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DMS emissions from the Arctic marginal ice zone
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Rachel Hussherr™2, Lei Xue®*, Julie Dinasquet>®, Marcel Babin'2, Eric Rehm'-?, and
Maurice Levasseur'?

Phytoplankton blooms in the Arctic marginal ice zone (MIZ) can be prolific dimethylsulfide (DMS) producers,
thereby influencing regional aerosol formation and cloud radiative forcing. Here we describe the distribution
of DMS and its precursor dimethylsulfoniopropionate (DMSP) across the Baffin Bay receding ice edge in early
summer 2016. Overall, DMS and total DMSP (DMSP;) increased towards warmer waters of Atlantic origin
concurrently with more advanced ice-melt and bloom stages. Relatively high DMS and DMSP; (medians of
6.3 and 70 nM, respectively) were observed in the surface layer (0-9 m depth), and very high values
(reaching 74 and 524 nM, respectively) at the subsurface biomass maximum (15-30 m depth). Microscopic
and pigment analyses indicated that subsurface DMS and DMSP, peaks were associated with Phaeocystis
pouchetii, which bloomed in Atlantic-influenced waters and reached unprecedented biomass levels in Baffin
Bay. In surface waters, DMS concentrations and DMS:DMSP; ratios were higher in the MIZ (medians of 12 nM
and 0.15, respectively) than in fully ice-covered or ice-free conditions, potentially associated with enhanced
phytoplanktonic DMSP release and bacterial DMSP cleavage (high dddP:dmdA gene ratios). Mean sea—-air DMS
fluxes (umol m™ d™") increased from 0.3 in ice-covered waters to 10 in open waters (maximum of 26) owing to
concurrent trends in near-surface DMS concentrations and physical drivers of gas exchange. Using remotely
sensed sea-ice coverage and a compilation of sea-air DMS flux data, we estimated that the pan-Arctic DMS
emission from the MIZ (Epwms, wiz) was 5-13 Gg S yr™*. North of 80°N, Epws, miz might have increased by around
10 + 4% yr~" between 2003 and 2014, likely exceeding open-water emissions in June and July. We conclude
that Epms, miz must be taken into account to evaluate plankton-climate feedbacks in the Arctic.

Keywords: Dimethylsulfide, Dimethylsulfoniopropionate, Arctic, Marginal ice zone, Microbial plankton,
Phaeocystis pouchetii

1. Introduction

The shrinking and thinning of Arctic sea ice are among the
most striking consequences of anthropogenic global
warming (Arctic Monitoring & Assessment Programme
[AMAP], 2017; Intergovernmental Panel on Climate
Change [IPCC], 2019). Model projections indicate that the
Arctic could become entirely ice free in summer by 2040—
2050 (Thackeray and Hall, 2019). In this new regime,
devoid of multiyear ice, the belt of retreating sea ice
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known as the marginal ice zone (MIZ) will move every year
from its southernmost extent in late winter to its north-
ernmost extent prior to complete melt in late summer.
Therefore, biogeochemical processes occurring within the
MIZ, including the emission of biogenic gases and parti-
cles to the atmosphere, have the potential to reshape
marine ecosystems and geosystems across the entire Arctic
Ocean.

The MIZ is an ephemeral environment, in this study
operationally defined as the zone where the sea-ice cover
decreases from nearly total (>85%) to nearly absent
(<15%) before permanent ice opening in spring and sum-
mer. Several tens or a few hundred kilometers wide
(Strong, 2012; Strong and Rigor, 2013) and with a duration
of days to weeks (Randelhoff et al., 2019), the MIZ hosts
intense exchanges of freshwater, heat and momentum
between the ocean and the atmosphere (McPhee, 2008).
From a biogeochemical standpoint, the MIZ period marks
the transition between two major blooms of microalgae in
the Arctic. Prior to the melt season, biological activity
generally concentrates in the bottom layer of the sea ice,
where sympagic algae grow massively as soon as sufficient
light penetrates through the ice or snow surface (Leu et
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al,, 2015). When sulfficient sunlight crosses the sea ice or
the free ocean surface, phytoplankton can also bloom in
the water column, taking advantage of nutrient stocks
replenished over the winter and stable stratification
caused by ice melt. These pulses of sympagic and pelagic
algal growth, largely dominated by diatom species,
account for a major portion of annual primary production
in polar waters (Perrette et al., 2011; Wassmann and Re-
igstad, 2011; Renaut et al., 2018) and result in the emis-
sion of a wide diversity of biogenic particles and gases to
the atmosphere (Levasseur, 2013; Gabric et al., 2018; Ab-
batt et al., 2019).

Biogenic emissions play an important role in the Arctic
climate in late spring and summer, when biological activ-
ity is maximal and the atmosphere is depleted of aerosols
(both natural and anthropogenic; Abbatt et al., 2019). The
low aerosol baseline, caused by limited transport from
lower latitudes and efficient scavenging (Heintzenberg et
al., 2015; Croft et al., 2016), favors secondary aerosol for-
mation from local gaseous emissions (Leaitch et al., 2013;
Collins et al., 2017). The gas dimethylsulfide (DMS) is,
quantitatively, the main volatile organic compound emit-
ted by the activity of marine and sea-ice microbes (Simd,
2011; Carpenter et al., 2012). In the clean Arctic atmo-
sphere, DMS oxidation end-products (mostly, sulfuric and
methanesulfonic acids) readily form new aerosol particles
that scatter sunlight (Dawson et al., 2012; Leaitch et al.,
2013; Hodshire et al., 2019; Veres et al., 2020; Brean et al.,
2021). Moreover, DMS derivatives contribute to the con-
densational growth of aerosols into cloud condensation
nuclei (CCN; Ghahremaninezhad et al., 2019), altering the
balance between cloud shortwave forcing (increasing
cloud albedo) and longwave forcing (increasing heat
retention) (Andreae and Rosenfeld, 2008; Carslaw et al,,
2013; Mahmood et al,, 2019). In aerosol-depleted areas
and over the pack ice, this radiative balance is particularly
sensitive to local CCN sources (Mauritsen et al., 2011).
Thus, ongoing changes in DMS emission patterns and
their underlying drivers (Six et al., 2013; Gali et al.,
2019) can influence the ensemble of climate feedbacks,
known as Arctic amplification, that cause the Arctic to
warm faster than the global average (Serreze and Barry,
2011). In turn, changes in atmospheric radiative transfer
and ice dynamics can modulate phytoplankton productiv-
ity, potentially establishing a feedback mechanism (Charl-
son et al., 1987) that has yet to be verified (Quinn and
Bates, 2011).

DMS emission (EDMS) in the Arctic originates from
both surface seawater and ice environments such as the
ice bottom (Galindo et al., 2014) and saline melt ponds
(Gourdal et al., 2018; Park et al., 2019). Current estimates
obtained with different approaches indicate that ice-free
waters largely dominate EDMS regionally at the pan-Arctic
level (Lana et al., 2011; Gali et al., 2019; Hayashida et al.,
2020). Yet, DMS has an atmospheric lifetime of a few days,
at most, which limits atmospheric transport and magnifies
the effects of local DMS sources on aerosols in conjunction
with local meteorological conditions. Recent studies high-
lighted the broad variability and patchiness in tropo-
spheric DMS concentrations (Mungall et al., 2016;
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Ghahremaninezhad et al., 2019), and also the episodic
nature of new particle formation events (Collins et al.,
2017; Dall'Osto et al., 2017; Heintzenberg et al., 2017).
These findings stress the need to better understand and
quantify DMS emissions from ephemeral environments
such as the MIZ that can produce intense but short-lived
emission events.

The emission of DMS from seawater results from a com-
plex network of biotic and abiotic processes (Simé, 2001).
The primary precursor of DMS is dimethylsulfoniopropio-
nate (DMSP), a compound synthesized mainly by marine
algae (Stefels et al., 2007) and also by some bacteria (Cur-
son et al., 2017). In phytoplankton, DMSP serves different
physiological functions such as osmoregulation, antioxida-
tion or cryoprotection (Stefels et al., 2007), and its intra-
cellular concentrations vary widely across taxonomic
groups, with most high DMSP producers found among the
haptophytes and dinoflagellates (Keller, 1989; McParland
and Levine, 2019). Conversion of DMSP to DMS proceeds
mostly through the enzymatic cleavage by algal (Alcolom-
bri et al., 2015) and bacterial (Curson et al., 2011) DMSP-
lyase enzymes. The cleavage pathway typically accounts for
<30% of the microbial DMSP consumption (Kiene and
Linn, 2000; Gali and Simé, 2015), and the remainder is
transferred to bacteria and protists and diverted away
from DMS production. However, the efficiency of the con-
version of DMSP to DMS can vary widely in response to
food-web processes, such as grazing (Simé et al., 2018),
bacterial metabolism (Kiene et al., 2000), and environ-
mental stressors, such as nutrient limitation (Sunda et
al., 2007), high irradiance (Gali et al., 2013), and ocean
acidification (Bénard et al., 2021). In the upper mixed
layer of the ocean, dissolved DMS is readily transformed
to dissolved non-volatile sulfur species by DMS-consuming
bacteria (Kiene and Bates, 1990; del Valle et al., 2009;
Lidbury et al., 2016) and photolysis (Kieber et al., 1996;
Gali et al.,, 2016). In consequence, typically less than 15%
of the DMS produced in the upper mixed layer is vented to
the atmosphere in ice-free waters (Gali and Sim6, 2015).

The multiple biogeochemical pathways that mediate
between DMSP synthesis and DMS emission generally
tend to buffer DMS concentrations in open ocean settings
(Gali and Simo, 2015), where sea-surface DMS concentra-
tions above 10 nM are rare (Lana et al.,, 2011). In the MIZ,
however, seawater DMS concentrations and sea—air DMS
fluxes (Fpwms) can greatly increase when some factors co-
occur, namely: the formation of massive phytoplankton
blooms (Perrette et al., 2011; Arrigo et al., 2014; Renaut
et al., 2018) depending on the type of ice edge (multi-year
versus first-year sea ice; Lizotte et al., 2020); the presence
of high DMSP and DMS producers (Levasseur, 2013); the
enhancement of DMS production by food-web interac-
tions or physiological stress (Matrai et al., 1995; Sunda
et al., 2007; Gali et al., 2013); and weak biological DMS
removal during early bloom stages (del Valle et al., 2009).
Among these factors, blooms of the colony-forming hap-
tophyte Phaeocystis are thought to play a prominent role.
This genus has an intracellular DMSP content of about
5%—10% of cell carbon, roughly one order of magnitude
higher than diatoms and, unlike diatoms, displays high
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Figure 1. Maps of the study area and sea-surface DMS concentrations and fluxes (Fpys). () Bathymetric map of southern
Baffin Bay, Davis Strait and northern Labrador Sea. Dots show the grid of Green Edge cruise stations, colored according

to the “Arctic N-P relationship” (ANP) at 20 m, which d

istinguishes waters of Arctic (blue) and Atlantic (red) origin,

whose approximate circulation is shown by arrows; (b) close-up of the study area. The size of empty and filled circles
indicates the magnitude of sea-surface DMS concentrations and sea—air DMS fluxes, respectively, and the color of
filled circles indicates whether a station is classified as ICE, MIZ, or OW (Table 1). Contours of satellite-retrieved sea-ice
fractional coverage are shown in different textures and shades of blue for different periods of 5 days of the year:
d176—-d 180 (0.10 contour), d181-d 185 (0.10 contour), and d186—d 190 (0.10, 0.50, 0.80, and 0.85 contours). Sampled
stations and the start dates of sampled transects (Julian day, d) are also indicated. Stations not sampled for sulfur
compounds are marked with crosses. DOI: https://doi.org/10.1525/elementa.2020.00113.f1

DMSP-lyase activity (Sheehan and Petrou, 2019; Stefels et
al.,, 2007). These factors, together with the global distribu-
tion of bloom-forming Phaeocystis species, make Phaeocys-
tis blooms a major source of atmospheric DMS globally
(Schoemann et al., 2005; Wang et al., 2015).

