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• We conducted sea spray aerosol (SSA)
chamber experiments in Antarctic coastal
systems.

• We studied the effect of leachate material
from macroalgae and penguin guano on
SSA production.

• The addition of different leachate mate-
rials affects SSA production.

• Marine organic matter in the surface
ocean biogeochemistry should be consid-
ered in global climate models.
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Within the Southern Ocean, the greatest warming is occurring on the Antarctic Peninsula (AP)where clear cryospheric
and biological consequences are being observed. Antarctic coastal systems harbour a high diversity of marine and ter-
restrial ecosystems heavily influenced by Antarctic seaweeds (benthonic macroalgae) and bird colonies (mainly pen-
guins). Primary sea spray aerosols (SSA) formed by the outburst of bubbles via the sea-surface microlayer depend on
the organic composition of the sea water surface. In order to gain insight into the influence of ocean biology and bio-
geochemistry on atmospheric aerosol, we performed in situ laboratory aerosol bubble chamber experiments to study
the effect of different leachates of biogenic material - obtained from common Antarctic seaweeds as well as penguin
guano - on primary SSA. The addition of different leachate materials on a seawater sample showed a dichotomous ef-
fect depending on the leachatematerial added - either suppressing (up to 52%) or enhancing (22–88%) aerosol particle
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production. We found high ice nucleating particle number concentrations resulting from addition of guano leachate
material. Given the evolution of upper marine polar coastal ecosystems in the AP, further studies on ocean-
atmosphere coupling are needed in order to represent the currently poorly understood climate feedback processes.
Antarctic
Sea ice-atmospheric interactions
Atmospheric marine biogeochemistry
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1. Introduction

Aerosols in the atmosphere play a critical role in the climate system -
they interact with incoming solar radiation and they can act as cloud con-
densation nuclei (CCN) and ice nucleation particles (INP) (Carslaw et al.,
2013). Currently, aerosol-cloud interactions are not fully understood, and
related uncertainties propagate errors in model representations of climate
feedback processes (Stocker et al., 2013). A major uncertainty comes
from the lack of understanding of aerosol sources and their dynamics, espe-
cially in the remote marine atmosphere. Several studies points to primary
sea spray aerosols (SSA) contributing to the aerosol particle mass and num-
ber concentrations. These are in contrast the hypothesis of climate regula-
tion via emissions of dimethyl sulphide marine biogenic emissions
forming new particles (Quinn et al., 2015; Quinn and Bates, 2011; Brean
et al., 2021). This is particularly true in the Southern Ocean, one of the
most pristine regions on Earth (Chubb et al., 2016; Fossum et al., 2017). De-
spite a three-decades long debate (Quinn and Bates, 2011; Fossum et al.,
2017), processes linking marine biota, marine aerosols, and cloud droplet
number concentrations are still not well understood.

Sea spray aerosols (SSA) are atmospheric primarymarine aerosols com-
ing from the interaction between oceanic waves and the generated bubble
busting in the sea surface (Gantt and Meskhidze, 2013; Quinn et al.,
2015). The surface of the ocean - the source of sea spray aerosols - contains
a vast amount of microorganisms, whose activity greatly contributes to the
bulk of organic matter (OM) containing carbon mainly divided into dis-
solved organic carbon (DOC) and particulate organic carbon (POC)
(Cunliffe et al., 2013; Vaqué et al., 2021). OM can greatly affect the hygro-
scopic properties and CCN activity of aerosols, but the mechanism and ex-
tent to which marine biogeochemistry activities affect atmospheric
aerosol properties remain controversial (Quinn et al., 2015; Mansour
et al., 2020; Lewis et al., 2021). It is imperative to understand the biogeo-
chemical processes that produce OM in ocean surface waters in order to
fully understand the ocean-atmosphere relationships.

The Southern Ocean has complex interconnected environmental com-
ponents – such as ocean circulation, sea ice formation and melting, and
land and snow variable coverage – which are very sensitive to climate
change. Within the Antarctic continent, the peculiar Antarctic Peninsula
has been experiencing some of the fastest warming winters on the planet
since observations began in the 1950s. Rapid climatic changes affecting at-
mospheric/ocean circulation, ocean properties and sea ice covering are al-
tering marine ecosystems as well. Indeed, field data collected at the AP
suggest that regional ecosystems and relative biogeochemical cycles are
shifting. How polar marine ecosystems respond to rapid climate change
in theAPwas reviewed by Schofield et al. (2017). Briefly, large phytoplank-
ton blooms support rich marine ecosystems; the intensity of such blooms
have declined about 10% over the last three decades. There is evidence
that the phytoplankton community composition has shifted from large to
small cells and such changes are not geographically uniform (Moran
et al., 2010; Convey and Peck, 2019). The observed shifts in phytoplankton
biomass and size also impact the grazer communities, especially Antarctic
krill and salps. Given there is a link between phytoplankton primary pro-
ducers and consumers populating the upper oceanic levels, the shift of the
zooplankton communities have an impact also on the higher trophic levels
such as penguins and other bigger animals (seals, whales).

Within the present study, we focus on the organic material leached from
seaweeds and penguin guano material. We choose these two leaching mate-
rial sources due to the evidence that the potential impact of Antarctic coastal
ecosystems on aerosol composition has been overlooked in past studies
(Decesari et al., 2020; Rinaldi et al., 2020). The sea-surface microlayer
2

(SML) - a <1 mm layer at the air-sea boundary, and spontaneously emerging
surface phenomena, such foams - patchesfloating on thewater surface (Wong
et al., 2021; Rahlff et al., 2021) - are found increasing research interest (Wurl
et al., 2017; Engel et al., 2017). The main objective of this work is to test
whether organic leaching material from ecologically rich coastal ecosystems
has an effect on sea spray aerosol production in the sensitive area of the AP.

