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The Arctic Ocean experiences extreme seasonality, with variations in solar radiation,
temperature and sea-ice cover, influencing biological productivity. In addition, climate change
leads to long-term changes in the region marked by sea-ice loss and increasing temperatures.
Sinking particles are essential in the biological carbon pump, transporting carbon to deeper
ocean layers. Microbial eukaryotes drive primary production and contribute to particle
composition or are associate to them as parasites. Prokaryotes (bacteria and archaea) mediate
particle transformation by degradation, nutrient availability regulation, and influencing the
particle fluxes efficiency. The Fram Strait is a gateway that connects the Arctic Ocean and the
Atlantic with two dynamic opposing currents that exchange water masses, nutrients, heat,
and sea ice between oceans. This study assessed the composition, structure and
environmental drivers of prokaryotic and microbial eukaryotic communities in surface water
and sinking particles in the Fram Strait, and focusing in the interplay between microbial
communities, particle fluxes and environmental drivers. Seasonality resolved sampling of
surface water and sinking particles was conducted over four years (2016-2021) using
autonomous samplers at the central station of the Fram Strait, with samples sequenced to
generate amplicon data (16S and 18S) as part of the FRAM Molecular Observatory within the
long-term ecological observatory HAUSGARTEN. The most dominant families observed were
Bacillariaceae and Flavobacteriaceae for surface water and Dino-I-1 and Mycoplasmataceae
for particle-associated. Seasonality influenced richness and structure of surface water
communities, whereas the seasonal effects were less pronounced in particle-associated
communities. Primary environmental drivers for microbial community structure were
temperature, mixed layer depth and sea-ice dynamics, which influenced surface microbial
communities and, in turn, sinking particle communities. Interannual variations in
environmental parameters, such as changes in sea-ice distance and different stratification
regimes between 2017 and 2018, were concomitant with observed variations in the
composition of surface and particle-associated microbial communities. The differences
between surface and particle-associated communities are likely due to horizontal transfer of
particles. A cold anomaly was observed during one of the years with high ice concentration,
low temperature, low salinity and a shallow mixed layer depth in the spring. This study
provides first insights into a combination of seasonal and interannual variations in a rapidly
changing Arctic Ocean and highlights the value of long-term observations at high resolution,
in order to assess the interplay between environmental drivers and microbial community
structure and function of microbial communities and particle fluxes in the central area of Fram
Strait.
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1.1 Seasonal dynamics in the Arctic Ocean

The Arctic Ocean is a nearly landlocked ocean characterized by strong seasonal
patterns of solar radiation, sea-ice cover, river runoff, and atmospheric temperatures (Stein
and Macdonald, 2003; Walsh, 2008; Leu et al., 2015). The winter season is marked by low
temperatures, the presence of sea ice and very limited or no light available for primary
production, depending on the latitude (Berge et al., 2015; Leu et al., 2015). Despite the lack
of photosynthetic activity, heterotrophs are sustained by utilizing carbon produced during the

previous light period (Sakshaug, 2004, Berge et al, 2015).

As light returns in spring months (April to May), biological productivity sets in, fueled
by winter nutrients, primarily based on sea-ice algae and phytoplankton (Sakshaug, 2004). The
production period is short, ending in late summer or autumn, and is regulated by light and
nutrient availability (Berge et al., 2015; Wiedmann et al., 2020). The transition from winter to
spring is marked by sea-ice algae vernal blooms occurring as soon as light conditions become
favorable (Leu et al., 2015), with phytoplankton blooms occurring only later, after sea-ice melt
(Leu et al., 2015; Wiedmann et al., 2020). The ice algae act as an important food source in
early spring for pelagic grazers and under-ice fauna (Werner, 1997; Poltermann, 2001; Leu et
al., 2015). After their release from the ice, they can form aggregates and contribute to fast-

sinking particulate organic matter (POM) (Wiedmann et al., 2020).