In this article we describe spatial DMS and DMSP con-
centration patterns across a receding first-year ice edge in
Baffin Bay, seeking to disentangle the role of Pacific-
derived Arctic water masses and Atlantic water masses,
meltwater stratification, and phytoplankton bloom pro-
gression, with particular attention to Phaeocystis pouchetii.
Finally, we compare our findings to a compilation of in
situ studies, and upscale in situ observations using remote
sensing to provide pan-Arctic estimates of DMS emission
from the MIZ (Epwms, miz) between 2003 and 2016.

2. Methods

2.1. Hydrographic data

The Green Edge expedition sampled seven transects across
the ice edge in southern Baffin Bay, north of the Davis
Strait (approximately at 70°N and 60°W) aboard the CCGS
Amundsen research icebreaker. Here we report measure-
ments from four East—West transects, named T4, T5, T6
and T7, sampled during the second leg of the cruise
between June 24 and July 10, 2016 (Figure 1). At each
station along a given transect, vertical profiles of water
column properties were measured down to at least 300
m using a sampling rosette with attached Seabird SBE-911
plus conductivity-temperature-depth (CTD) sensors, a Sea-
point chlorophyll fluorometer, and a WetLabs C-Star

transmissometer (0.25-m pathlength). The CTD data were
processed according to standard Amundsen Science Team
procedures (P Guillot, personal communication). Transmis-
someter profiles were used to calculate the beam attenu-
ation coefficient at 650 nm due to particles, ¢, (m™),
following standard procedures (Loisel and Morel, 1998).
Particulate organic carbon (POC; units of mg m™) was
estimated from ¢, using a conversion factor of 500 mg
POC m™2 (Cetinic et al., 2012, and references therein).
Water samples were collected at several depths using Ni-
skin bottles mounted on the CTD rosette for the determi-
nation of dimethylated sulfur compounds (Section 2.4),
phytoplankton pigments and abundance (Section 2.6),
bacterial abundance and sulfur metabolism (Section 2.7),
and inorganic nutrients (nitrate, nitrite, phosphate, and
silicate; Koroleff and Hansen, 1999; see details in Randelh-
off et al., 2019).

2.2. Satellite sea-ice concentration data sets

Sea-ice fractional coverage was retrieved from microwave
satellite sensors, and will be referred to as sea-ice concen-
tration (SIC) hereafter, following the conventional name of
the remote sensing products. Daily SIC images from the
Advanced Microwave Scanning Radiometer 2 (AMSR2) on
a 3.125-km grid (Spreen et al,, 2008) were downloaded
from ttp://www.iup.uni-bremen.de:8084/amsr2data/asi_
daygrid_swath/n3125/ and used to describe ice dynamics
over the entire melt season in the Green Edge study area
(Figure 1). From this dataset, a SIC time series for each
station was extracted from the closest satellite pixel.
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Table 1. Physical and biogeochemical characteristics of the stations across the ice edge, classified according to the open
water days (OWD) metric. DOI: https://doi.org/10.1525/elementa.2020.00113.t1

Ice-Cover Category

Characteristic ICE MIZ ow

Descriptors of the stations

OWD thresholds (d) OWD < -3 -3<OWD <3 OWD > 3

Mean observed OWD -12 0 13

SIC thresholds (%) (days -2, -1, 0)* SIC > 85 85 > SIC > 15 SIC< 15

Mean observed SIC (%) (days -2, -1, 0)? 94, 93, 90 52, 45, 15 0,10

Arctic-domain stations 400, 403, 406, 600, 719 519, 603, 604.5, 605, 716 608, 700, 703, 707, 713

Atlantic-domain stations 409, 412, 413

Total number of stations 8

Descriptors of the water column physics and biogeochemistry: mean (min—-max)

MLD0.03 (m)P 6 (2-22)
hgp (m)° 20 (15-32)
Isolume 0.415 (m) 26 (11-41)
Nitracline (m) 1(0-7)
SBM (m)¢ 8 (3-21)

507, 512, 515 418, 506, 612, 615
8 9

3 (1-5) 7 (1-15)

15 (11-17) 18 (12-31)

35 (21-47) 42 (29-60)

4 (0-15) 21 (1-43)

12 (7-16) 24 (16-31)

2 Satellite-retrieved sea-ice concentration (SIC); (days —2, —1, 0) refers to the 3-day period ending on the sampling day.

b Shallowest mixed layer depth where sigma-t exceeded by 0.03 kg m~ the value at 1 m.

¢ Equivalent mixed layer depth (as defined by Randelhoff et al., 2017).

4 Subsurface biomass maximum.

An additional SIC dataset for the entire Arctic between
2003 and 2016 was downloaded from the National Snow
and Ice Data Center (http://nsidc.org), and consisted of
images obtained by the Special Sensor Microwave/Imager
(2003-2007) and the Special Sensor Microwave Imager/
Sounder (2008-2016). Daily SIC images at 25-km resolu-
tion were re-projected onto a 4.64-km sinusoidal grid to
better match ocean color remote sensing products, and
then bin-averaged into 6 x 6 macropixels (27.84 km) and
8-day periods. This dataset was used to compute pan-
Arctic estimates of Epys, miz (Section 2.9) in a format that
was directly comparable to previous satellite-based esti-
mates of Epys from open waters (Gali et al.,, 2019).

2.3. Irradiance

Downwelling photosynthetically active radiation (PAR)
immediately above the sea surface (PARO+) was estimated
with the Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) model (Ricchiazzi et al., 1998) using
precomputed look-up tables (Laliberté et al., 2016). Hourly
SBDART time series showed good agreement with in situ
data recorded on the ship’s meteorological tower (Kipp
and Zonen PAR Lite; sampling frequency 1 min™'), with
R* = 0.88 and mean bias = —6%. Measurements taken on
the ship were deemed not representative of the daily
mean PARO+ at any fixed station because they reflected
rapid variations in ice albedo and fog conditions as the
CCGS Amundsen traversed back and forth across the MIZ.

Thus, the mean irradiance during the 24-h prior to sam-
pling at each station was computed from the hourly
SBDART output.

Downwelling PAR was measured in the water column
down to 100 m using a Compact Optical Profiling System
(C-OPS, Biospherical Instruments Inc., San Diego, CA).
Underwater measurements were referenced to simulta-
neous above-surface measurements to calculate the verti-
cal PAR transmittance profile for a given C-OPS cast. To
correct for the effect of variable ice cover, the mean PAR
transmittance profile at each station was computed as the
SIC-weighted average of the closest ice-free and ice-
covered C-OPS casts. To obtain the mean daily PAR profile,
the mean transmittance profile was multiplied by the
mean daily PARO+ (see details about the measurements
and calculations in Randelhoff et al. 2019).

2.4. DMS and DMSP sampling and analysis

DMS and DMSP samples were collected during the morn-
ing CTD cast at 8 AM local time from 5 or 6 depths
between the surface and 100 m; additional samples were
taken occasionally from the CTD casts performed around
noon. At several intermediate hydrographic stations,
located between full stations, samples were collected only
from the surface (1 m) and the subsurface chlorophyll
maximum (SCM). The SCM depth was estimated from fluo-
rescence depth profiles. A total of 25 stations (Tables 1
and S1) and 35 CTD casts were sampled.
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Samples for DMS analysis were collected into 120-mL
precleaned borosilicate vials leaving no head space, allow-
ing some overflow and taking care to avoid bubbling. The
vials were filled using a precleaned silicone tube con-
nected to the Niskin bottle spigot, fitted with a 5-um
Nitex mesh at its tip to gently screen out large phyto-
plankton cells and colonies (Kinsey et al., 2016). Occasion-
ally, additional vials were filled using a 100-pm mesh
Nylon screen to test for DMS measurement artifacts asso-
ciated with Phaeocystis cell breakage upon filtration. DMS
samples were stored in the dark at 4°C and processed
within 2 h of collection.

For DMS analysis, 10-20 mL were withdrawn from the
vial, spiked with a DMS-ds internal standard (4.5 nM final
concentration), sparged with ultra high purity helium for
5 min and trapped in a glass tube filled with Tenax-TA
(kept below —10°C) using a custom-made purge-and-trap
device (Gourdal et al., 2018). Trapped DMS was injected
into a gas chromatograph-mass spectrometer (GC-MS; GC:
Agilent 7890A; MS: Agilent 5975C) for quantification. The
GC-MS was calibrated at the beginning of each transect by
injections of DMS-d; and DMS-dg at 4-6 concentrations
ranging between 0.5 and 45 nM, and a single calibration
curve was used for the whole dataset (R* of the log-log
linear calibration > 0.99). The peak areas of endogenous
DMS and internal standards, determined with the Mas-
sHunter software, were converted to concentrations after
correcting for blank signals and internal standards. No
analytical replicates were analyzed for the majority of the
samples. The mean propagated uncertainty of DMS mea-
surements was estimated at 10%, which includes the rep-
lication uncertainty estimated from duplicate analyses (n
= 16) and the calibration uncertainty. In addition, pre-
filtration tests suggested that DMS was 19% higher on
average (n = 19) in samples filtered through a 100-um
mesh, compared to their 5-um-filtered counterparts.
Although this test was statistically inconclusive, it indi-
cates the importance of sample pre-screening in the pres-
ence of Phaeocystis sp. (del Valle et al., 2009). Further
details regarding the analysis of DMS are provided in the
Supplemental Materials (Text S1).

Samples for DMSP analysis were collected in triplicate
and included a set of unfiltered samples for total DMSP
(DMSP,) and a second set of filtered samples for dissolved
DMSP (DMSP,). This sampling plan enabled the calcula-
tion of particulate DMSP (DMSP,) as DMSP, — DMSP,.
Unfiltered seawater samples were collected into 20-mL
pre-cleaned borosilicate scintillation vials screw-capped
with a solid cap containing a Teflon-lined silicone insert.
Samples were microwaved with the cap loosened, then
bubbled with purified air to remove DMS, acidified with
hydrochloric acid, and stored in the dark at room temper-
ature (Kinsey and Kieber, 2016). Filtered samples were
obtained by the small volume, gravity drip filtration
method (Kiene and Slezak, 2006) using prebaked
(550°C, 8 h) 25-mm diameter glass fiber filters (Whatman
GF/F); samples were bubbled with purified air for several
minutes to remove DMS followed by addition of hydro-
chloric acid and storage at room temperature in the dark.
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Processed DMSP samples were analyzed at Laval Uni-
versity (UL, Québec City) and at the State University of
New York, College of Environmental Science and Forestry
(SUNY-ESF, Syracuse, NY) within 30 months of collection.
Storage tests confirmed the good preservation of samples
(>95% recovery), and excellent agreement between labo-
ratories was found (mean difference of 1.2 + 10%). At
both laboratories, DMSP was analyzed as DMS after stoi-
chiometric base (NaOH) cleavage. At UL, the evolved DMS
was analyzed in a GC-MS (GC: Agilent Intuvo 9000; MS:
Agilent 5977B), and peak areas determined with the Mas-
sHunter software were converted to concentration against
a 7-point calibration of a diluted DMSP standard solution
(R* > 0.99; Lizotte et al., 2020). At SUNY-ESF, DMSP was
quantified following the procedure outlined in Kinsey and
Kieber (2016) on a Shimadzu GC-14A with flame photo-
metric detector. Further details on DMSP analysis are pro-
vided in Text S2.

2.5, Sea—air DMS flux (Fpus) calculation

We estimated Fpys (umol m™* d™') as the product of the
sea—air gas transfer coefficient (K), the DMS gradient
across the sea—air interface, and the ice-free water fraction
(1= SIC):

Fpyms = K - (DMS, —DMS,) - (1= SIC). (1)

K was computed using the wind speed—based gas
exchange parameterization of Woolf (1997) and Woolf
(2005), taking into account air- and water-side resistance
(1/K=1/k, + 1/k,) and the effects of SST and salinity on
DMS diffusivity and solubility, and assuming DMS, =
DMS,,/253 based on field measurements (Land et al.,
2014). Wind speed measurements were acquired at 1
min~' frequency by the anemometer installed 16 m above
sea level on the ship’s meteorological tower (Burgers et al.,
2017), and converted to 10-m wind speeds according to
a standard wind profile for neutral atmospheric stability
(Hsu et al., 1994). At each station we calculated Fpys using
one single value for DMS,, and SST and the 1 min™' time
series of wind speed during the 24 h prior to sampling,
and then calculated the daily mean Fpys. The reader is
referred to Gali et al. (2019) for further details on gas
exchange calculations.