We therefore briefly discuss Antarctic coastal polar marine ecosystems
influenced by seaweed and penguin habitats. In Antarctica, the coastline ex-
tends for 17,968 km and comprises about 34.8–36.4 × 106 km2 of ocean
surface where 80% of this is covered by ice, even in summer (Ronowicz
et al., 2019). Overall, there are about 390,071 km2 of free ice coast
shallower than 200 m (Peck, 2018). Antarctic seaweeds (often called
macroalgae) populate Antarctic coastal areas that are shallow (<200 m),
rocky shores can cover more than 80% of the benthic surface (Amsler
et al., 2005;Wiencke and Amsler, 2012). They comprise a large group of di-
verse eukaryotic, photosynthetic and macroscopic marine organisms
(Gómez et al., 2009; Gómez and Huovinen, 2020; Pellizzari et al., 2017;
Rovelli et al., 2019; Wiencke et al., 2002, Lagger et al., 2018; Quartino
et al., 2013, 2020). Seaweeds dominate in terms of biomass the benthic
areas where hard substratum, like rocky formations or cobbled bottoms,
is available (Fraser et al., 2020; Oliveira et al., 2020), with communities
ranging from the lower parts of the photic zone (30–40 m depth) up to
the intertidal areas of the shores (Campana et al., 2020), and contributing
substantially to nearshore food webs and local benthic ecology (Ankisetty
et al., 2004; Corbisier et al., 2004; Quartino et al., 2005; Iken et al., 2009).
While macroalgae can be found in all the Antarctic continent, the largest
and most diverse abundance is found the region West of the AP (Wiencke
and Clayton, 2002; Amsler et al., 2005). The biomass of these seaweeds has
been estimated as between 1.5 and 10 kg m−2 wet weight (Gómez et al.,
2009; Wiencke and Amsler, 2012), being comparable to temperate kelp for-
ests. Furthermore, ice scouring and weather – e.g., seastorms - can produce
large events of seaweed detachment. In these situations, algal fragments
can accumulate in huge amounts in seabed hollows and coastlines, where
they are grazed upon by herbivores or degraded by microbes, contributing
to carbon dynamics (Clarke et al., 2007; Clark et al., 2015, 2017).

Seabirds are important indicators of ecosystem status and are among
the species impacted by climate change. Seabirds are one of the more abun-
dant vertebrates in the Southern Ocean living during several months in
breeding colonies of up to several thousands of pairs (Garcia-Borboroglu
and Boersma, 2013), and being important global drivers in the nitrogen
and phosphorus cycles (Otero et al., 2018). Half of the total seabird popula-
tions are distributed in the Antarctic and Sub-Antarctic region (Otero et al.,
2018). Penguins represent a high proportion of the avian biomass
(Boersma, 2008) and they are a significant source of atmospheric ammonia
(NH3) through their fecal excretion (knownas “guano”) in remoteAntarctic
systems. This is an important source of nitrogen that enhances vegetable
growth and has an impact on both terrestrial and marine ecosystems (Zhu
et al., 2014). This fecal material contains high concentrations of macro
and micronutrients and is one of the main source of P and N representing
around 80% of the amount of these elements in the Antarctic marine envi-
ronment (Otero et al., 2018). On the other hand, seabird colonies are re-
sponsible for severe environmental changes at the regional level in soils
(Abakumova et al., 2021) and affect themagnitude of the N and the Pfluxes
associated with ornitheutrophication, which is comparable with other pro-
cesses considered in biogeochemical global inventories (Otero et al., 2018).

To our knowledge there are no studies investigating the effect of Antarc-
tic leaching material derived from macroalgae and penguin fecal material
on primary SSA production. To shed light on this question, we conducted
experiments using an aerosol bubble bursting chamber to generate primary
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sea spray marine aerosols from seawater samples. This experimental setup
is commonly used in ocean-atmosphere biogeoscience studies to produce
SSA comparable to oceanic aerosols (Fuentes et al., 2010; Sellegri et al.,
2021; Cochran et al., 2017; Prather et al., 2013). Our studies show a com-
plex relationship between the biogeochemical properties of differentwaters
and the relative primary sea spray produced. Our multidisciplinary ocean-
atmosphere study contributes to an understanding of the response of the
AP ecosystems to climate change.

2. Methodology

2.1. Location and sampling

The experiments were performed at the Spanish Antarctic Base (BAE
JC1) research station in Livingston Island (62.66° S, 60.39° W). We col-
lected seawater (SW21) from Johnson Bay - next to the BAE - the same sea-
water was used as a common seawater matrix to run all the leaching
experiments. Guano material was collected in a glacier pond on land next
to a penguin colony and maintained frozen at−20 °C. Three different Ant-
arctic seaweeds, among the main species found in the South Shetland
Islands (Gallardo et al., 1999; Amsler et al., 2005),were collected on Living-
ston Island beach near the BAE: the red alga Palmaria decipiens, the brown
algae Desmarestia antarctica and the brown algae Desmarestia menziesii
(Table S1).

In term of biomass, the Rhodophyte Palmaria decipiens is the most abun-
dant species in the Antarctic costal continent as well as the Antarctic
islands. It is reported as the predominant macroalgae covering the bays
and the coves of the AP; it is found below the ocean at a depth between
about zero and seventy metres although the majority of the mass is found
between zero and thirty metres due to light needs (Gómez et al., 2009).

Palmaria decipiens has been described to contain diverse polysaccha-
rides, including xylose, galactose and traces of glucose, as well as an acidic
polysaccharide composed by galactose, xylose, galacturonic and glucuronic
acids, probably conforming an acidic xylogalactan-protein complex
(Matsuhiro and Urzúa, 1996). P. decipiens also contains a range of UV-
absorbing pigments that change along its annual growth cycle, with maxi-
mum concentrations and complexity of the Microsporine Amino Acids
(MAA) occurring in the mature fronds in the Summer (Carreto et al.,
2005). Several carotenoids have been also described in P. decipiens,
conforming to a simple carotenoid pattern (Marquardt and Hanelt, 2004).
Regarding brown seaweeds, we analyzed Desmarestia menziesii and
Desmarestia antarctica (Amsler et al., 2005, 2008; Benites Guardia, 2019;
Dos Santos et al., 2020; Iken et al., 2011). They both may release sulphuric
compounds when damaged or exposed to changing environmental condi-
tions (e.g., when they are preyed upon by herbivores or individuals are bro-
ken and beached on the intertidal areas by sea storms), which destroys their
own tissues and can have extensive effects on the surrounding organisms
(Gagnon et al., 2006, 2012; Pelletreau and Muller-Parker, 2002). The
three macroalgae samples (Table S1) were placed in 200 L containers
with seawater (also from Johnson Bay) for two weeks exposed to the natu-
ral light and ambient temperature conditions. This period allowed their
progressive degradation and the leached organic material was then used
in the experiments. The four different leaching material samples are sum-
marized in Table S2. The samples were filtered via a 100 μm filter before
each experiment.