Sea-ice dynamics influence the stratification of the Arctic water column (von Appen et
al, 2021), which is regulated by salinity rather than by temperature (Rudels and Carmack,
2022). The melting of sea ice in summer, together with river runoff, introduces a significant
input of freshwater into the system, creating a low salinity surface layer with low density,
resulting in a stratified water column (Ekwurzel et al., 2001; von Appen et al, 2021). Sea ice
can also influence the biota, as strong stratification can lead to rapid bloom development and
nutrient depletion due to the limitation of the supply of nutrients by vertical mixing (Stein and

Macdonald, 2003; Oldenburg et al., 2024b). The extent of stratification, most importantly the



mixed layer depth (MLD), influences the ecosystem by keeping phytoplankton in the surface
layer of the ocean (von Appen et al, 2021). Moreover, sea-ice also influences the timing of
phytoplankton blooms and, consequently, the proportion and quality of the sinking particles

(Hodal et al., 2012).

The Arctic is one of the most sensitive regions to the effects of the changing climate
(Walsh, 2008; Portner et al., 2019). In recent decades, a decline in sea ice coverage, thickness,
and extent has been observed (Comiso et al., 2008; Kwok et al., 2009), with approximately
12% reduction in sea-ice extent during September in the Artic (Figure 1) (Spreen et al., 2008).
The retreat of sea ice can affect carbon flux characteristics (Fadeev et al., 2021). Additionally,
there has been an increase in sea surface temperature and in the inflow of warmer water
masses into the Arctic region (Beszczynska-Moller et al., 2012; Polyakov et al., 2017; Portner
et al., 2019; AMAP, 2021). Increase in sea surface temperatures, light availability, along with
changes in sea-ice dynamics, will alter the seasonal cycle in the Arctic Ocean, with an increase
in primary production projected (Arrigo et al., 2008; Lewis et al., 2020). However, a water
column more stratified in summer limiting the nutrient supply in the euphotic zone, eventually
will lead to a reduction of net primary productivity (Arrigo et al., 2008; Carton, Ding and Arrigo,
2015; Lewis et al., 2020). Additionally, an earlier break-up of sea-ice, leading to an earlier
spring phytoplankton bloom, can increase sinking export due to a mismatch between the

timing of phytoplankton and zooplankton cycles (Dunweber et al., 2010; Sejr et al., 2007).
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Figure 1: Mean sea-ice extent (in million square kilometers) in the Artic during September from 1979 to 2023. Sea ice data
obtained from meereisportal.de (Spreen et al., 2008)

Heterotrophic prokaryotes play an essential role mediating fluxes of nutrient and
carbon in marine ecosystems (Arrigo et al., 2005; Azam and Malfatti, 2007). In this thesis, the
term ‘prokaryotes’ refers collectively to bacteria and archaea and will be used throughout the
text.Despite some taxa that are abundant worldwide, marine polar environments have unique
microbial assemblages (Ghiglione et al., 2012). In the Arctic environment, the key taxa
composing primary producers are diatoms, mainly Melosira arctica and Nitzschia frigida, and
pico- or nano-phytoplankton (Wiedmann et al., 2020). The diatoms dominate spring blooms,
often co-occuring with Micromonas pusilla and Phaeocystis pouchetti, which are abundant in
summer (Berge et al, 2015; Leu et al., 2015). Other microbial eukaryotes such as cryptophytes

has also been previously reported in Artic waters (Lovejoy et al., 2011).

The abundance of surface marine prokaryotic communities is described as strongly
influenced by seasonality, primarily due to light availability and phytoplankton blooms
(Pedros-Alid, Potvin and Lovejoy, 2015; Wilson et al., 2017), as well as spatial differences (Lee
at al.,, 2019). During summer and early fall, the most abundant classes are
Alphaproteobacteria, Gammaproteobacteria and Flavobacteriia (Pedrés-Alié, Potvin and
Lovejoy, 2015; Wilson et al., 2017; Lee at al., 2019; Oztiirk et al., 2024). Alphaproteobacteria
are associated with open-water, oligotrophic conditions (Pedrés-Alid, Potvin and Lovejoy,
2015), whereas Gammaproteobacteria and Flavobacteriia are linked to high light availability
and increased phytoplankton levels (Wilson et al., 2017). During winter, an increase in

microbial diversity and archaeal taxa have been reported (Wilson et al., 2017).