2.6. Phytoplankton pigments, abundance, carbon
pools, and DMSP-biomass

Samples for phytoplankton pigment analyses were col-
lected from Niskin bottles on the CTD rosette. Up to 2.7
L of seawater were filtered on Whatman GF/F filters to
collect phytoplankton cells, and the filters contained in
cryotubes were stored in liquid nitrogen until analysis.
Back on land, filters were soaked in 100% methanol, dis-
rupted by sonication, and the resulting solution of ex-
tracted pigments was clarified by filtration (GF/F) and
analyzed using High Performance Liquid Chromatography
(HPLC) on an Agilent Technologies HPLC 1200 system
equipped with a diode array detector (Ras et al., 2008).
Based on multivariate analyses (see Section 2.8), we
selected the following pigments as predictors of dimethy-
lated sulfur compounds: total chlorophyll a (TChl a; Chl
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a plus allomers and epimers), chlorophyll b (Chl b), chlo-
rophyll ¢2 (Chl ¢2; in practice, Chl c1+c2), chlorophyll ¢3
(Chl ¢3), fucoxanthin (Fuco), 19'-hexanoyloxyfucoxanthin
(Hex-fuco), 19’-butanoyloxyfucoxanthin (But-fuco), 19’
butanoyloxyfucoxanthin-like (But-fuco-like), peridinin
(Peri), prasinoxanthin (Pras), p-carotene (in practice, o +
B-carotene; Ras et al., 2008), diadinoxanthin + diatox-
anthin (DD), violaxanthin + antheraxanthin + zeaxanthin
(VAZ) and pheophorbide a (Pheo a). Pigments were
grouped as either chlorophylls, photosynthetic (light-har-
vesting) carotenoids (PSC), photoprotective carotenoids
(PPC) or degradation products (Table 2) and used as phys-
iological and taxonomic indicators.

At nine (of 25) stations, samples for identification and
counting of micro- and nanophytoplankton were taken at
the surface and at the depth of the fluorescence maxi-
mum, preserved in Lugol's solution and kept at 4°C. Cells
were counted under an inverted microscope after sedi-
mentation of 25-50 mL following standard procedures.
In addition to traditional microscopy, an Imaging FlowCy-
tobot (IFCB; Olson and Sosik, 2007) was used to take
pictures of phytoplankton and fluorescing detritus, which
were subsequently sized, counted and identified with the
software EcoTaxa (https://ecotaxa.obs-vlfr.fr/) (Grondin,
2019). Eukaryotic picophytoplankton were enumerated
in live samples by flow cytometry (Accuri C6, Becton Dick-
inson) (Marie et al., 1999).

The abundances of phytoplankton cells were converted
to carbon biomass using allometric relationships
(Menden-Deuer and Lessard, 2000) and subsequently used
to estimate their contribution to the DMSP, stock using
literature values for the DMSP-carbon proportion of each
taxonomic group (Stefels et al., 2007). For this calculation
we assumed, based on measurements performed at sta-
tions 713 and 719, that DMSP, represented 90% of the
total DMSP at all stations. This result is consistent with
literature values (Kiene and Slezak, 2006; Kinsey et al.,
2016). We also made order-of-magnitude estimates for the
DMSP,, bound to detrital particles, Phaeocystis colonies
and DMSP-producing bacteria. Further details are given
in Text S3 and Table S2.

2.7. Bacterial abundance, production, and DMSP
catabolism genes

Samples (1.5 mL) withdrawn from Niskin bottles were
preserved with glutaraldehyde (1% final concentration)
and stored at —80°C. Bacterial abundances were deter-
mined on a flow cytometer (FACSCanto, BD Biosciences)
after SYBR® Green [ (ThermoFisher Scientific) staining as
described by Gasol and del Giorgio (2000). Bacterial pro-
duction rates were measured by [H*]-leucine incorpora-
tion (Smith and Azam, 1992). Triplicate 1.7-mL aliquots
were incubated in the dark with a mixture of 50/50 (v/
v) [H3]-leucine (Perkin Elmer) and nonradioactive leucine
for 4 h at in situ temperature (1.5°C). Samples with 5%
trichloroacetic acid added prior to isotope addition served
as a control. Saturation and time-course experiments were
performed beforehand to determine the concentration of
leucine and minimum incubation time. Leucine incorpo-
ration was converted to carbon production using

Gali et al: DMS Emissions from the Arctic MIZ

a conservative conversion factor of 1.5 kg C (mol leu-
cine)™" (Simon and Azam, 1989).

The functional genes dddP and dmdA, associated with
different DMSP catabolism pathways in bacteria, were
quantified by g-PCR following previously described proto-
cols (Levine et al., 2012; Zeng et al., 2016). Briefly, univer-
sal primers dddP_874F/971R and dmdA_282F/591R
were used to quantify dddP and dmdA, respectively. Quan-
tification was performed on an AriaMx (Agilent) using
SsoAdvanced Sybr Green universal supermix (BioRad).
Triplicate seven-fold serially diluted standard curves, using
genomic DNA from a Phaeobacter sp. strain presenting
both genes (Genbank accession number MW504624; de-
tails will be provided elsewhere) was run on each plate.
Controls with no DNA template were also run in triplicate
on each plate. Single amplifications were confirmed by
a melt curve for each analysis.

2.8. Data analysis and statistics

Metrics of ice cover and water mass origin were used to
depict variations along the horizontal sea-surface axis. We
calculated the number of open water days (OWD) at each
station using the time series of remotely sensed SIC. Pos-
itive OWD indicated the days elapsed since the station
became permanently ice-free (SIC < 15%), whereas nega-
tive OWD indicated the days remaining before permanent
ice opening (Randelhoff et al., 2019). Stations were classi-
fied into three categories according to SIC and OWD me-
trics (Tables 1 and S1). Ice-covered (ICE) stations were
defined by OWD < —3d, which generally corresponded
to SIC persistently higher than 85% during the 3 days
ending on the day of sampling. MIZ stations were defined
by —3d < OWD < 3d. Open water (OW) stations were
defined by OWD > 3, which corresponded to SIC persis-
tently below 15% during the 3 days ending on the day of
sampling.

Water masses were depicted using the “Arctic N-P re-
lationship” (ANP), a tracer that distinguishes the nutrient
signature of Atlantic Water from that of the Pacific-derived
Arctic Water. Essentially, an ANP of zero means that the
NO5—PO,* pairs fall on the regression line for Atlantic
Water, whereas for an ANP value of one they fall on the
regression line for Pacific-derived Water (Randelhoff et al.,
2019, and references therein). Stations were further clas-
sified into contiguous Arctic and Atlantic domains using
a fuzzy c-means clustering algorithm based on three vari-
ables: ANP at 20 m, maximum temperature in the Atlantic
Water layer, and salinity at the estimated winter convec-
tion depth (Randelhoff et al., 2019). Clustering coefficients
smaller (greater) than 0.4 were indicative of the Arctic
(Atlantic) domain.

Along the vertical water-depth axis, the biogeochemical
setting was characterized using descriptors of vertical mix-
ing, light penetration, biological nutrient utilization and
phytoplankton biomass maxima. The mixed layer depth
was calculated as the shallowest depth where sigma-t ex-
ceeded by 0.03 kg m~* the value at 1 m (MLDO0.03). Ver-
tical mixing was also characterized using the “equivalent
mixed layer depth” hgp (Randelhoff et al., 2017). This met-
ric was developed for meltwater-influenced surface waters
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Table 2. Spearman’s rank correlations between selected phytoplankton pigments and total carbon biomass proxied by
the beam attenuation coefficient (c,), DMSP; and DMS. DOI: https://doi.org/10.1525/elementa.2020.00113.t2

Correlation
Coefficients®
Pigments® Phytoplankton Class® ¢ DMSP, DMS
Chlorophylls Total chlorophyll a (TChl @)  All 0.85 0.87 0.72
Chlorophyll b (Chl b) Chlorophytes, prasinophytes, dinoflagellates 0.65 0.75 0.39
(type 5)
Chlorophyll c¢2 (Chl ¢2) Diatoms, haptophytes (type-7), most dinoflagellates, 0.79 0.79  0.68
cryptophytes, chrysophytes, pelagophytes
Chlorophyll ¢3 (Chl ¢3) Haptophytes, diatoms, dinoflagellates (type 2), 045 050 032
raphidophytes, dictyochophytes
Photosynthetic Fucoxanthin (Fuco) Diatoms, haptophytes, chrysophytes, 0.69 0.68 0.64
carotenoids dinoflagellates (types 2—3)
(PSC) 19 Haptophytes (type-7, e.g., Chrysochromulina spp.),  0.60 0.75  0.39
hexanoyloxyfucoxanthin dinoflagellates (type 2)
(Hex-fuco)
19'-butanoyloxyfucoxanthin ~ Haptophytes, chrysophytes, pelagophytes, 0.53 0.59 036
(But-fuco) dinoflagellates (type 2)
19'- Haptophytes (type 8; e.g. Phaeocystis sp.) 053 0.53 0.54
butanoyloxyfucoxanthin-
like (But-fuco-like)?
Peridinin (Peri) Dinoflagellates (type 1) 057 0.74 0.46
Alloxanthin (Allo) Cryptophytes, dinoflagellates (type 4) 0.53 0.69 036
Prasinoxanthin (Pras)® Prasinophytes (type 3) 0.60 0.71 039
Photoprotective B carotene' All except cryptophytes 0.84 090 0.71
cs;(étenmds Diadinoxanthin + Diatoms, prymnesiophytes, dinoflagellates, 0.65 0.77 0.50
(PPC) Diatoxanthin (DD) chrysophytes
Violaxanthin + Chlorophytes, chrysophytes, prasinophytes 0.47 0.73 031
Antheraxanthin +
Zeaxanthin (VAZ)
Degradation Pheophorbide a (Pheo a) Protozoan fecal pellets 043 040 0.40
products

? Pigments are grouped according to functional and chemotaxonomic criteria following Zapata et al. (2004), Jeffrey et al. (2012),
Coupel et al. (2015) and Schanke et al. (2020), and their abbreviations follow the Scientific Council for Oceanic Research (Jeffrey et al.,
2012).

b For chlorophylls and PSC, major pigments of each algal class are indicated by highlighting the taxa in bold.

¢ All correlations are significant with P< 0.05, and bold face distinguishes correlations with P< 107*. Sample sizes are 80-118, except
for But-fuco-like (n = 58) and Peri (n = 72). Underlining denotes pigments more closely associated to either DMSP, or DMS, whereas
no underlining indicates similarly strong association with both compounds, according to a redundancy analysis (Figure 2).

4 A 19'-butanoyloxyfucoxanthin-like pigment was found in Phaeocystis by Rowan (1989), and Zapata et al. (2004) reported the
occurrence of an unknown 19’-butanoyloxyfucoxanthin-like pigment in haptophytes, characterized by absorption peaks shifted 41
nm from those of 19’-butanoyloxyfucoxanthin.

¢ Extremely similar correlations were found for neoxanthin, which occurs in chlorophytes and prasinophytes.

fIncludes o + B carotene because of challenges in quantifying them separately, but o carotene is assumed to occur at much lower
concentration (e.g., Ras et al.,, 2008).

in the MIZ and found to constrain the extent of vertical
mixing better than criteria based on density or tempera-
ture thresholds (Randelhoff et al., 2019). The lower depth
limit of phytoplankton growth was estimated as the depth
where daily PAR was 0.415 mol photons m™ d™', here

referred to as the 0.415 isolume (Letelier et al., 2004). The
nitracline depth was defined as the shallowest depth
where nitrate concentration exceeded 1 pM, based on
a linear interpolation of discrete nutrient measurements
to a vertical spacing of 1 m. The depth of the subsurface
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Table 3. Compilation of means (and ranges) of sea—air DMS flux (Fpys) estimates® (umol m™2 d™") in the Arctic sorted by
ice-cover categories. DOI: https://doi.org/10.1525/elementa.2020.00113.t3

Ice-Cover Category

Reference (Region) ICE MIZ ow
Matrai and Vernet (1997; Barents Sea) na’ 17 (6-33), n =3 33, n=1
Gali and Simé (2010; Greenland Sea, Fram Strait) n.a. 6.5 (0.5-22.5), n=10 na.
Jarnikova et al. (2018; Baffin Bay, Canadian Arctic na. (<1-20) (<1-80)

Archipelago)*
This study (Baffin Bay)

2.3(0.2-6.0), n= 10

73 (1.1-171), n =13 100 (1.7-25.7), n = 12

? Fpms reported here were not corrected by the fraction of ice-free water surface (1 — SIC). The effect of sea ice is factored in afterward,

using satellite-observed SIC (Section 2.9).

b Not available.