Our study - to our knowledge - is the first one analyzing the effect of dif-
ferent Antarctic organicmaterial leached on the surface ocean and affecting
SSA production inAntarctica.We consider this a pilot study, it is imperative
to understand how different organic material in Antarctica may affect the
sea spray production. Given most SSA studies always take the Chl-a as ref-
erent organic material (Rinaldi et a., 2013), the original water (SW21, Chl-
a 1.5 μg m−3) and the waters with the leached material (SW 22–25, Chl-a
1.5± 1 μg m−3) had the same order of magnitude. The average Chl-a con-
centration in seawater samples collected nearby were in the order of about
0.04–6 μg L−1 (Zeppenfeld et al., 2020), our laboratory experiments have
Chl-a values in the order with the literature.
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2.2. Aerosol generation chamber and experiments design

Bubble-bursting sea spray aerosol (SSA) generation experiments were
performed in a stainless steel 70 L tank. The “OLLA” aerosol primary cham-
ber is a tank of 55 cm height by 44 cm diameter, this allow to use high vol-
umes of waters (about 70 L) that are necessary to research different
chemical and biological parameters (Park et al., 2019, 2020; Medina-
Pérez et al., 2020). Thewater goes around via a teflon tube from the bottom
to the top of the tank via a peristaltic pump (flow rate 12 Lmin−1): a plung-
ing jet over the surface of thewater entrain air and formbubbles. These pro-
duce SSA via bubble bursting. Compressed air is blown into the free water
headspace (about 70 L) at about 60 L min−1. The aerosol chamber was
washed and cleaned with milliQ water after each experiment. Outlet
ports sampled the SSA particle size distributions using a Scanning Mobility
Particle Sizer (SMPS; DMA TSI 3080 and CPC TSI 3025, corrected for diffu-
sion losses). Number size distributions of the aerosol, across the 10–500nm
size range, were collected using the SMPS with scan times of 5min.

2.3. Biological and chemical parameters estimated in the seawater

Seawater samples collected before the aerosol generation period
were kept frozen until the analyses conducted at the laboratories
within six months after collection; only Chl-a were run fresh in the
BAE laboratory.

2.3.1. Virus and prokaryote abundance
Subsamples (2 mL) for virus and prokaryote (bacteria and archaea)

abundances were fixed with glutaraldehyde (0.5% final concentration)
and stored at−80 °C. Counts weremade on a FACSCalibur (Becton&Dick-
inson, Franklin Lakes, NJ, USA)flow cytometer in the ICM-CSIC laboratory.
Virus samples were diluted with TE-buffer (10:1 mM Tris:EDTA), stained
with SYBR Green I, and run at a medium flow speed (Brussaard, 2004),
with a flow rate of 58–64 μL min−1. Different groups of viruses (VA)
were determined in bivariate scatter plots of green fluorescence of stained
nucleic acids versus side scatter (Evans et al., 2009). Depending on their
fluorescent signal, viruses were classified as low (V1), medium (V2) or
high (V3 and V4) fluorescence that correspond to their DNA content. It is
presumed that, fractions V1 and V2 are mainly attributed to bacterio-
phages, and V3 and V4 to viruses of eukaryotes (Evans et al., 2009). Pro-
karyote abundance (PA) samples were stained with SYTO13 (SYTOTM13,
ThermoFisher) and counted following the protocol of Gasol and Del
Giorgio (2000), and high DNA and low DNA content was discerned.

2.3.2. Nanoflagellate abundance and biomass
Nanoflagellate abundance was estimated on seawater subsamples

(15–20 mL) fixed with glutaraldehyde (1% final concentration). After ca.
1 h fixation at 4 °C, the samples were filtered through 0.6 μmblack polycar-
bonate filters, and stained with 4,6-diamidino-2-phenylindole (DAPI) at a
final concentration of 5 μg mL−1 (Sieracki et al., 1985). The filters were
mounted on porta-slides, with immersion oil, and frozen at−20 °C until ob-
servation at the ICM-CSIC. Cell counts were conducted by epifluorescence
microscopy (Olympus BX40–102/E at 1000×), with blue wavelength exci-
tation (BP 460–490 nm) and barrier (BA 510–550 nm) filters, and an ultra-
violet excitation (BP 360–370 nm) and barrier (BA 420–460 nm) filters.
Cell counts were conducted on three transects per 5 mm of each collected
filter.

Phototrophic nanoflagellates (PNF) could be distinguished from hetero-
trophic nanoflagellates (HNF), based on red fluorescence emission by
plastidic structures upon blue light excitation.Whenpossible, identification
at the taxa was conducted at genus or order level. HNF and PNF cell size
measures were conducted and four size classes were established (≤2 μm,
2–5 μm, 5–10 μm and 10–20 μm) with an inferred average radius (consid-
ering cells as spheres) of 0.75 μm, 1.5 μm, 3 μm and 6 μm, respectively.
The contribution of HNF and PNF to the carbon biomass (μg C L−1) was es-
timated by the corresponding carbon-volume ratio, namely, pgC cell−1 =
0.216* (V)^0.939 described in Mender-Deuer and Lessard (2000).
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2.3.3. Phytoplankton identification, abundance and biomass
Seawater samples (100 mL) were collected in amber glass bottles, fixed

with hexamine buffered formalin (4% final concentration) and preserved
dark at 4 °C for quantification of phytoplankton taxa using the Utermöhl
(1931, 1958) method as described for instance by Edler and Elbrächter
(2005). Samples were gently shaken and poured into 50 mL methacrylate
cylinders of settling chambers. After sedimentation for 24 h, samples
were counted using an inverted XSB-1A microscope equipped with 4, 10,
25 and 40× flat optics objectives and 10× eyepieces with a 1.25× inter-
mediate lens. The entire base of the settling chambers was scanned at
125× magnification to quantify the organisms which were less abundant
and of larger size of the microphytoplankton (>20 μm), and transects (2
minimum) conducted at 312× magnification to quantify the most abun-
dant organisms and nanoplankton (<20 μm). The identification was made
at the most precise possible species or genus level. Phytoplankton results
are expressed in number of cells per liter. Empty cells were not considered
in this study.

For each taxon, its contribution to particulate carbon was calculated
from biovolume measures following Mender-Deuer and Lessard
(2000). Cell dimensions (length, width and thickness, in μm) estima-
tions were performed using a digital camera and Scope Photo software,
calibrated according to the microscope used. For each identified spe-
cies, cell volume was calculated from average length and width values
using the formula of the closest geometric figures approximation. Setae
and expansions (horns, wings, etc.) dimensions were excluded; in the
case of the flattened organisms, manual corrections of the thickness
were applied.

