at Storfjorden, east of
Spitzbergen (Mau et al., 2013). It could therefore be possible that plankton are feeding on carbon sourced
from methanotrophic bacteria.

Statistical analyses revealed that the CH4 concentration in the surface water (0-100 m) in our study area
showed a significantly higher variability, compared to the temperature changes between the two sampling
periods (Figures 2c and 3c), probably controlled by lateral advection. April shows a nearly four-times higher
CH, concentration in the surface water (Figure 2c), with an average of 16.3 nM compared to 4.4 nM in June.
Furthermore, nearly all multinet samples from April contained benthic foraminifera, which also indicates
strong lateral advection and increasing the likelihood that CH,4 could be resuspended in the water column.
Higher wind stress and lower temperatures in April may have resulted in stronger currents and well-mixed
water masses and consequently a stronger vertical redistribution of CH, after its release from the seafloor.
This vertical redistribution of CH, causes less of a vertical gradient in CH, concentration in the water col-
umn in April compared to June. Currents also dictate the concentration of methanotrophic bacteria in the
water column; the stronger the current, the wider the methanotrophic bacteria community gets spread that
lowers the quantity of present methanotrophs per sampling point (Steinle et al., 2015). In June, we see a
direct correlation between CH, concentration and MOx activity. It is likely that MOy activity, as well as
the concentration of methanotrophic bacteria, would be lower in April, as we see in the CH,
distribution pattern.

The LPF concentration at the crater area cannot be explained by the concentration of CH, in the water just
above seafloor as a result of seepage (Table S5) during both sampling seasons (Figure 6). Similarly, we also do
not find a positive correlation between CH, and the primary production indicators chlfluo and DO (Table
S5). Methane appears to be more confined to the bottom waters in June (Figure 3c), perhaps due to the
strong thermal stratification, or the high MOx rates causing the CH, to be utilized before it reaches the upper
water column. This could eliminate the possibility of direct contact between CH, and the LPF in June. The
8'3C values of N. pachyderma and T. quinqueloba in the water column in June do not show anomalously
negative values, indicating no incorporation of CH,-derived carbon in their tests. Both 8'*C and 8'%0 values
of N. pachyderma and T. quinqueloba are comparable to those reported in the Fram Strait (Pados et al., 2015)
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and Nordic Seas (Simstich et al., 2003). However, it has been demonstrated that benthic foraminiferal species
do not always record the influence of CH, in their tests (Hill et al., 2004). Although our data from the crater
area does not suggest a link between CH, seepage and LPF concentration, the physical and chemical
mechanisms, i.e., upwelling of nutrient-rich wasters by gas flares, or the addition of CO, to the surface
waters by bubble stripping or MOy, are all plausible in the crater area.

6. Conclusions

We found significant differences in concentration, species composition, and test size between the LPF and
Limacina helicina sampled at the beginning (April) and toward the end (June) of the spring bloom. The
LPF and L. helicina seasonal development follows that of calanoid copepods in the same region. Test size
and concentrations of both groups increased from April to June potentially as a response to the thermal stra-
tification and increase in food availability, but without any clear link to the lunar cycle. The observation of
smaller specimens of LPF and L. helicina in spring also suggests the occurrence of only one
population/generation in April, while in June several generations and a larger species diversity are dis-
played. Seasonal studies on LPF, and consequently, models, are based solely on >125 or >150 um fraction,
as opposed to our data which uses the >64 um fraction. Our results indicate that they provide limited infor-
mation on the population structure of the planktonic foraminiferal faunas. Isotopic measurements on LPF
shells revealed no direct influence of CH, flares on their §'%0 and §**C composition. Seepage of CH, there-
fore does not directly influence LPF. We, however, speculate that it could indirectly enhance primary pro-
duction and therefore an increase in biomass in the overlying water column, either through upwelling of
nutrient-rich waters or by the addition of CO,, owing to gas exchange from CH, bubbles or through MOx
activity. We believe that the potential fertilizing effect that CH, seepage has on the water column might
be significant on a regional scale. Future research focusing on CH, seepage in marine environments should
investigate the linkages between CH, input and its uptake by planktonic organisms through the mapping of
trophic interactions. This could help to understand how the species or assemblages may benefit from
enhanced CH, supply.
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