¢ Continuous underway measurements; sample size cannot be compared to other studies.

biomass maximum (SBM) was estimated from ¢, profiles
smoothed with a 5-point running mean to remove spikes.

To describe biogeochemical patterns along the hori-
zontal and vertical dimensions, we calculated median
profiles of selected variables for the three OWD cate-
gories (ICE, MIZ, and OW) after additional binning of
the measurements into four depth (z) layers: z < 9, 9 <
z < 21,21 <z < 41 and 41 < z < 81 m. Vertically
integrated stocks were also calculated for variables mea-
sured from CTD casts (c,) and discrete Niskin bottle
profiles (DMS, DMSP;, pigments). To this end, profiles
were first binned (c,) or interpolated (Niskin bottle vari-
ables) to 1-m resolution between the surface and 100
m. Discrete Niskin bottle profiles were closed by impos-
ing a concentration of 0 at 100 m. Profiles were inte-
grated by summation between 0 and 60 m, a range that
comprised most of the phytoplankton and dimethylated
sulfur stocks and sufficient discrete measurements (pro-
files with n < 4 between 0-60 m depth were not
considered).

Data analyses were performed with Matlab (R2013b),
python (>3.6) and R (3.3.3; R Core Team, 2017) software.
Prior to computing statistics and multivariate analyses,
we tested variables for normality with the Shapiro-Wilk
test. Given that none of the biogeochemical variables
were normally distributed, here we generally report non-
parametric statistics: median, interquartile range (IQR)
and Spearman’s rank correlation coefficient (rs). How-
ever, in some instances we also report parametric statis-
tics because they convey complementary information. In
particular, means rather than medians are used to esti-
mate fluxes at large scales because they include the
effect of extreme values (see next section), and Pearson
correlations (rp) are used to evaluate linearity. We per-
formed a redundancy analysis (RDA) with variance parti-
tioning (Borcard et al., 2011; Oksanen et al., 2019; R
package vegan) to depict the correlation structure
between sulfur compounds and two sets of predictors
simultaneously: physical variables and phytoplankton
pigments. Finally, we used multiple linear regression
with stepwise variable selection to develop empirical

equations linking DMSP,, DMS and Fpys to their main
environmental drivers. Further details on multivariate
analysis are provided in Text S4.

2.9. Satellite-based estimates of DMS emission

from the MiZ (EDMS, MIZ)

We computed pan-Arctic Epys wmiz as the product of MIZ
ice-free area, estimated from satellite images, and mean
Fpms per unit of ice-free ocean area in the MIZ, <Fpys>,
based on a compilation of in situ studies (Table 3). First,
pixels were flagged as MIZ or non-MIZ using the SIC time
series for each pixel (see below). Second, <Fpys> was mul-
tiplied by (1 — SIC) in flagged pixels to obtain maps of
Fpms, miz (8-day and 28-km resolution). Third, the resulting
flagged pixels were summed over 5° latitude bands
between 65°N and 85°N and over time to obtain annual
Epwms, miz estimates (Gg S y™').

To obtain a plausible range for Epps, miz, we used two
different criteria (“A” and “B") for flagging pixels as MIZ.
Both criteria rely on the date of permanent ice opening
calculated from daily SIC time series (Renaut et al., 2018),
but they differ in the duration of the MIZ period. In case A,
the MIZ period was defined as the 8 days that comprised
the ice opening date in a given pixel, and the correspond-
ing mean (median) SIC was 22% (21%) at pan-Arctic scale.
These two metrics (MIZ duration and corresponding ice
cover) compare well with those observed during our study
(Table 1). However, we observed that in certain areas SIC
had decreased below 85% several days before permanent
ice breakup. To account for the corresponding DMS emis-
sions, in case B the duration of the MIZ period was defined
by a backward search starting with the ice opening 8-day
period and ending when SIC exceeded 85%, but never
exceeding 32 days (to ensure that only the melt period
was included). The mean (median) duration in case B was
16 (12) days, and the corresponding mean (median) SIC
during the MIZ period was 36% (42%) at the pan-Arctic
scale. Thus, case B allowed for geographic and interannual
variations in MIZ duration, reflecting different ice-edge
dynamics.
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Figure 2. Redundacy analysis (RDA) between dimethylated sulfur compounds and two different sets of predictor
variables. Variance partitioning plot (top), RDA triplot with physical variables only (bottom left), and RDA triplot
with phytoplankton pigments only (bottom right). In the bottom plots, dots correspond to individual samples colored
according to the OWD classification as in previous figures (blue for ICE, green for MIZ, orange for OW); samples with
either DMS > 20 nM or DMSP; > 200 nM are identified (station_depth). DOI: https://doi.org/10.1525/

elementa.2020.00113.f2

3. Results
3.1. Oceanographic and biogeochemical setting
Transect hydrography was characterized by east—west gra-
dients in water masses and gradual ice retreat (Figure 1;
Table 1). At the eastern end of the station grid, close to
the West Greenland shelf, the clear signature of warm
Atlantic-derived water flowing in through the Davis Strait
was observed. The western end was influenced by less
dense and colder waters of Pacific origin coming from the
Canadian Archipelago (Tang et al., 2004). Consequently,
ice retreat started in the east, with the ice edge steadily
moving west at around 4 km d~". This retreat led to a par-
allel gradient in surface layer properties: eastern stations
had sea-ice concentrations at or close to 0%, and near-
surface layer (<50 m) hydrography showed substantial
surface warming, whereas western stations were mostly
ice-covered and showed no surface warming (Randelhoff
etal,, 2019). The Atlantic- and Pacific-derived water masses
also had distinct nutrient signatures. In the west, the pre-
bloom nutrient supply was restricted by the lower nutri-
ent concentrations characteristic of the Arctic outflow and
the strong stratification in the upper 200 m of the water
column.

The development of the phytoplankton bloom tracked
the east—west gradient in ice retreat and water mass dis-
tribution. Overall, phytoplankton growth was in the early

stages of development in ice-covered western stations, as
indicated by the near-surface nitracline and shallow SBM
depths (Table 1; Figure 3). At the eastern side, the phy-
toplankton bloom had further developed into a mature or
even post-bloom stage with considerable nutrient deple-
tion at the time of sampling, causing a deepening of the
nitracline to around 20 m (T4-T6) or even 40 m (T7). The
0.415 pE m™2 d™' isolume was deeper than the nitracline
regardless of ice cover and surface plankton biomass
(Figure 3), resulting in the formation of a prominent SBM
between 10 and 40 m at some eastern-side stations.
Distinct phytoplankton communities were found
across the ice-edge transects, with biomass usually domi-
nated by diatoms (Lafond et al., 2019). Pennate diatoms
(Fragilariopsis spp., Pseudo-nitzschia spp., Ceratoneis clos-
terium) were numerically dominant in the western side,
whereas colonial centric diatoms (Thalassiosira spp., Chae-
toceros spp.) dominated in the eastern side. Due to their
larger biovolume, centric diatoms generally dominated
phytoplankton biomass (accompanied by the ice diatom
Melosira arctica and its spores at some MIZ stations). The
haptophyte Phaeocystis pouchetii was present at back-
ground levels at different bloom stages, with a median
abundance of 1.7-10° solitary cells L™". Yet, this species
formed massive proliferations below the pycnocline at
some ice-free stations along the eastern side (stations
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Figure 3. Vertical profiles of DMS and DMSP, and their physicochemical context. Transects are ordered by latitude. For
each transect, the vertical and horizontal variability of DMS and DMSP; is illustrated with four similarly organized
plots. The left bubble plots show depth-longitude transects of DMS (filled circles) and total DMSP, (empty circles
with black outlines). The area of the circles is proportional to the concentration; the DMSP; circles are scaled to DMS
in a 0.10 proportion (i.e., DMS and DMSP, have the same circle radius when DMS:DMSP; = 0.10 in a given sample).
The superimposed lines indicate the depths of the equivalent mixed layer (hgp), the PAR isolume of 0.415 mol
photons m™ d™', the nitracline, and the subsurface biomass maximum (see text for definitions). The plots above
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512 and 615), either dominating phytoplankton biomass
(station 615; 6.6-10° cells L™') or co-dominating with dia-
toms (station 512; 1.2-107 cells L™"). Other taxa that made
smaller but relevant contributions to phytoplankton bio-
mass were haptophytes of the genus Chrysochromuling,
athecate dinoflagellates of the genera Gymnodinium and
Gyrodinium (more abundant in the eastern side), crypto-
phytes, chrysophytes, prasinophytes (Pyramimonas sp. and
likely Micromonas sp.), dictyochophytes, and unidentified
autotrophic nanoflagellates (see abundances in Figure S1).

Differences in plankton community functioning were
also observed across the ice edge. Concomitant with the
more advanced phytoplankton bloom stages, the ice-free,
eastern-side stations with Atlantic influence were charac-
terized by increased organic carbon recycling via the
microbial loop (bacteria and microzooplankton; Saint-Béat
et al, 2020). These stations generally displayed higher
bacterial abundances and production (Figure S2), and
hosted greater relative abundances of copiotrophic bacte-
rial taxa (bloomers) like Rhodobacteraceae (o-proteobac-
teria) and Polaribacter (Bacteroidetes) and lower relative
abundances of oligotrophic taxa like SAR11 (a-proteobac-
teria; ] Dinasquet, unpublished data).

3.2. Spatiotemporal patterns of DMSP; and DMS
Concentrations of dimethylated sulfur compounds were
usually highest in the surface layer (0-9 m), with median
DMSP, and DMS concentrations of 70 and 6.3 nM, respec-
tively. However, marked subsurface concentration maxima
occurred between 10 and 30 m at some stations, and
important horizontal variability and gradients were found
across the four transects sampled (T4-T7), as depicted in
detail in Figure 3.The earliest and southernmost transect,
T4 (68°N), had the heaviest ice cover and the lowest DMS
(<2.5 nM) and DMSP; (<90 nM) concentrations among all
transects, with the stark exception of its westernmost sta-
tion (400), where high DMSP; (255 nM) and DMS (22 nM)
were measured just beneath the sea ice. In contrast with
T4, the northernmost transects T5 (70°N) and T6 (70.5°N),
which covered mostly the MIZ, showed the highest DMSP,
and DMS concentrations throughout the water column.
Within T5 and T6, prominent subsurface maxima were
observed at 15 m at station 512 in the MIZ (524 nM
DMSP;; 74 nM DMS), at 30 m at station 615 in the OW
(159 nM DMSP;; 45 nM DMS) and at 20 m at station 612
(302 nM DMSP;; no marked DMS maximum). Transect T7
(69.5°N) was sampled mostly during OW conditions
except for its western end. This transect showed interme-
diate DMS (<12 nM) and DMSP; (<150 nM) concentrations
and no prominent subsurface features.

Grouping the DMSP; and DMS profiles by ice-cover
categories (Figure 4) revealed some general patterns.
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Median DMSP, profiles were remarkably similar at ICE and
MIZ stations, with highest concentrations at the surface
(around 70 nM) and a sharp decrease with depth that
approximately followed planktonic biomass (as depicted
by ¢,). Median DMSP, profiles at OW stations differed
slightly from this pattern, with decreased concentrations
in the surface layer and increased concentrations between
10 and 41 m, indicating that subsurface DMSP, maxima
became more widespread with bloom progression.
Median DMS profiles showed some distinct features com-
pared to those of DMSP;: (1) a less pronounced decrease
with depth at ICE stations, (2) a marked peak in median
DMS concentration (12 nM) at the MIZ, and (3) a general
increase throughout the water column at OW stations.