2.3.4. Chlorophyll a
For Chl-a concentration estimation, 100 mL of seawater were filtered

through a 25mmdiameter GF/F glassfiberfilter (Whatman). The contribu-
tion of the nanophytoplankton was determined by collecting the seawater
in the GF/F filters after a previous filtration through 5 μm Millipore poly-
carbonate filters. Chl-a was extracted in 90% acetone for 24 h in the dark
at 4 °C. Concentrations were determined by fluorimetry with a calibrated
Turner Designs fluorometer following the method developed by Holm-
Hansen et al. (1965).

2.3.5. Inorganic and organic nutrients
Dissolved inorganic nutrients (nitrate, phosphate and silicate) were

measured with standard segmented flow analysis with colorimetric detec-
tion, using a SEAL Auto Analyzer AA3 HR (BBMO) or Bran + Luebe
autoanalyzer (EOS).

2.3.6. DOC
For dissolved organic carbon (DOC) analysis 30mL of seawater werefil-

tered through precombusted (450 °C, 24 h) 47 mm GF/F glass fiber filters
(Whatman), in a filtration system under controlled pressure conditions
with nitrogen gas. The filter was prewashed withmilliQ water, and the col-
lecting flask was rinsed three times with filtered sample water before use.
The sample was stored frozen (−20 °C) until analysis in the laboratory. Fol-
lowing the elimination of inorganic carbon by the acidification of the sam-
ple, determination of DOC in seawater was conducted by high temperature
catalytic oxidation (680 °C) as described in Álvarez-Salgado and Miller,
1998. Measurements were conducted with the TOC-V CSH Shimadzu
autoanalyzer that holds a NDIR (non-dispersive infrared) detector using
Milli-Q water as a blank, potassium hydrogen phthalate as the calibration
standard, and deep Sargasso Sea water as the reference (Hansell Labora-
tory. University of Miami, RSMAS). Concentrations are expressed as μmol
C L−1.

2.3.7. CDOM
Samples for coloured dissolved organic matter (CDOM) characteriza-

tion were filtered in the samemanner as those of DOC and immediately an-
alyzed using a Horiba Aqualog spectrofluorometer.
4

2.3.8. POC
For POC analysis, seawater samples (1000 mL) were filtered through

precombusted (4 h, 450 °C) 25 mm GF/F glass fiber filters (Whatman)
which were immediately frozen at −80 °C and subsequently maintained
at −20 °C until further processing. Filters were dried and analyzed with
an elemental analyzer (Perkin-Elmer 2400 CHN). Concentrations are
expressed as μmol C L−1.

2.3.9. TEP and CSP
Samples for determination of the concentration of Transparent

Exopolymer (TEP) and Coomassie Stainable Particles (CSP) were collected
in triplicate by very gentle filtration (~150 mmHg vacuum) on 25 mm di-
ameter 0.4 μm pore size polycarbonate filters (DHI). TEP concentration
was determined following the colorimetric method described by Passow
and Alldredge (1995) and the analogous method developed by Cisternas-
Novoa et al. in 2014 was followed for the CSP. For TEP determination, fil-
ters were stained with an Alcian Blue (8GX) solution (500 μL, 0.02%, pH
2.5) for 5 s. CSP filters were stained with 1 mL of Coomassie Brilliant
Blue (CBB-G 250) solution (0.04%) for 30 s, prepared daily with filtered
(0.2 μm) seawater. Immediately after staining, all filters were rinsed with
milli-Q water and stored in 2 mL micro-vials at −20 °C. Triplicate blanks
(empty filters) were stained daily for TEP and for CSP with the correspond-
ing staining method used for regular samples. Sample dye extraction and
measurements of absorbance were performed in the ICM-CSIC using a
Varian Cary 100 Bio spectrophotometer. Both staining solutions were cali-
brated following their respective methods. TEP staining solution was cali-
brated before and after the PI-ICE cruise using xanthan gum (XG) as a
standard. CSP staining solution was calibrated using bovine serum albumin
(BSA) after the cruise to consider salinity. Accordingly, TEP concentrations
are expressed as xanthan gum equivalents (μg XG equiv. L−1) and CSP con-
centrations as BSA equivalents (μg BSA equiv. L−1).

2.4. Dissolved and particulate carbohydrates in seawater

Dissolved free carbohydrates (DFCHO), dissolved combined carbohy-
drates (DCCHO, <0.2 μm) and particulate combined carbohydrates (PCCHO,
>0.2 μm) were determined as described by Zeppenfeld et al. (2020, 2021).
For the analysis of DFCHO and DCCHO, a filtered subsample of 9 mL
(0.2 μm Millex syringe filter) was desalinated by electro-dialysis. For
PCCHO, 50–100 mL of untreated subsample was filtered onto a 0.2 μm poly-
carbonatemembranefilter (Ø47mm).DCCHOandPCCHOwere determined
after an acid hydrolysis (0.8 M HCl, 100 °C, 20 h) of a filtered, desalinated
aliquot or a weighed piece of the air-dried membrane filter, respectively.
DFCHO,DCCHOandPCCHOwere calculated as the sums of themonosaccha-
rides, which could be determined with high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD)
equipped with a Dionex CarboPac PA20 analytical (3 mm × 150 mm) and
guard column: these were fucose, rhamnose, arabinose, galactose, glucose,
xylose, mannose, fructose, galactosamine, glucosamine, muramic acid,
galacturonic acid, glucuronic acid. All samples were measured in duplicate.

2.5. Ice nucleating particles (INP)

Number concentrations of INP were determined using two well estab-
lished freezing essays, described in detail in Gong et al. (2020) and
Hartmann et al. (2021). Either 90 or 96 droplets with volumes of either 1
or 50 μL were pipetted onto hydrophobic glass slides or into PCR-trays for
these two methods, namely LINA (Leipzig Ice Nucleation Array) or INDA
(Ice Nucleation Droplet Array), respectively. The hydrophobic glass plates
were then cooled down on the Peltier element of a cold stage in LINA,
and the PCR-trays used in INDAwere cooled down in a thermostat operated
with ethanol. The number of frozen droplets was determined automatically
from pictures taken during the cooling process, on which the change from a
liquid to a frozen droplet can clearly be seen in a change of the reflectivity,
and hence of the grey value, of the droplets. From the obtained cumulative
count then INP concentrations per volume of sample were determined in a
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way usually used for this kind of measurements, using Poisson statistics as
suggested by Vali (1971).