Due to the presence of sea-ice and other winter conditions, continuous observations
are difficult in high-latitude environments. However, the use of autonomous technologies
allows year-round studies in polar environments (Herfort et al., 2016; Wietz et al 2021),
unveiling seasonal transitional phases. Coupled with DNA sequencing, the use of autonomous
technologies, such as sediments traps (Cardozo-Mino et al., 2023) and Remote Access
Samplers (RAS) (Metfies et al., 2017; Wietz et al., 2022), allows the linkage between particle

fluxes and microbial diversity, even in remote areas like the Arctic Ocean. Understanding the



seasonal patterns and environmental drivers of microbial communities in the Arctic is
essential for comprehending the variability in their taxonomy composition, resilience and

gaining insights into their responses to the ongoing changes in the Arctic Ocean.

1.2 Sinking particles and the Biological Carbon Pump

The array of processes that capture, distribute and store carbon, thereby regulating
the CO; balance in the ocean, are referred to as carbon pump (Ducklow et al, 2001; Turner,
2015), with sinking particles playing a key role in its biological counterpart (Dugdale and
Goering, 1967) (Figure 2). Only a small percentage of net primary production escapes the
euphotic zone (De La Rocha and Passow, 2007; Iversen, 2023). Nevertheless, sinking particles
are responsible for removing more than 6 Gt of carbon from surface waters annually (Nowicki
et al., 2022). The sinking particles are a mixture of organic and inorganic matter, including
living and carcasses of phyto-, zoo- and bacterioplankton, biological remains (e.g. abandoned
larvacean houses, zooplankton molts), fecal pellets, shells, and minerals (Simon et al, 2002)
(Figure 2). These particles connect the surface to the deeper layers of the ocean, transporting
organic matter mainly produced in the euphotic zone by the primary producers (Turner, 2015).
They also transport nutrients (e.g. C, N, P, S, Fe) and trace elements vertically and horizontally,
thereby nourishing the deep-sea ecosystem (Volk and Hoffert, 1985; Fowler and Knauer 1986;
McDonnell et al. 2015, Boeuf et al, 2019).
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During their descent, the particles undergo rapid colonization and ecological

succession by prokaryotes (Datta et al.,, 2016). These prokaryotes mediate particle

transformations, such as the breakdown and degradation of organic matter, facilitate the

aggregation of small particles into marine snow, or contribute to remineralization and



consequently, trophic transfer of nutrients, carbon and energy through the microbial loop
(Simon et al, 2002, Buesseler et al, 2007; Steinberg et al, 2008; Turner, 2015, Nguyen et al.,
2022). Other organisms such as flagellates and ciliates consume large fractions of the organic
matter (Calbet and Landry, 2004). These processes can strongly attenuate the vertical

transport of sinking particles (Martin et al. 1987).

The quantity and quality of particles are highly variable due to geographic differences,
seasonality, and the vertical distribution of organisms that interact with and produce particles
in the water column (Francois et al., 2002; Henson, Sanders and Madsen, 2012). Particle type
also influences the efficiency of carbon transport to the deep-sea due to differences in sinking
rates (Buesseler and Boyd et al., 2009; Mestre et al., 2018). Larger particles and fecal pellets
sink faster, increasing their chances of reaching deeper layers (Mestre et al., 2018; Fadeev et
al., 2021). Additionally, environmental surface conditions affect the timing and duration of
phytoplankton blooms, consequently influencing particle composition, abundance, and

distribution (Simon et al., 2002; Buesseler and Boyd, 2009; Guidi et al., 2009)