Further insights were obtained by plotting the concen-
trations of planktonic biomass and sulfur compounds along
a continuous OWD axis (Figure 5).The highest near-surface
DMS concentrations were generally observed between -3
and 9 OWD, and concentrations exceeding 10 nM were
found in both Arctic- and Atlantic-influenced stations. Ver-
tically integrated stocks of DMSP, and DMS peaked slightly
later, between 2 and 13 OWD. At ICE stations, vertically
integrated DMSP; and DMS showed little variability in both
the Arctic (Pacific-influenced) or Atlantic domains. Con-
versely, at MIZ and OW stations the largest vertically inte-
grated stocks of DMSP; (up to 8 mmol m™2) and DMS (up to
1.4 mmol m™2) were invariably found in the Atlantic-
influenced stations. Large vertically integrated stocks were
associated with sharp subsurface biomass maxima at sta-
tions 512 and 615, but not at stations 507, 707 and 713.
Potentially different temporal evolutions of DMSP, and
DMS in the Arctic versus Atlantic domains (e.g., Saint-Béat
et al., 2020) could not be resolved statistically owing to
limited spatiotemporal coverage.

The analyses shown in Figures 4 and 5 offer comple-
mentary views of how physical and biological processes
shaped DMSP, and DMS concentrations over the horizon-
tal and vertical axes. To further understand how these
processes differently shaped sulfur compound distribu-
tions, we performed an RDA with variance partitioning
(Figure 2). Physical variables and phytoplankton pigments
explained, jointly, 78% of the variance in DMS and DMSP;
concentrations in log;o space, and the total variance was
partitioned as follows: 57% explained only by pigments,
21% explained jointly by pigments and physical variables,
and 1% explained only by physical variables. The first axis
of the physics RDA explained 25% of the log;g-variance of
sulfur compounds and accounted for the vertical variation
in PAR and salinity, whereas the first axis of the pigments
RDA explained 75% of the logjg-variance of sulfur com-
pounds and accounted for phytoplankton biomass. These
results indicate that bloom dynamics (i.e., phytoplankton

the bubble plots depict the percent sea-ice coverage on the day of sampling (gray bars) and corresponding open water
days (black line and numbers). Filled circles distinguish stations classified as MIZ; vertical dashed lines separate Arctic
and Atlantic domains (see text). The center and right plots show DMS and DMSP, vertical profiles, respectively. For all
transects, each station is distinguished with a different color in the bubble and profile plots. No scale is given for DMS
and DMSP, concentrations in the bubble plots, as concentrations can be seen in the profile plots. DOI: https://

doi.org/10.1525/elementa.2020.00113.f3
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elementa.2020.00113.f4

and their covariates) exerted proximate control on the
sulfur compounds. The RDA also showed that phytoplank-
ton pigments, with the exception of TChl a and DD, clus-
tered with either DMS or DMSP;, suggesting that different
taxonomic groups (or their biogeochemical covariates)
influenced DMS and DMSP, differently.

In the following two sections, we analyze in greater
detail the biogeochemical factors that affect DMSP; (Sec-
tion 3.3) and DMS (Section 3.4). This detailed analysis
relies mostly on: (1) the correlation patterns among phy-
toplankton pigments, biomass, and sulfur compounds
(Table 2; Figures 2, 6, and 7); (2) the distributions of the
different variables (Figure 4) and their ratios (Figure 8)
along the vertical profiles and across the ice edge; and (3)
the vertical profiles of bacterial sulfur metabolism genes
in the MIZ (Figure 9). Further analyses are presented in
the supplemental materials, namely: DMSP partitioning
among phytoplankton groups and other compartments
(Text S3) and stepwise multiple linear regressions (Text
S4.2 and Table S3).

3.3. Biogeochemical factors affecting DMSP;
concentrations

DMSP; concentrations were strongly correlated to ¢,
a proxy of POC and phytoplankton biomass in the eupho-
tic layer, which explained 56% of the DMSP, variance
(Figure 6a). A slightly lower fraction of the DMSP; vari-
ance, 52%, was explained by TChl a (which, indeed, was
highly redundant with c,, Table 2). Up to 80% of the
DMSP, variance was explained by an optimal linear regres-
sion model that used as predictors five photosynthetic
pigments of different taxonomic specificity plus photopro-
tective B carotene (Text S4.2). The DMSP;.c, ratio changed
little across the ice edge or along the vertical profiles
(Figure 8a), except for the high median ratio observed
in subsurface waters at the OW stations, driven by high
Phaeocystis pouchetii biomass. Compared to DMSP;:c,,
median DMSP,TChI a ratios showed greater vertical vari-
ation. In the top 21 m, median DMSP,TChI a ratios were
around 60 nmol ug™' at MIZ and ICE stations and 120
nmol pg™' at the OW stations (Figure 8b). In deeper
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layers, DMSP:TChl a ratios decreased to around 40 nmol
ug . The higher DMSP,TChI a ratios found closer to the
surface and especially in OW can be attributed, at least
partially, to the reduction of phytoplankton TChl a content
caused by photoacclimation to high PAR (Figure 4I; see
also Figure 8b, k, and I).

Phytoplankton cell counts, available at nine stations,
revealed a strong positive correlation between DMSP, and
the abundance of Phaeocystis pouchetii solitary cells (rs =
0.82; P<0.05; rp= 0.94; P< 107%; Figure 7a) at the SCM.
The biomass of single-celled Phaeocystis pouchetii ac-
counted for up to 46% of the DMSP, (159 nM DMSP,)
in the SCM at the OW station 615, and 24% (524 nM
DMSP,) at the MIZ station 512. For all remaining available
samples, solitary Phaeocystis accounted for <17% and
<7% of the DMSP,, at the SCM and the sea surface, respec-
tively (Figure S3; Text S3). Prominent subsurface DMSP,
peaks in the MIZ and OW stations co-occurred with ele-
vated concentrations of Chl ¢3 and a But-fuco-like pig-
ment. Chlorophyll ¢3 was identified by Lafond et al.
(2019) as a diagnostic compound for Phaeocystis pouchetii
in the Green Edge cruise. The But-fuco-like pigment,
which occurred at lower concentrations, was suggested
as a marker for Phaeocystis pouchetii (Rowan, 1989) or,
more broadly, type-8 haptophytes (Zapata et al., 2004).
Although both pigments peaked in the 21-41 m layer,
they showed different distributions (Figure 4e and f) and
ratios to TChl a (Figure 8e and f) across the ice edge (see
next section). Concentrations of DMSP; were also signifi-
cantly correlated to the abundance of pennate diatoms at
the SCM (r» = 0.85; P< 0.01; rs = 0.62; P < 0.10). Weaker

correlations were found for pennate diatoms at the near-
surface and for centric diatoms in both the SCM and sur-
face layers. Diatoms (pennate + centric) were likely the
main DMSP producers in some samples with moderately
high DMSP; (72-94 nM) in the MIZ, such as in the surface
and SCM at station 507 (up to 80% of DMSP,) and the
surface at station 512 (up to 30% of DMSP,). In the re-
maining samples, diatoms accounted for around 3% of
the DMSP,, (Figure S3; Text S3). Median Fuco:TChl a ratios
in the top 21 m were highest in the MIZ, probably indic-
ative of enhanced diatom biomass (Coupel et al., 2015),
supporting the important role of diatoms as DMSP produ-
cers in shallow MIZ waters.

Whereas evidence suggests that Phaeocystis and dia-
toms dominated the DMSP, stock in high-biomass sam-
ples, other taxa were dominant DMSP, producers in
samples with moderate-to-low biomass (Figure S3), which
was especially true of dinoflagellates. Athecate dinoflagel-
lates of the Gyrodinium/Gymnodinium complex contrib-
uted 30%-50% of the DMSP, at the SCM at stations
605, 707, 713, and 719. In addition, a moderate correla-
tion was also found between DMSP; and peridinin (Table
2; Figure 2), a marker for some DMSP-rich dinoflagellates
(Caruana and Malin, 2014) that reached its highest con-
centrations in subsurface waters at the ICE and OW sta-
tions (Figure 4g). However, the athecate dinoflagellates
that dominated microscopic counts lacked peridinin,
pointing to the role of other, unidentified dinoflagellates.
Photosynthetic pico- and nanoeukaryotes contributed
around 10-20% of the DMSP,, in some low-biomass sam-
ples. Some of them could be identified as chrysophytes
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and prasinophytes (Pyramimonas sp. and likely Micromo-
nas sp.), and pigments characteristic of these groups (Chl
b, But-fuco, Pras, and photoprotective VAZ pigments) clus-
tered together in the RDA along with the cryptophyte-
specific alloxanthin (Figure 2). Pico- and nano-sized hap-
tophytes other than Phaeocystis likely contributed signifi-
cantly to the DMSP pool in low-biomass conditions, as
supported by the close association between Hex-fuco and
DMSP, (Table 2; Figure 2) and the high median Hex-
fuco:TChl a and DMSP,TChl a ratios in the top 21 m in
the OW (Figure 8b and g).

The mosaic of different phytoplankton classes with con-
trasting intracellular DMSP concentrations resulted in lim-
ited spatiotemporal variability of the median DMSP.c, ratio
(Figures 6a and 8a). Positive outliers in the DMSP, versus
¢p scatterplot were found at the subsurface of the OW sta-
tions 612 and 615, concurrent with very high Phaeocystis
pouchetii biomass, and just beneath the ice at station 400,
probably indicating the release of bottom-ice biomass. Tak-
ing advantage of the linear relationship between c, and
POC, we estimated that DMSP-carbon (Cpusp,) accounted
for a median of 2.5% of the POC (IQR of 1.8-3.4%). Exclud-
ing an outlier (station 400 near-surface), the Cpmspp:POC
fraction ranged approximately between 1 and 10%, which
is entirely compatible with mixed phytoplankton popula-
tions of high and low DMSP producers (Stefels et al., 2007).
Indeed, this range must also encompass the DMSP bound to
bacteria, detritus and zooplankton.

Our DMSP partitioning model was only partly success-
ful at accounting for the totality of DMSP,. Whereas, on
average, we could account for 77%-99% of the DMSP,, at
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the SCM (depending on the assumptions), we were able
to explain only 37%-52% of the DMSP, at the near-
surface (Figure S3). Although these estimates are obvi-
ously sensitive to the choice of intracellular DMSP con-
tent of each phytoplankton group, the Ilarge
disagreement at the surface indicates that our recon-
struction missed relevant DMSP, pools. IFCB measure-
ments suggest that the unaccounted fraction might
correspond to Phaeocystis colonies, fluorescing detrital
particles and spores of the ice diatom Melosira arctica.
In addition, order-of-magnitude estimates suggest a neg-
ligible contribution by DMSP-producing bacteria (likely
<0.1%). Comparison between microscopic counts of
single-celled Phaeocystis and the diagnostic pigment
ratios (which should account for both colonial and
single-celled Phaeocystis) can also shed light on this
issue. According to microscopic data, the abundance of

solitary Phaeocystis increased by 20-fold from the near-
surface (median 4.3-10* cells L") to the SCM (median
8.6-10° cells L™'). In contrast, the Chl ¢3:TChl a and
But-fuco-like:TChl a ratios increased approximately
threefold from the surface to the SCM in the same sam-
ple subset, supporting the notion that our DMSP esti-
mates based on single-cell counts underestimated
Phaeocystis-bound DMSP at the surface. Unfortunately,
IFCB data were not available at most stations concur-
rently with traditional microscopy, and their conversion
into DMSP,, is uncertain. Further details on DMSP,, parti-
tioning estimates are provided in Text S3.

3.4. Biogeochemical factors affecting DMS
concentrations

The concentration of DMS was strongly correlated to its pre-
cursor DMSP;,, explaining 59% of its variance (Figure 6b).
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Strong relationships were also found between DMS and c,
(R*=0.60) or TChl a(R* = 0.53; Figure S4). The highest DMS
concentrations were clearly associated with a high Phaeocys-
tis pouchetii abundance at the SCM, as found for DMSPt. In
the subset of nine stations where microscopy counts were
available, the abundance of this species was highly correlated
to DMS (rs = 0.98, P < 107* Figure 7b) and explained
virtually all of the DMS variance (99%) at the SCM. The rela-
tionship between Phaeocystis and DMS was relatively weaker
in the surface layer (rs = 0.80, P< 0.05; Figure 7b), pointing
toamore complex interaction between various DMS produc-
tion and removal pathways.