2.6. 1H NMR spectroscopy analysis

Quartz-fiber filter were used to collect Particulate Organic Carbon
(POC). The filters from the bubble bursting experiments were then ex-
tractedwithMilli-Q (deionized ultra purewater) bymeaning ofmechanical
shaking (1 h). The suspended particles were removed by filtration (PTFE
membranes, pore size: 0.45 μm). As explained in Decesari et al. (2020),
the extracts were dried under vacuum and dissolved again in deuterium
oxide (D2O) for the characterization of the organic groups by using 1H
NMR spectroscopy. We recorded the 1H NMR spectra with a Varian Unity
INOVA (University of Bologna). The internal standard used is Sodium 3-
trimethylsilyl-(2,2,3,3-d4) propionate (50 μL of a 0.05%TSP-d4 - byweight
in D2O). To avoid the shifting of pH-sensitive signals, the extracts were
buffered to pH about 3 using a deuterated formate/formic-acid (DCOO-/
HCOOH) buffer prior to the analysis. The speciation of hydrogen atoms
bound to carbon atoms can be provided by 1H NMR spectroscopy in protic
solvents. On the basis of the range of frequency shifts (expressed as ppm),
the signals can be attributed to H-C containing specific functionalities
(Decesari et al., 2000, 2020): Ar-H (6.5–8.5 ppm), aromatic protons; O-
CH-O (5–6 ppm), anomeric and/or vinyl protons; H-C-O (3.2–4.5 ppm),
protons bound to oxygenated aliphatic carbon atoms (hydroxyl and alkoxy
groups): aliphatic alcohols, ethers, and esters; H-C-C= (1.8–3.2 ppm), pro-
tons bound to aliphatic carbon atoms adjacent to unsaturated groups like al-
kenes (allylic protons), carbonyl or imino groups (heteroallylic protons) or
Fig. 1. a. Relative particle number concentrations (relative to the sea water matrix SW2
control open water (SW21), leached material from red alga Palmaria decipiens (SW22
(SW24) and penguin guano (SW25). b. Aerosol size resolved particle concentrations (cm
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aromatic rings (benzylic protons); H-C (0.9–1.8 ppm), unfunctionalized
alkylic protons.

3. Results and discussion

3.1. Primary aerosol chamber and Atmospheric aerosol measurements

The particle number concentrations and the SSA size distributions of the
generated aerosols from five different experiments were measured at 15±
10% Relative Humidity (RH) and are reported in Fig. 1a–b (dN/dlogdp,
where dp is particle mobility diameter). The size resolved particle size dis-
tributions were taken every 5 min, the averages presented in Fig. 1 are the
averages of 24 points (2 h each experiment). When looking at the aerosol
size distributions (Fig. 1b) obtained from seawater SW21 (seawatermatrix)
and different leaching material added (SW22-SW25), a dichotomous influ-
ence on aerosol particle production is observed relative to the original
SW21. While in general there is an expected tendency of a relative increase
in aerosol productionwithOM (SW23, SW24 and SW25 increasing by 26%,
65% and 96%, respectively), SW22 drastically reduces it by 60% (Fig. 1a).
Our results imply that not all organic leaching material has a positive influ-
ence on primary sea spray aerosol production. Fig. 1b shows that the aver-
age mode of the probability density function of the particle number
distribution for the original seawater SW21 is seen at about 193 nm for
SSA generated using breaking waves, consistent with previous studies
(Prather et al., 2013; Sellegri et al., 2021).

Our Particle Size Distributions (PSD) do not show major contributions
in the smaller size range (<100 nm, Aitken mode). When the experiments
1) for the four leaching experiments. Details can be found in Table S1. Briefly, the
), brown algae Desmarestia antarctica (SW23), brown algae Desmarestia menziesii
-3) for the selected leaching material from aerosol primary chamber experiments.



Fig. 2. INP concentrations for the described ocean-atmosphere experiments. Panels
A-E show separate results for the five different samples, seawater SW21 only,
Palmaria decipiens, Desmarestia antarctica, D. menziesii, and guano, respectively,
while panel F shows all data samples combined. In each of these panels, results
are shown for measurements with LINA (in the lower temperature range, due to
the lower examined sample volume) and INDA (in the higher temperature range,
due to the larger examined sample volume) of the original sample, and also
results from INDA for samples which had been heated at 95 °C for 1 h. Panel E
additionally shows data for the filtered sample.
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are compared among each other, a clear difference in the aerosol mode is
also seen. In general, adding OM reduces the aerosol averagemain accumu-
lation mode diameter to 121 nm (SW22), 131 nm (SW23), 176 nm (SW24)
and 176 nm (SW25).

We are aware that our study is composed only of four different organic
leaching experiments. We run two additional experiments with Palmaria
decipiens (PD 2 and PD3), during which the same amount of leached mate-
rial was added to the OLLA tank, and for which only aerosol size distribu-
tions were measured. These aerosol particle size distributions revealed in
both PD2 and PD3 experiments a decrease of aerosol concentration of
45% and 65%, further supporting that organic leaching material from
Palmaria decipiens can suppress SSA production.

One remarkable result of this study addresses aerosol particles that can
act as cloud condensation nuclei (CCN) at typical atmospheric cloud super-
saturation (S) (Li et al., 2011). The size and chemical composition of aerosol
particles determine whether they can act as CCN and hence be activated to
a cloud droplet. Particle size and supersaturation have themajor impacts on
the activation of particles to cloud droplets. At 0.1% supersaturation (S),
the largest particles with sizes above roughly 300–500 nm are likely to ac-
tivate to CCN. Particles of 100–300 nm may additionally be activated at
0.2% (S), while particles of 60–80 nm typically need higher supersatura-
tions (≥0.4%) to become activated. When looking at the aerosol size distri-
butions presented in Fig. 1b and considering only particles above 100 nm,
we can see a reduction of 43% for SW22 in number, but a major increase
(12–61%) for the remaining three samples. This implies that the leaching
material has an impact not only on the overall size distributions but also
on the abundance of particles above 100 nm, and hence on CCN on
which potentially cloud droplets can form.

For the determination of INP (ice nucleating particle) number concen-
trations (NINP), results are shown in Fig. 2. Results from the two different
measurement set-ups LINA and INDA generally agree well. In general,
heating, which destroys proteinaceous INP originating from microorgan-
isms, did not cause a large change between original and heated samples
for the samples shown in panels A-D. However, when comparing the
guano sample in panel E with the other samples (see panel F), it is very ob-
vious that much higher NINP are observed for the guano sample in the tem-
perature range from roughly −10 °C to −20 °C. These INP were also
present in a filtered sample which was additionally examined for SW25,
pointing to a size of the INP to be below 10 μm. The INP causing the ice ac-
tivity in the temperature range above roughly −20 °C were completely
deactivated by the heating procedure, which, as indicated above, is typi-
cally interpreted as a biogenic, proteinaceous origin of these INP. Overall,
while generally low INP concentrations were found in most of our samples,
there were INP found in SW25, i.e., the sample to which leaching products
fromguanowere added. Previous INP concentrations determinedduring PI-
ICE (Polar Interactions: Impact on Climate and Ecolody field study) for both
ocean and atmospheric samples were generally low (Zeppenfeld et al.,
2021), in agreement with data from the Southern Ocean (McCluskey
et al., 2018), and in general lower than values typically observed in the
Artic (Zeppenfeld et al., 2021). The present study contributes information
on possible aquatic sources of INP, where, to our knowledge, this is the
first study reporting INP properties of guano and seaweeds material.