1.3 Sinking particle microbiota

It is well known that sinking particles provide a unique habitat enriched with reduced
chemical substrates and elevated extracellular activity, fueling a wide range of microbial
metabolisms (Kirchman et al., 2010). These particles often harbor distinct microbial taxa
compared to the surrounding seawater (Fontanez et al., 2015; Leu et al., 2022). Additionally,
sinking particles can act as dispersal vectors for viable microbes from the surface, influencing
microbial community structure and function in the deep sea (Mestre et al, 2018, Preston et
al., 2020; Fadeev et al., 2021). Some microbial taxa, considered rare in surface waters, can
become more abundant at deeper layers due to vertical transport, the so-called “seed” taxa

(Mestre et al., 2018; Fadeev et al., 2021).

The size of particles influences microbial composition and transport efficiency, with
larger particles being more efficient at carrying particle-attached microbes to deeper layers

(Mestre et al., 2018; Durkin et al., 2022). The quality of particles also plays a role in shaping



particle-attached heterotrophic microbial communities, enhancing specific taxa (Stephens et
al., 2024). Moreover, these microbial communities undergo compositional shifts with
increasing water column depth (Mestre et al., 2018) and progressive particle degradation

(Durkin et al., 2022).

The taxonomic composition and microbial dynamics of particle-associated microbes
has been studied worldwide, including the Pacific (Mestre et al., 2018; Boeuf et al, 2019;
Preston, Durkin and Yamahara, 2020; Preston et al., 2020; Durkin et al., 2022; Stephens et al.,
2024), Atlantic and Indian oceans (Mestre et al., 2018), and polar regions (Balmonte, Teske
and Arnosti, 2018; Cardozo-Mino et al.,2023). In deep oligotrophic waters, sinking particle
microbial communities were dominated by Arcobacter and Sulfurovum, Colwellia, Moritella
and Shewanella, with lower contribution of archaea (Boeuf et al., 2019). In a sub-artic region,
Stephens et al (2024) found an overlap of free-living and particle-attached communities,
including taxa such as Pirellulaceae, Alteromonadaceae and Vibrionaceae. The Vibrionaceae
specifically, was identified as a proxy of freshly produced zooplankton fecal pellets, with a
replacement by other taxa during degradation and sinking of the particles (Stephens et al.,
2024). In the Central Arctic, some taxa such as Alphaproteobacteria, Flavobacteria and
Gammaproteobacteria highly present in surface seawater were found in sinking particles at

500 meters (Balmonte et al., 2018).

Microbial eukaryote communities within sinking particles are described as more
variable, including grazers, protists, parasites and surface-water-derived foraminifera and
radiolarians (Boeuf et al., 2019). The latter ones are sporadically found in deeper region,
related to higher inputs through fast-sinking particles (Boeuf et al, 2019). Similar to the
findings in the central Arctic by Balmonte et al. (2018), Cardozo-Mino et al. (2023) found
Alphaproteobacteria and Gammaproteobacteria strongly dominating bacterial communities
of sinking particles in another Arctic region, the Fram Strait, together with other
phytoplankton-associated taxa, such as Bacteroidia and Verrucomicrobiae during high carbon
export events. Also, a high dominance of diatoms (Bacillariophyta), dinoflagellates

(Syndiniales), and radiolarians (Acantharea) were described (Cardozo-Mino et al., 2023)



Identifying the microbiota associated with sinking particles and understanding their
seasonal and temporal dynamics is crucial for gaining insights into local carbon export fluxes,
biogeochemical cycles, nutrient dynamics and ecosystem resilience. This information is
particularly valuable for highly climate-sensitive environments like the Arctic (Walsh, 2008;
Portner et al., 2019), as sinking particles play a key role in the BCP (Dugdale and Goering, 1967;
Iversen 2023), which is responsible for the majority of organic matter transport to deeper

ocean layers (Turner, 2015).