Pigment data confirmed the results based on phyto-
plankton counts, with the highest DMS concentrations
(>20 nM; Figure 3) matched by the highest concentra-
tions of the But-fuco-like pigment (>0.03 mg m™3)
observed at stations 400 (surface), 512 (15 m) and 615
(30 m). Up to 81% of the DMS variance could be explained
with an optimal multilinear regression model using the
same subset of predictor pigments as for DMSP; (except
for TChl g; Table S3). However, unlike DMSP,, a striking
94% of DMS variance was explained by adding the But-
fuco-like pigment to the regression model in the subset of
samples that contained it. In the RDA (Figure 2), pigment
markers of Phaeocystis and other haptophytes, diatoms
and grazing clustered with DMS. Markers for potential
DMS producers such as type-1 dinoflagellates (Peri) and
pico- or nanohaptophytes (Hex-fuco, But-fuco) clustered
with DMSP,, perhaps related to their higher relative abun-
dance in samples with lower-than-average biomass and

Gali et al: DMS Emissions from the Arctic MIZ

DMS (Figure 8¢g and h; see also stepwise regression results
in Text S4.1 and Table S3).

In the absence of DMSP and DMS cycling rate measure-
ments, the net DMSPto-DMS conversion efficiency can be
approximated using the DMS:DMSP; ratio (Gali et al.,
2018), with higher ratios implying relatively fast DMS pro-
duction, relatively weak DMS removal, or both. The
median DMS:DMSP; ratio was 0.10, but values were scat-
tered across two orders of magnitude (0.01-1; Figures 3
and 6b). The most striking feature of the DMS:DMSP, ratio
was its marked increase from 0.10 at the surface to 0.30 at
60 m at the MIZ and OW stations, but not under ice
(Figure 8c). The increase of DMS:DMSP; with depth
closely paralleled proxies of Phaeocystis relative abun-
dance (Figure 8e and f) and phytoplankton biomass decay
and grazing intensity (Figure 8d), suggesting that both
factors enhanced DMS yields away from the sea surface.

Beyond their clear increase with depth, DMS:DMSP,
ratios showed more subtle vertical and horizontal variations
(Figure 8c) that were not matched by Phaeocystis or phy-
todetritus proxies. First, in the MIZ and OW, median
DMS:DMSP, ratios were higher in the 0-9 m layer than in
the 9-21 m layer, and the difference was significant in the
MIZ (P < 0.01; Bonferroni-adjusted Wilcoxon test). Second,
median DMS:DMSP; ratios were maximal in the MIZ at all
depths, even in the top 5 m of the water column (Figure
10g). Third, for a given Phaeocystis abundance, DMS was
invariably higher at the surface than at the SCM (Figure
7b), which was not observed in the case of DMSP,. These
patterns cannot be explained by abiotic DMS removal pro-
cesses controlling spatial distributions, because removal
rates will be maximal in the surface layer and would likely
increase towards the OW stations owing to stronger gas
exchange and light penetration (Figure 4l). Therefore, var-
iations in the net balance between biological production
and consumption likely controlled the spatial distribution
of the DMS:DMSP; ratio.

To further examine the role of biological processes, we
explored genes associated with bacterial DMSP metabo-
lism at several stations. Unfortunately, quantifications
were performed for the first leg of the Green Edge Expe-
dition (transects T1-T3), where DMS and DMSP were not
measured, and only for stations 507 and 519 in the MIZ
during the second leg described here (T4-T7; Figure 1).
The dddP gene encodes for a widespread bacterial DMSP-
lyase, while dmdA encodes for the only known DMSP de-
methylation enzyme, which diverts DMSP away from DMS
production. Hence, the dddP.dmdA ratio should reflect the
relative importance of these competing pathways, that is,
it should serve as a proxy of bacterial DMS yield from
dissolved DMSP. Overall, the abundance of both dddP and
dmdA increased towards the top 20 m, following the ver-
tical trend of bacterial abundance and production (Figure
S2). Yet, the dddP.dmdA ratio varied widely, from median
ratios < 1 under ice to ratios > 3 in the MIZ and OW,
suggesting that changes in bacterial DMSP catabolism
could partly explain spatial patterns of DMS and
DMS:DMSP;. In the MIZ, the highest dddP.dmdA ratios
were found in the surface layer, with a median of 3 and
a maximum of 7 at station 507, concurrent with high DMS
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Figure 10. Sea—air DMS fluxes and corresponding controlling factors across the ice edge. (a) Sea—air DMS flux; (b)
fractional sea-ice coverage (SIC); (c) wind speed; (d) sea-surface temperature; (€) near sea-surface DMS concentration
(0-5 m); (f) DMS ventilation rate constants (kyen) in the equivalent mixed layer (hgp; see text); (g) near sea-surface
DMS:DMSP; ratio (0—5 m); and (h) near sea-surface DMSP, concentration (0—5 m). Box and whisker plots distinguish
between ice-covered waters (ICE), the marginal ice zone (MIZ), and open waters (OW; Table 1). Thick horizontal lines
represent group medians and empty squares represent group means. Boxes encompass the interquartile range (IQR),
and whiskers encompass measurements within + 1.5 IQR from the median. Individual measurements outside of this
range are displayed as outliers. DOI: https://doi.org/10.1525/elementa.2020.00113.f10

> 15 nM (Figure 9). In the OW, the highest dddP.dmdA
ratios occurred in the 9-41 m layer with a median of 3-4
(data from leg 1a), in good accordance with enhanced
DMS below the surface (Figure 4d). The dddP.dmdA ratios
reported here provide a lower bound for the ratio between
bacterial cleavage and demethylation genes, because as
many as eight genes encoding for bacterial DMSP lyases
have been described to date (Curson et al., 2011; Li et al.,
2020), of which three (dddK, dddP, and dddD) appear to be
abundant in the global surface ocean (Landa et al., 2019).

3.5, Sea—air DMS flux (Fpys) and its drivers
Sea—air fluxes ranged between <0.05 and 26 pmol m2d™".
When plotted on a continuous OWD axis, Fpys peaked
between 0 and 20 OWD, wherein it usually exceeded 10
umol m™2 d™". The average Fpys was highest at the OW
stations, with 10.0 pmol m 2 d™' (Figure 10a). Correcting
for the daily fractional ice cover (i.e., multiplying the Fpus
from ice-free waters by 1 — SIC) decreased the mean Fpys
from 2.3 to 0.3 pmol m™2 d™" in the ICE stations and from
7.3 t0 6.9 pmol m2 d™' in the MIZ stations. However, the
main driver of the increasing Fpys towards OW was not the
decreasing sea-ice cover, but the concomitant increase in
the sea-surface DMS concentration, wind speed and SST
(Figure 10). Among these four factors, the sea-surface DMS
concentration and wind speed exerted the strongest con-
trol on Fpys, together explaining 75% of the total variance
in the flux data.

Assuming DMS ventilation losses affected the entire
mixed layer represented by hgp, DMS turnover due to

sea—air exchange was typically <0.03 d™' (>30 d) at the
ICE stations and 0.04-0.10 d™' (10-25 d) at the MIZ and
OW stations. Assuming instead that ventilation affected
only the shallow layer defined by MLD0.03 (Table 1),
we obtained shorter turnover times, especially in the MIZ
where the median and maximum were 0.3 d™' (3 d) and 1
d™!, respectively. Wind speed during the 24 h prior to
sampling did not show significant correlations to the
residual DMS variance, that is, the DMS variance not ex-
plained by phytoplankton biomass. Thus, ventilation did
not deplete near-surface DMS appreciably.

4, Discussion
The distribution of DMSP; and DMS across the Baffin Bay
receding ice edge largely followed the evolution of the
phytoplankton bloom. The maximum observed DMSP,
(524 nM) and DMS (74 nM) concentrations are, by far, the
highest reported in the Atlantic and Canadian sectors of
the Arctic to our knowledge (see compilations by Jarniko-
va et al., 2018, and Matrai et al., 2007, Lizotte et al., 2020).
Observed near-surface DMS concentrations and sea—air
Fpms were within the range of previous studies (Table 3).
In the first part of this section we analyze the relation-
ship between the physicochemical environment and the
spatiotemporal patterns of DMSP, and DMS concentra-
tions, with the goal of inferring the main processes con-
trolling DMS cycling and emissions across the ice edge.
This analysis draws on the comprehensive description of
the ecosystem (and, foremost, phytoplankton dynamics)
provided by the Green Edge datasets (Lafond et al.,
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2019; Randelhoff et al., 2019; Saint-Béat et al., 2020). In
the second part, we present pan-Arctic estimates of
present-day Epms, miz, and discuss the implications of
changing ice cover for future DMS emissions.

4.1. DMS cycling regimes and pathways

4.1.1. Phaeocystis pouchetii subsurface maxima
Phaeocystis was present at fairly high background levels at
most stations according to cell counts (Figures 7 and S1)
and marker pigments (Figure 8e and f), and its abun-
dance typically increased towards the SCM. Massive Phaeo-
cystis growth, however, was confined to Atlantic-
influenced waters below the fresh surface layer, where the
highest DMSP, and DMS concentrations were recorded
(Figures 3 and 5). The highest Phaeocystis abundance
found in our dataset (1.2-107 cells L™'; station 512) is, to
our knowledge, a record high for Baffin Bay, and similar
to the highest abundances reported so far in the Arctic
(1.2-107 cells L™" in Kongsfjorden, Eilertsen et al., 1989;
1.8-107 cells L' over the Chukchi Plateau, Sherr et al.,
2003; 8.7-107 cells L' over the Yermak Plateau in the
Fram Strait, Assmy et al., 2017). Our estimates of Phaeo-
cystis biomass are conservative because they do not
include colonies (see Section 3.4 and Text S3). Wassmann
et al. (2005) found that colonies made up, on average,
16% of the total Phaeocystis biomass in the euphotic
layer in the Barents Sea and adjacent areas. In our data-
set, colonial Phaeocystis may have represented a larger
fraction of the total Phaeocystis biomass in the surface
layer, given the large fraction of DMSP, that could not be
reconstructed from available phytoplankton cell counts
(Section 3.3).

Phaeocystis single-cell abundance explained an over-
whelming fraction of the DMS variance in the SCM layer
(R* = 0.99, n = 9; Figure 7b). Such a strong relationship
is unprecedented in the literature, to our knowledge, and
suggests that Phaeocystis DMSP-lyase activity controlled
DMS production in the SCM layer, even at stations where
this species did not dominate the DMSP,, pool (Figure S3).
Our finding is akin to the very strong association between
Phaeocystis globosa biomass and potential DMSP-lyase
activity (R* = 0.97) found by Stefels et al. (2007) during
a coastal phytoplankton bloom. Still, the observed corre-
lation does not exclude the contribution of bacterial
DMSP cleavage (Figure S2). Although the positive correla-
tion between Phaeocystis abundance and DMS was not as
strong in the near-surface, it was significant and suggests
that this species made a substantial contribution to DMS
production in the surface layer.

Despite the sharp vertical DMS gradients encountered,
upward diffusion of DMS from the subsurface maxima
likely made a minor contribution to sea—air DMS fluxes,
compared to DMS cycling in the upper mixed layer. Our
order-of-magnitude calculations (Text S5) indicate that
diapycnal DMS transport was generally smaller than other
DMS budget terms. An exception was found at station
512, where the diapycnal DMS flux may have been com-
parable in magnitude to the sea—air flux, though smaller
than biological and photochemical DMS turnover rates.
According to current knowledge, the main fate of
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subsurface DMS stocks was probably the consumption
by specialized methylotrophic bacteria (Vila-Costa et al.,
2006; del Valle et al., 2007), capable of rapid biological
DMS turnover (0.5-3 d™') in subsurface Arctic waters (Gali
and Sim6, 2010). Events of rapid DMS outgassing from the
SCM could occur if storms were powerful enough to erode
the stable pycnocline (Le Clainche et al., 2006). However,
such events are unlikely to happen under high ice-melt
rates typically present at the ice edge in summer (Randelh-
off et al., 2019).