3.2. Marine sea ice microbiota

The advantage of producing and measuring extremely stable nascent
SSA size distributions in a controlled laboratory setting is that it allows us
to compare them with a range of biological parameters (characterizing
any microorganisms such as viruses, prokaryotes -bacteria and archaea-,
protists -i.e., nanoflagellates- and phytoplankton -microalgae-) (Thomas
and Dieckmann, 2003). The average Chl-a concentration in the coastal
water (SW21) was 1.5 μg L−1 and was significantly higher than in open
water seawater samples collected nearby (about 0.04–0.4 μg L−1). Three
leaching material experiments presented similar Chl-a concentrations
(Fig. 3a), about 1.5–2.0 μg L−1, whereas the SW23 had higher values
(2.9 μg L−1). Diatoms had similar concentration levels (about 2.3 × 105
6

cell L−1) in SW21-SW24, but were much higher in SW25, which was
enriched with penguin defecation material (Fig. 3c). Species of the genus
Thalassiosira were dominant in all experiments, and no major differences
in diatoms groups were found among the different leaching experiments
(Fig. 3c). Considering the four experiments, silicate concentrations were
more than twice the inorganic nitrogen concentrations, indicating that dia-
toms were not limited in silicate for their frustula. Nitrate and phosphate
concentrations were relatively high, suggesting that neither N nor P were
limiting (Fig. S2). The high values of ammonia in SW24may be due to pos-
sible zooplankton contamination.

Fig. 3F shows the total nanoflagellate (TNF) concentrations among the
different experiments. Unfortunately, the water sample SW21 taken for
nanoflagellate (only one)was found to be affected by contamination. Never-
theless, some differences can be seen among the different leaching material
samples (SW22-SW25), where abundances reached the highest values in the
brown algae leachate sample (SW23). Fig. 4 shows the prokaryote abun-
dances and the viral abundances for the four aerosol chamber experiments.
Prokaryote abundances - varying from 8×105 to 3×106 cells mL−1, were
found in high concentrations in the sample SW22 (P. decipiens) and SW23
(D. antarctica). Most prokaryotes had a high nucleic acid content (HNA), in-
dicating that theywere active. Broadly, HNA prokaryotes having a high con-
tent of DNA is an indication that are active cells, with a high growth rates



Fig. 3. Selected biological-related variables for the leachingmaterial experiments, specifically (a) Chl-a, (b) diatom abundance and biomass, (c) diatom biomassmain groups,
(d) total nanoflagellates (TNF), (e) phototrophic nanoflagellates (PNF) abundance and biomass, (f) PNF size classes distributions, (g) heterotrophic nanoflagellates (HNF)
abundance and biomass and (h) HNF size classes distributions. Data for HNF-PNF for the SW21 are not available.
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Fig. 4. Prokaryote (A–B) and Virus abundance (C–D) abundance (with relative
fraction) for the PI-ICE leaching material aerosol chamber experiments.
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and larger size cells than LNA prokaryotes (Gasol et al., 1999). This makes
them more susceptible to be eaten by protists (HNF) or lysed by viruses
for their size and activity (Vaqué et al., 2001; Bonilla-Findji et al., 2009)
than LNA prokaryotes. Viral particle abundances (Fig. 4C) ranged between
2.8 × 105 viruses mL−1 (SW24) and 3.3 × 107 viruses mL−1 (SW23).
The viral fractions with highest abundances were V1 and V2, corresponding
mainly to bacteriophages.

3.3. Marine biogeochemical properties

3.3.1. Particulate organic carbon
Marine organic constituents occur in the ocean in dissolved and partic-

ulate form. Particulate organic carbon (POC) is defined operationally by a
filtration cutoff at 0.2 to 1.0 μm. Fig. 5 shows that SW21 presents values
of POC of about 11.1 μM, all measurements have higher contributions
from the leaching material (35–73 μM) but by far the highest leaching
contribution is associated with SW22 (430 μM). Natural organic gels - a
fraction of exopolymeric substances (EPS) representing dissolved or partic-
ulate polymeric organic substances outside the cell (Engel et al., 2020) -
were also measured in two major classes: polysaccharidic transparent
exopolymer particles (TEP) and proteinaceous Coomassie stainable parti-
cles (CSP). Similar trends can be seen for TEP and CSP following the POC
trends described above. TEP values for SW21 was 32 XG eq. μg L−1, with
SW 23–25 at 81–180 XG eq. μg L−1 and the highest was for SW22 (670
XG eq. μg L−1). Similar trends were seen for CSP: for SW21 values of 55
BSA eq. μg L−1, higher values for SW23–25 (55–166 BSA eq. μg L−1) and
the highest again for SW22 (2990 BSA eq. μg L−1).
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The POC extracts in the seawater show several NMR features overlap-
ping typical biological matrices (Fig. S3). Overall, the addition of
macroalgae or guano material changes substantially the sea-water POC
composition enriching the water with variable amounts of amino acids
and sugar-polyols of different types/quantities depending on the sample.
There are common features among the samples, but they are characterized
by variable content (both in term of quality and quantity) of specific com-
pounds. In particular, the occurrence of most common aliphatic amino
acids (such as alanine, threonine, valine, aspartate, glutamate, isoleucine,
and leucine) was observed in all the samples analyzed and particularly in
sea-water samples enriched by macroalga (SW22–24) and penguin guano
(SW25).