Understanding the dispersion mechanisms underpin-
ning Arctic Phaeocystis blooms is key to assessing its role
in the present and future Arctic. Abundant recent litera-
ture supports the association of Phaeocystis pouchetii with
Atlantic waters at high northern latitudes (e.g., Gali and
Simé, 2010; Metfies et al., 2016; Assmy et al., 2017; Engel
et al., 2017; Kubiszyn et al., 2017; Simo-Matchim et al.,
2017; Krawczyk et al., 2018; Ardyna et al., 2020), and its
preference for growing below the pycnocline, in more
saline and less irradiated waters (Lasternas and Agusti,
2010; Simo-Matchim et al., 2017; this study). Despite its
well-established Atlantic origin, however, the median rel-
ative Phaeocystis abundance during Green Edge was sim-
ilar across east—west transects according to marker
pigments (Figure 8e and f). We hypothesize that seed
populations carried by the Atlantic inflow (West Green-
land Current) mixed with Arctic water masses (Figure
1), a process likely enhanced by submesoscale motions
at the ice edge (Castro et al., 2017; Manucharyan and
Thompson, 2017). In this regard, marked patchiness was
evident in high resolution hydrographic data recorded
during Green Edge, and also in the large variation of di-
methylated sulfur concentrations registered at some sta-
tions between the morning and afternoon CTD casts (e.g.,
station 615, 30 m sample in Figure 3). Thus, water-mass
mixing possibly allowed for the early initiation of the
bloom under ice, perhaps connected to the colonization
of bottom ice by Phaeocystis (see Section 4.1.3), eventually
leading to a massive subsurface bloom under optimal
environmental conditions. Large-scale under-ice Phaeocys-
tis blooms have been observed near the Fram Strait (Ass-
my et al., 2017). These blooms could eventually produce
very high Fpys if they were rapidly advected away from
the ice cover and suddenly exposed to high irradiance
(Gali et al., 2013; Vance et al., 2013; Galindo et al., 2016).

4.1.2. Phytoplankton-bacterial connections modu-
lated by stress in MIZ surface waters

In the surface layer of the MIZ, high DMS concentrations
and relatively high DMS:DMSP; ratios possibly resulted
from the multiplicative effects of enhanced DMSP and
DMS release by phytoplankton (Sunda et al., 2007; Gali
et al., 2013) and enhanced bacterial DMS yields from the
microbial consumption of DMSP (Slezak et al., 2007). Uti-
lization of DMSP by the free-living bacterial community
clearly increased towards the surface, and the highest
ratios between the potential cleavage and demethylation
activities (dddP.dmdA) were found in the top 10 m of the
water column in several MIZ and some OW stations (Fig-
ures 9 and S4). High bacterial DMS yields are a response

1202 AInF G| uo 3s8nb Aq 4pd €1 100" 0202 BIUBWSIS/E0Y Y./ L L0/ L/6/4Pd-Bl0le/eJUBWS|8/NPS Ssa1doNn aulju//:dRY WOy papeojumog



Galf et al: DMS Emissions from the Arctic MIZ

to the oversupply of reduced sulfur, allowing bacteria to
retain the carbon moiety of DMSP while releasing the
sulfur as DMS (Kiene et al., 2000; Varaljay et al., 2015;
Galindo et al., 2015).

Phytoplanktonic DMSP has to be released to the extra-
cellular medium to be usable by bacteria. Because zwitter-
ions like DMSP cannot passively cross healthy cell
membranes, DMSP release must result from cell breakage
by grazers, cell membrane damage, or active exudation
through membrane transporters or secretory vesicles (Ste-
fels et al., 2007; Orellana et al., 2011). Release of DMSP
through zooplankton grazing was likely heightened in
mature bloom stages in OW (Saint-Béat et al., 2020), prob-
ably accompanied by viral lysis (Malin et al., 1998) and
autolysis. In contrast, release of DMSP upon radiative dam-
age was likely important in the MIZ surface layer, as pre-
viously observed experimentally by Galindo et al. (2016).
In support of this hypothesis, Alou-Font et al. (2016)
observed that around 20% of the phytoplankton cells in
the Arctic surface layer had permeable (compromised)
membranes for daily PAR between 20—-40 mol photons
m~* d™', and this fraction exceeded 50% for daily PAR >
50 mol photons m™* d™". Median (maximum) daily PAR
levels of 31 (35) and 38 (52) mol photons m™ d', respec-
tively, were recorded in MIZ and OW stations during our
cruise (Figure 4l). Despite the much higher light levels in
the MIZ and OW surface layers, the major photoprotective
pigments were not upregulated in the MIZ compared to
ICE stations (Figure 8k and 1), whereas a distinct photo-
protective response was found in the OW stations. Thus,
insufficient photoprotection might have favored DMSP
release by MIZ phytoplankton. Finally, the enhanced avail-
ability of algal substrates can also be inferred from the
high bacterial abundance and production in the 0-21 m
layer in the MIZ (Figure S4).

High DMSP availability in the MIZ may have also re-
sulted from upregulated DMSP synthesis in diatoms as
a consequence of nutrient and radiative (ultimately oxida-
tive) stress (Sunda et al., 2002; McParland and Levine,
2019). Diatoms made up a substantial fraction of the phy-
toplankton community in the 0-21 m layer in the MIZ
according to pigment ratios (Figure 8i and j). As described
in Text S3, a DMSP content of 0.4% of cell carbon in
diatoms (Stefels et al., 2007) was insufficient to recon-
struct DMSP concentrations during Green Edge. A higher
DMSP-carbon content of 2% provided a better fit, and an
even higher content was compatible with observed near-
surface DMSP; concentrations. On the other hand, diatoms
may also obtain antioxidant DMSP through uptake (The-
seira et al., 2020), a pathway that is enhanced under high
irradiance (Ruiz-Gonzélez et al., 2012) and that diverts
DMSP from DMS production.

In addition to boosting DMS production through the
coupled activities of phytoplankton and bacteria, nutrient
and radiative stress in the MIZ and OW surface layer likely
enhanced direct DMS release by phytoplankton (Sunda et
al., 2002; Sunda et al,, 2007). UVR may have partially
offset the increase in bacterial DMS production via photo-
inhibition of DMSP uptake (Slezak et al., 2007), while
simultaneously inhibiting bacterial DMS consumption
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(Toole et al., 2006; Gali and Sim¢, 2010). In any case, the
net effect of interacting DMS production and consump-
tion pathways was a peak in DMS concentrations in the
stably stratified surface layer of the MIZ (Table 1; Figure
4).

4.1.3. Ice-water exchange

Very high concentrations of DMSP, (255 nM) and DMS (22
nM) were found beneath the ice at station 400, concur-
rently with an anomalously high DMSP.c, ratio (Figure
6a) and But-fuco-like concentration. This outlier observa-
tion (see Figure 3) suggests that Phaeocystis grew in and
was released from bottom sea ice, adding to scarce previ-
ous reports of Phaeocystis colonizing sea-ice environments
(Fernandez-Méndez et al., 2018; Selz et al., 2018). Spores
of the ice diatom Melosira were also found in the water
column, in particular at the SCM of stations 512 (MIZ) and
703 (OW), and potentially contributed to the DMSP pool.
Galindo et al. (2014; Galindo et al., 2015) observed that, at
the onset of the melt season, snow melting caused ice
drainage events that flushed ice-bottom biomass and
seeded the pelagic diatom bloom, boosting bacterial
DMSP cycling beneath the sea ice. If Phaeocystis was pres-
ent in the sea ice, such a process could further enhance
DMS production and eventual outgassing.

To further explore the role of ice melt in supplying
dimethylated sulfur compounds to the upper water col-
umn, we analyzed the correlation between several vari-
ables and salinity, repeating the analysis in progressively
thicker layers from 0-5 m to 0—41 m (Figure S5). The
correlation between DMS and salinity became more neg-
ative as shallower layers were considered, reaching rs = —
0.49 (P < 0.05) in the 0-5 m layer. Other variables (DMSP;,
TChl a and ¢,) showed similar but nonsignificant patterns,
whereas Phaeocystis diagnostics (Chl ¢3, But-fuco-like)
were positively correlated to salinity but only if a deeper
layer (0—41 m) was considered. The significantly negative
correlation between salinity and near-surface DMS may be
seen as supportive of the role of ice-released organic mat-
ter; however, this correlation was clearly weaker than that
found between DMS and Phaeocystis (Figure 7b). More-
over, an important role of sea ice in directly supplying
DMS or its precursors to near-surface waters during Green
Edge is at odds with other observations. First, surveys
covering a longer period of the melt season indicated that
the majority of ice-bound DMSP (Galindo et al., 2014) and
POC (Amiraux et al., 2019) was released to the water col-
umn well before permanent ice breakup. In the coastal
Baffin Bay, the fraction of ice-derived POC was typically
less than 5% in the top 10 m of the water column during
the three weeks preceding ice opening (Amiraux et al.,
2019). Second, model results (Hayashida et al., 2020) also
indicate that ice-released DMSP is unlikely to fuel ocean-
emitted DMS during the advanced melt season; yet, it
could have fueled DMS emission in May, during the
bottom-ice algal bloom.

4.1.4. Detrital matter
The increase in DMS:DMSP; with depth paralleled the
increase in pigment markers for both Phaeocystis and

1202 AInF G| uo 3s8nb Aq 4pd €1 100" 0202 BIUBWSIS/E0Y Y./ L L0/ L/6/4Pd-Bl0le/eJUBWS|8/NPS Ssa1doNn aulju//:dRY WOy papeojumog



Art. 9(1) page 20 of 31

phytodetritus (Figure 8d—f). The latter is consistent with
the high abundance of large marine snow aggregates in
the MIZ and OW found during Green Edge by Trudnowska
et al. (2021). Our observation suggests that (1) efficient
DMSP-to-DMS conversion occurred in suspended and sink-
ing particles below the euphotic layer (depth > 40 m), and
(2) this DMS production was not fully balanced by
increased biological DMS consumption. Increased DMSP
cleavage may have resulted from both phytoplanktonic
and bacterial DMSP-lyase activities, combined with parti-
cle processing by zooplankton. The few available studies
indicate that large aggregates and marine snow may be
a hotspot for both DMSP cleavage (Scarratt et al., 2000)
and demethylation (Steiner et al., 2019) and for DMS bio-
consumption (del Valle et al., 2009) in productive marine
settings where particle-attached lifestyles tend to be more
prevalent (Teeling et al., 2012). Moreover, bacterial groups
with affinity to particles such as Bacteroidetes, gammapro-
teobacteria and some alphaproteobacteria (Teeling et al.,
2012; Fernandez-Gomez et al., 2013) can harbor several
DMSP lyase genes (Curson et al., 2011; Zeng et al., 2016).

Particle sinking removes DMSP from the surface layer
where it could potentially fuel DMS emissions. The impor-
tance of this process depends on the sinking-speed spec-
trum of DMSP-bearing particles, relative to biological
DMSP turnover in the surface layer. Lizotte et al. (2008)
found that less than 2% d~' of DMSP, sank from the
bottom of the euphotic zone during the decay of the
Northwest Atlantic diatom bloom. Studies of Phaeocystis
pouchetii blooms generally found low vertical export effi-
ciency (Reigstad and Wassmann, 2007; Assmy et al., 2017),
although export occasionally may be enhanced by pro-
cesses other than gravitational sinking, e.g. water-mass
subduction (Rellinger et al., 2009). During Green Edge,
the vertical patterns of DMS:DMSP; and marker pigments
suggest relatively slow sinking and rapid breakdown of
DMSP-bearing aggregates, which altogether would atten-
uate the gravitational DMSP flux.