We saw nitrogen-rich organic metabolites (Choline, Betaine, etc.) with
signals by singlets (3.1–3.3 ppm) from methyl bound to nitrogen atoms
(H3C-N-). We found signals due to glycerols in all our samples, and also
-NCHRCO- groups of alpha-amino acids and the H-C-O groups of sugars
and polyols (signals 3.4 and 4.2 ppm). Sucrose, glucose and other possible
saccharides can be seen with signal of anomeric hydrogen bonds. Those
were absent in the original sea-water (SW21) but are present in trace
amounts in some samples (i.e., SW22 and SW25) and as major component
in sample SW24 (Desmarestia menziesii) (Fig. S4). However, beside the over-
all similarity, these samples also show some differences between each
other, both in the presence of specific compounds (Fig. S3) and in their
relative functional group distribution (Figs. S5, S6). Palmaria decipiens
and Desmarestia antarctica algae are the only ones showing H-C-O possibly
of acidic sugars (e.g., uronic acids) or sulfonate-esters in the region
4.0–4.5 ppm (Fig. S3). Looking at the relative functional group distribution
it is worth noting how the P. decipiens, as well as Desmarestia antarctica and
D.menziesii (SW22, SW23 and SW24 respectively), seem to enrich thewater
especially with H-C-O groups of polyols and sugars. However, P. decipiens
and D. antarctica are depleted both in substituted and un-substituted ali-
phatic chains (HCC and HC), while D. menziesii (SW24) has the stronger re-
duction only in linear HC (governed by the strong decrease of most of the
already mentioned aliphatic amino acids characterizing all the other POC
samples). On the other hand, D. menziesii shows the biggest contribution
of H-C-O groups of neutral sugars (including the alreadymentioned sucrose
and glucose) (Fig. S3). D. antarctica and guano show also detectable signals
of low-molecular-weight alkyl amines, in particular di- and tri-methyl
amine (DMA and TMA) singlets at 2.72 and 2.89 ppm, respectively. The
DMA singlet is detectable also in P. decipiens (red algae) sample, while
TMA is not. In summary, the NMR analysis (Fig. S3-S6) cannot clearly sep-
arate major differences and cannot help in describing the major differences
seen in the aerosol production seen in Fig. 1.

3.3.2. Dissolved organic carbon (DOC)
DOC for SW21 was 94 μM, and higher values were seen for SW22

(5200 μM), SW23 (1340 μM), SW 24 (2580 μM), and SW25 (295 μM). All
experiments with macroalgae leachate and guano (SW22–25) show much
higher absorbances than that of SW21 (Fig. 6a), indicating an enrichment
in coloured dissolved organic matter (CDOM) in all leached water samples.
Beside the very high concentrations reported for the SW22 (likewise the
POC described in Fig. 5), no clear correlations were seen when the particle
number concentrations was scaled to the POC or the DOC concentrations,
implying complex unknown relationships exists between the organic com-
position of the SSA generated and the particle production.

Several spectral features were identified in the normalized spectra of
enriched samples (Fig. 6b). In SW22, enriched with decaying Palmaria
decipiens, a broad peak centred at ~325 nm dominates the absorbance.
This broad peak is most probably a combination of the absorbances of mul-
tiplemycosporine-like amino acids (MAAs),which have been reported to be
produced by this species in very high concentrations as a photoprotective
strategy. Specifically, MAAs shinorine (334 nm), porphyra 334 (334 nm),
palythine (319 nm) and asterina 330 (330 nm) are induced in P. decipiens
by exposure to UV radiation. SW23 and SW24, both enriched with Brown
macroalgae, show very similar spectral shapes despite of the much lower
total absorbance of SW23. These samples present a characteristic shoulder



Fig. 5. (a) Particulate organic carbon (POC) and (b) TEP and (c) CSP measurements for the PI-ICE leaching material aerosol chamber experiments.
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in the range 270–280 nm, indicative of absorbance of aromatic amino acids
tryptophan (max 280 nm) and tyrosine (max 275 nm). They also show a
slight shoulder in theMAAs region although very low. The absorbance spec-
trum of SW25, which was enriched with penguin excrement, shows a very
distinct and relatively narrow peak centred at ~290 nm. This spectral pat-
tern is extremely similar to that produced by uric acid, with the same max-
imum at 290 nm, whose absorbance can be used to determine the
concentration of this substance in water. This similarity was not surprising,
as seabird guano contains very high concentrations of uric acid, comprising
~80%of its nitrogen content bymass. Assuming all absorbance at 290 nm is
due to uric acid, we estimate its concentration to be of 22 ± 2 μmol/L,
which would account for about 80% of the dissolved organic nitrogen of
the guano leachate experiment.

3.3.3. Particulate and dissolved sugars
The ambient seawater sample SW21 showed among the lowest concen-

trations of dissolved free carbohydrates (DFCHO, 1.1 μg L−1), dissolved
combined carbohydrates (DCCHO, 18.9 μg L−1) and particulate combined
carbohydrates (PCCHO, 27.3 μg L−1) in comparison to the other ambient
Surface Micro Layer (SML) and bulk water samples of this campaign
(SW/SML1-SW/SML21, DFCHO: 1.0–17 μg L−1, DCCHO: 14–294 μg L−1,
PCCHO: 13–248 μg L−1, Zeppenfeld et al., 2021). All other water with
leaching material, as expected, presented higher amount of sugars relative
to SW21.

The sample from SW22 – which strongly suppressed primary aerosol
formation – had the highest concentrations of carbohydrates. Surprisingly,
the majority of carbohydrate was strongly dominated by DCCHO
(18,064 μg L−1) and only to a minor extent by PCCHO (973 μg L−1). This
makes a DCCHO:PCCHO ratio of 18.6 for Palmaria decipiens, much higher
than for the ambient sample waters (SW1–SW21, Zeppenfeld et al., 2021,
about 0.2–2.0). Within DCCHO, xyloseDCCHO was by far the most abundant
sugar (84.4 wt%), followed by galactoseDCCHO (6 wt%) and galacturonic
acidDCCHO (5 wt%). Surprisingly, glucoseDCCHO (1.9 wt%) only contributed
a minor part to DCCHO. This is unusual, since glucose is the most abundant
monosaccharide in marine polysaccharides (about 20–90%). Interestingly,
xylosePCCHO did not dominate PCCHO composition. Our results are
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consistent with the literature, given that Palmaria species are known to con-
tain a high amount of water-soluble xylan polysaccharides as part of their
cell wall (Hsieh et al., 2019; Usov, 2011). Xylans are known to stabilize pro-
tein foams, hence one possible explanation for the aerosol particle suppres-
sion is the formation and stabilization of foam, supporting previous studies
reporting that sea foam forms from surface-active DOC attenuating labora-
tory primary sea spray generation (Keene et al., 2007). Contrary to sample
SW22, the brown algae and guano leaching organic material of the remain-
ing experiments (SW23, SW24, SW25) did not reveal any particular trend
of the dissolved and particulate sugars.

3.4. Linking ocean-atmosphere variables

When looking at all the ocean-atmosphere variables presented, some
conclusions can be drawn. The TEP/POC, CSP/POC and the CSP/TEP ratios
are interesting. Palmaria decipiens SW22 had the lowest TEP/POC ratio, the
lowest CSP/POC ratio and the highest CSP/TEP ratio, suggesting that
proteic material may be responsible for the suppression of the aerosol pro-
duction observed in the SW22 leaching material sample. However, given
that SW22 had the lowest CSP/POC and TEP/POC ratio, it seems that the
suppression of aerosol production observed is not caused by gel-like parti-
cles but other OM components.

We found that Desmarestia antarctica SW23 exhibited the highest viral
abundances. The high viral abundance may determine more bacterial
and/or eukaryote cell mortality, thus creating more organic material sus-
ceptible for aerosolisation. In other words, the interaction of sea ice viruses
with prokaryotes and protists could liberate organic material to the water
column, promoting the growth of other prokaryotes (viral loop) and stimu-
lating their grazing by higher trophic levels (microbial loop and microbial
food webs) (Boras et al., 2010; Maranger et al., 2015) and contributing to
the overall biogeochemical cycles. Considering all treatments (three
macroalgae leachate and guano additions), SW22 (Palmaria decipiens) and
SW23 (with leachate ofDesmarestia antarctica) showed the highest bacterial
abundance. Moreover, we found that SW23 contained a high amount of
HNF and also a high amount of viruses. This fact is probably due to the pres-
ence of OM which enhances bacterial growth and the subsequent dual



Fig. 6.Absolute absorbance of SW21 to SW25 (a) and normalized absorbance spectra of enriched samples (SW22 to SW25) (b). Dashed lines in (b) show the location of themain
spectral features identified in mixes: shoulder at 270 nm (indicative of aromatic amino acids) and peaks at 290 nm (uric acid) and at 325 nm (mycosporine like amino acids).
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effect: high prey availability for HNF proliferation and host to be lysed by
viruses. This double mortality process will produce, in turn, new dissolved
OM to be used again for bacteria. The highest HNF concentrations andmax-
imum increment is seen for the 2–5 μm size fraction. Indeed, Dall’Osto et al.
(2022) also found that HNF in melted sea ice samples was a relevant
microbial component favouring sea spray aerosol production using a simi-
lar experimental setup and design. To our knowledge, thefirst SSA chamber
experiments carried out with Antarctic melted sea ice were presented by
Dall'Osto et al. (2017). Using threemelted sea ice samples, it was suggested
that SSA production cannot be link with the amount of phytoplankton bio-
mass found in the sea ice. By contrast, it was argued that the maturity and
decay of the algal assemblage would enhance SSA particle concentrations.
Our study continues in the same direction, demonstrating that the microbi-
ota ecosystems may have an important influence upon sea spray aerosol
production.

4. Implications and conclusions

The chemical composition and the biogenic origin of organic matter
(OM) emitted from the ocean as gases and particles is an area of increasing
atmospheric research because they influence marine atmospheric chemis-
try and cloud-relevant aerosols. One of the major challenges in understand-
ing the dynamics of primary sea spray production is the role of biogenic
organic matter (OM) from the surface ocean. A chemoselective transfer of
OM from the ocean to the atmosphere is often observed, meaning that
some organic compounds are transported to the atmosphere to a larger ex-
tent than others (Quinn et al., 2015; Miyazaki et al., 2018; Santander et al.,
2021). Here, we have shown that OM have an effect on aerosol particle
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production rates, which in turn can influence cloud properties, and may
therefore be important for the changing climate. Besides for the known -
but still controversial - phenomenon ofmarinemicrobiota influencing aero-
sol production (Prather et al., 2013; Sellegri et al., 2021), we show that
leaching material from different ecosystem components can also influence
the aerosol production in coastal areas, adding complexity to the ocean-
atmosphere interphase in the AP study area.

In spite of many years studying SSA production, our understanding of
the effect of organic matter (OM) is still limited. So far, we do not have con-
sistent findings on how different surfactant-like compounds influence the
SSA. Earlier studies showed different chemical components in the water
have dichotomous effects on aerosol particle production, either enhancing
or suppressing it (Garrett, 1968). It is becoming evident that a large variety
of organic compounds in the sea water affect in different poorly known
ways the formation of foam - in particular the complex relationship be-
tween the bubbling time and the nature of different surfactants (Sellegri
et al., 2006, 2021). For example, the presence or the absence of a layer of
foam on the surface of the ocean can drastically modify not only the SSA
chemical composition but also the CCN properties (King et al., 2012).
Higher SSA production was found in sea water with oleic acid (Tyree
et al., 2007) or marine biogenic exudate from diatoms (Fuentes et al.,
2010). Recently, a study by Sellegri et al. (2021) reported that the forma-
tion of foam can be limited by fatty acids components. This results in bub-
bles living shorter times - the resulting thicker bubble films increase the
production of SSA. The SSA production depends on the different solubility
of the surfactants. Soluble surfactants stabilize sea surface bubble bursting
allowing bubbles to persist at the surface longer. In other words, a soluble
surfactant can make bubbles live longer (the so called foam stabilization
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effect). This results in thinner bubble films, this result in smaller SSA pro-
duction therefore lower SSA emitted in the atmosphere. By contrast, insol-
uble surfactants have this effect only with small concentrations (Modini
et al., 2013; Long et al., 2014). Surfactants not only increase bubble stabil-
ity, but they also tend to decrease the friction velocity at the sea surface
microlayer, with a net decrease of the bubble formation rate due to the
lower entrainment of air. The resulting contrasting effects make the rela-
tionship between SSA production and surfactants very complex.

Our results should be put in the context that - under a warming by 1–5 °C
degrees scenario, the AP will have more days with temperature above 0 °C
(Convey and Peck, 2019). Increasing ocean turbulence will make the circum-
polar deep water (CDW) both warmer and shallower. This results in coastal
margins taking heat, likely thinning, and recedingmarinemargins or glaciers
and ice caps. Exposed (sea ice free) terrestrial open areas are also expected to
increase, all these severe changes cause consequent structural changes.

Our study region is heavily influenced by ice disturbance, and the im-
pact of iceberg sour on benthic life is still poorly understood (Barnes and
Souster, 2011; Barnes et al., 2014). All such changes may have an effect
on different organic material released in the surface of the ocean and then
released in the atmosphere via SSA. More interdisciplinary investigations
studying the interaction of the ocean with the cryosphere and its atmo-
sphere and their influencing polar marine ecosystems are needed.
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