4.2. Present and future Epys from the MIZ: Physical
and biological constraints

The DMS fluxes measured in the MIZ during Green Edge
are within the range of previous studies in the Arctic MIZ
(<1-33 pmol m™2 d™'), and the compilation in Table 3
suggests that the mean Fpys from ice-free waters in the
MIZ is typically between 5 and 10 pmol m™ d". This range
is consistent with the Fpys diagnosed from satellite ocean
color data immediately after ice opening in several Arctic
subregions (Gali et al., 2019). Given that estimated mean
Fpms from ice-free waters between May and August at
latitudes >70°N was <2 pmol m™? d™! (Gali et al.,
2019), phytoplankton blooms in the Arctic MIZ can be
qualified as DMS emission hotspots. In the aerosol-poor
summer Arctic atmosphere, episodes of high Fpus, miz can
easily exceed aerosol nucleation thresholds (Leaitch et al.,
2013; Collins et al., 2017; Dall'Osto et al., 2017). The epi-
sodic and patchy nature of DMS flux from the MIZ is an
important attribute regarding aerosol nucleation events,
as recently highlighted by Webb et al. (2019) in a study of
the West Antarctic Peninsula. These attributes may partly
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Figure 11. Evolution of Arctic MIZ DMS emission during
summer (May—August) aggregated by 5° latitude bands.
Bars represent DMS emission from the MIZ (Epwms, miz;
left axis); lines represent the additional percentage of
Epms from the MIZ compared to OW (right axis). Colors
represent methods A (light cyan) and B (dark cyan) used
to compute MIZ extent (see Section 4.2). The left y-axis
scale is the same in all panels to facilitate comparisons
of the magnitude of EDMSy,; among latitude bands,
whereas right y axes scales differ because the
percentages span two orders of magnitude. DOI:
https://doi.org/10.1525/elementa.2020.00113.f11

explain the episodic spikes in DMS concentrations just
above the sea surface reported in Baffin Bay and the Cana-
dian Arctic (Mungall et al. 2016; Ghahremaninezhad et al.,
2019).

No published estimates of pan-Arctic Epys, miz are
available, to our knowledge, in spite of their importance
for high Arctic aerosols. Assuming a mean Fpys in ice-free
MIZ waters of 5 pmol m™ d~', pan-Arctic Epus, miz
between 2003 and 2014 would amount to a mean
(+standard deviation, n = 12) of 5.4 (+0.6) Gg S yr'
in scenario A (where the duration of the MIZ status is
fixed at 8 days for any given pixel) and 12.9 (4 1.6) Gg
S yr! in scenario B (which allows for variable duration of
the “MIZ period” for any given pixel and year; Figure 11).
In both scenarios, the 70-80°N latitude band would
account for 75% of the total Epys, wmiz north of 65°N.
We also computed the weight of Epys, miz relative to open
water EDMS (Epws, ow) in June and July as 100 x Epwms, miz/
Epwms, ow- The additional contribution of Epys, miz increases
with latitude, from a modest 3%—6% (means of A-B sce-
narios) in the 65-70°N band to 60%-162% in the 80—
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85°N band. Our estimates also suggest a temporal
increase in the magnitude of Epys, miz of about 10 +
4% yr'' (P < 0.05) between 2003 and 2014 north of
80°N, with highest Epms miz in years with record-low
sea-ice extent (2007 and 2012; Figure 11a). This increas-
ing trend is consistent with the progressive widening of
the MIZ in summer detected until 2011 (Strong and Rigor,
2013). Our estimates are admittedly crude and should be
refined as new field measurements become available.
Large uncertainty arises from assigning a fixed Fpy;s to all
pixels flagged as MIZ, and future statistical upscaling ex-
ercises should take into account spatial variations in sea-
surface DMS concentrations across contrasting Arctic bio-
geochemical regimes.

Ice melting and water-column stratification are poised
to play an increasingly critical role in controlling Arctic
Epms. The stability of stratification has numerous biogeo-
chemical ramifications as it controls, at least: (1) phyto-
plankton productivity, through turbulent nutrient supply
(Randelhoff et al., 2020), and ensuing nutrient stress that
can boost DMSP production by low DMSP producers such
as diatoms (McParland and Levine, 2019); (2) mean PAR
and UVR exposure of the entire food web in the upper
water column, and therefore radiative stress-driven DMSP
and DMS cycling (Gali and Sim6, 2010; Gali et al., 2013;
Vance et al., 2013); and (3) CO, solubility and invasion of
deeper waters, and thus the carbonate system parameters
and pH, with potentially important effects on sulfur
cycling (Hussherr et al., 2017; Hopkins et al., 2020; Bénard
et al., 2021). In addition, better understanding is needed
of ice-water biogeochemical fluxes and biogeochemical
transformations of ice-released organic matter (Galindo
et al., 2014; Hayashida et al., 2020). Physicochemical pro-
cesses that alter the near-surface turbulence can further
amplify the uncertainty in MIZ DMS emissions. Examples
include the turbulence generated by ice drag, and the
formation of freshwater lenses and sea-surface microlayers
enriched in surfactants, damping near-surface turbulence
(Carpenter et al., 2012).

Over large spatiotemporal scales, uncertainty in
present-day and future estimates of Epys wmiz may also
arise from changes in plankton biogeography. In this re-
gard, knowledge of the ecological niches occupied by the
main blooming groups, that is, diatoms and Phaeocystis
pouchetii, is key. Available data tie P. pouchetii to the Atlan-
tic inflow at high northern latitudes, with a growth opti-
mum between 1°C and 5°C (Brun et al., 2015), likely
warmer than that of some Arctic diatoms (Lacour et al.,
2017). Others have suggested that P. pouchetii does not
grow well in meltwater-influenced surface waters (Laster-
nas and Agusti, 2010) and, interestingly, decreased growth
at low salinities was reported for its austral relative P
antarctica (Kameyama et al., 2020). Despite its apparent
preference for relatively low irradiance (Simo-Matchim et
al,, 2017; this study), other field data suggest that this
species features extremely wide photophysiological plas-
ticity, as it can grow efficiently at both low (2 mol photons
m~2d"; Assmy et al., 2017) and high (40 mol photons m™
d™"; Cota et al., 1994) irradiance. This plasticity, the ability
to use regenerated nitrogen forms (Sanderson et al.,
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2008), no silicate requirement (Ardyna et al., 2020), the
protection from zooplankton predators provided by muci-
laginous colonies (Long et al., 2007; Verity et al., 2007),
and even allelopathy (Hansen and Eilertsen, 2007) may
explain the ability of Phaeocystis to outcompete diatoms
and form massive blooms under certain conditions. The
northward expansion of Phaeocystis along with Atlantic
waters in the Barents Sea detected by remote sensing
(Orkney et al., 2020), analogous to that of its temperate
relative Emiliania huxleyi in subpolar waters, indicates
ongoing floristic shifts are impacting Arctic Epys. Still,
what factors control Phaeocystis abundance and eventual
dominance elsewhere in the Arctic remains unknown.

5. Conclusions and outlook

The Arctic MIZ can produce strong DMS emission pulses
(Table 3), which can influence aerosol formation and
properties in the clean Arctic summer atmosphere (Abbatt
et al,, 2019). Although their pan-Arctic magnitude is still
uncertain (likely 5-13 Gg S yr'), these emissions cannot
be overlooked and the biogeochemical factors that control
them deserve further study. Productive polar ice edges like
the one described here are paradigmatic of the bloom
regime, whereby phytoplankton biomass is a strong pre-
dictor of dimethylated sulfur dynamics (Toole and Siegel,
2004). Here we attempted to dissect the bloom regime,
which allowed us to infer a number of co-occurring DMS
cycling pathways linked to different autotrophic and he-
trotrophic activities. Their spatiotemporal distribution was
related to processes that shape the development of the
late spring bloom in Baffin Bay, namely, the W-E gradient
between Arctic (Pacific-derived) and Atlantic water masses,
ice melting, and their combined effects on the diverging
vertical gradients of light and nutrient availability (Lafond
et al.,, 2019; Randelhoff et al., 2019; Saint-Béat et al.,
2020).

Below we summarize the main findings of our study:

e Water masses. Extremely high biomass of
Phaeocystis pouchetii in the subsurface bio-
mass maximum, along with very high DMSP,
and DMS, were associated unambiguously
with Atlantic-influenced waters. Marked spa-
tial patchiness in planktonic biomass and
biogenic sulfur concentrations were observed
in the mixing zone between the Arctic and
Atlantic water masses.

e Temporal evolution. A single space-for-time
axis, based on the open water days (OWD)
metric, captured major features of the tem-
poral evolution of the planktonic biomass and
dimethylated sulfur concentrations, from
bloom initiation under the ice to its peak in
the MIZ and decay in open waters.

e DMSP producers and particulate frac-
tions. Pigment markers for phytoplankton
taxonomy and photoacclimation explained
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80% of DMSP; variance. The contribution of
different DMSP producers changed progres-
sively from samples with very high DMSP,
(Phaeocystis-dominated), moderate DMSP;
(diatoms, dinoflagellates) and low DMSP; (di-
noflagellates, non-Phaeocystis pico- and na-
noeukaryotes). Particulate DMSP represented
1-10% of the POC. Detrital matter, zoo-
plankton biomass and perhaps ice-released
particles may have accounted for a substantial
DMSP; fraction in some samples.

e Microbial DMS cycling pathways. Meltwa-
ter stratification caused the vertical segrega-
tion of sulfur cycling pathways linked to
different auto- and hetetrotrophic processes.
In the surface layer of the MIZ (and to some
extent OW) we inferred high DMSP-to-DMS
conversion via phytoplankton-bacterial inter-
actions, likely favored by nutrient and light
stress, ultimately leading to high median
DMS:DMSP; ratios (0.15) and DMS concentra-
tions (12 nM). Conversely, Phaeocystis pou-
chetii drove DMS production in subsurface
biomass maxima. Efficient DMSP-to-DMS
conversion was inferred in suspended or
sinking aggregates below the euphotic layer,
concurrent with a clear pigment signature of
grazing.

Given the wide range of environmental conditions sam-
pled during the Green Edge cruise, we argue that our
findings, and the new questions they have raised, are rel-
evant for other regions in the Arctic. Although our study is
limited by the descriptive nature of the dataset, it provides
a good template for upcoming process studies and mod-
eling efforts and will be useful to refine existing concep-
tual models. Below we conclude by listing potential
research priorities for future studies:

e Sulfur budgets. Comprehensive measure-
ments of biological DMS production and
consumption rates are needed to constrain
DMS budgets and sea-air fluxes in relation to
plankton and ice-melt dynamics. Special
emphasis should be placed on (1) the micro-
bial processes occurring in and around parti-
cles across the entire size spectrum (cells,
excretion vesicles, colonies, metazoan zoo-
plankton and large detrital aggregates), (2)
ice—water mass fluxes, and (3) the modulation
of sulfur budgets by interacting environmen-
tal stressors (Gali et al., 2013; Hopkins et al.
2020).
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e Phytoplankton biogeography and bio-
geochemical regimes. Further field and lab
work is required to understand the ecological
niche occupied by Phaeocystis pouchetii to
predict its fitness and prevalence in the future
Arctic compared to diatoms. Dinoflagellates
and picoeukaryotes should be included in
global compilations and ecological niche
studies (e.g., Brun et al., 2015). The latter
groups may contribute disproportionately to
the background (non-bloom) levels of DMSP,
and DMS production in polar environments,
and some can play a dual role acting as gra-
zers (Stoecker et al., 2017). The response of
plankton communities to decadal- or
centennial-scale environmental changes
(AMAP, 2017; IPCC, 2019; Inness et al., 2020)
is poorly understood.

e Repeat surveys and exploration. Continu-
ation of survey programs in areas with long
historical records is key to detecting trends
driven by climate change. Studies in under-
sampled regions (Central Basin and Siberian
shelves, e.g., Uhlig et al., 2019; Schanke et al.,
2020) are needed to upscale in situ mea-
surements and generalize current knowledge.
The transition toward a first-year Arctic ice cap
may favor a high-DMS MIZ such as the one
described here in contrast to the low DMS
concentrations associated with multi-year ice
margins (Lizotte et al., 2020).

e Modeling. Biogeochemical modeling studies
should place emphasis on the ability to
reproduce (1) the large-scale distribution pat-
terns of key phytoplankton groups (Wang et
al., 2015), (2) the vertical segregation of
plankton communities and sulfur-cycling re-
gimes, and (3) biogeochemical fluxes between
sea ice and water (Hayashida et al., 2020).
These modeling efforts will better constrain
the Epys, miz estimates presented here (Figure
11) and allow for future projections, regional
and pan-Arctic, of DMS emissions.
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