1.4 Fram Strait and Long-Term Ecological Research observatory HAUSGARTEN

The Fram Strait (77°N/81°N), located between Greenland and Svalbard, connects the
central Arctic to the North Atlantic, acting as a gateway between the two ocean basins. The
exchange of water masses occurs in both directions (Rudels, 2015) (Figure 3). The inflow of
warmer and salty Atlantic water (2.7 to 8°C) flows toward the central Arctic via the West
Spitsbergen Current (WSC) (Beszczynska-Moeller et al., 2011; Nothig et al, 2015), with some
recirculation in the central region of the strait (Hattermann et al., 2016). At the same time, it
is also where the majority of the Arctic ice export occurs, along with the outflow of the cold
and less saline polar water (-1.7 to 0°C) via the East Greenland Current (EGC) (Beszczynska-
Moeller et al., 2011; Nothig et al, 2015). These water masses harbor different microbial
communities, including eukaryotes, plankton communities, and bacteria (N6thig et al, 2015;

Wietz et al., 2021).

An average of 2800 km? of ice is exported through the Fram Strait each year via the
Transpolar Drift, with significant interannual variability (Dickson et al 2000). Between 1990
and 2010, this export increased by 10% per decade due to enhanced ice melt in the Central
Arctic (Zamani et al., 2019). Sea-ice dynamics play a key role in sinking-particle processes in
the region, with ice-covered regions exhibiting higher export efficiency and enhanced
microbial connectivity (Fadeev et al., 2021). It also influences the composition and timing of
zooplankton (Ramondec et al., 2022), as well as the composition, structure and functionality

of bacterial communities (Priest et al., 2023). For phytoplankton, only minor changes in bloom



timing or duration were observed, however the seasonal variability increased (Nothig et al,

2015).

In addition to sea ice, the influx of Atlantic water also influences the Fram Strait
ecosystem. Priest et al. (2023) identified metabolically distinct microbial populations
associated with varying levels of ice coverage and Atlantic water influx. In the past, two warm
anomaly periods were observed in the region (1999-2000 and 2005-2007) (Beszczynska-
Moller et al., 2012). The warm anomaly of 2005-2007 had temperatures exceeding 1°C from
the usual, along with a decrease in the ice extent and biogenic matter fluxes (Beszczynska-
Moller et al.,, 2012; Lalande et al., 2013). This warm anomaly led to changes in species
composition and abundance of the dominant phytoplankton taxa in the region (N6thig et al,
2015; Onda et al., 2020). It caused a shift from the dominance of large diatoms to smaller cells,
such as coccolithophores, later replaced by an increase in the flagellates Phaeocystis pouchetti
that persisted in the next years (Lalande et al., 2013; N6thig et al, 2015). Atlantic water influxes
are also related to the northward expansion of subarctic habitats which bring invasive species
with the potential to replace Arctic communities, the “Atlantification” phenomenon, with

consequences throughout the entire Arctic food web (Polyakov et al., 2017)

Seasonal pattern in surface water microbial communities in the region of Fram Strait
have been previously described (Oldenburg et al., 2024a, Priest et al., 2025). Microeukaryotic
communities were described exhibiting a recurring structure, starting in early spring with
primary producers, transitioning to mixotrophs in autumn, and eventually leading to the
dominance of heterotrophs and parasites in winter (Oldenburg et al., 2024a). Key taxa
identified by Oldenburg et al. (2024a) include Ochrophyta dominating primary production,
with a shift to Chlorophyta in autumn. Dinoflagellates, such as Syndiniales and Dinophyceae,
are dominant in the transitional phases of spring and autumn (Oldenburg et al., 2024a). Other
key groups include Ciliophora in summer, Cryptophyta in summer and autumn, and Radiolaria

in winter and spring (Oldenburg et al., 2024a).
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Figure 3: Bathymetric map of the Fram Strait with main currents. Flow directions are indicate by arrows, where
the red arrows indicate the West Spitsbergen Current carrying Atlantic Water into the region and the blue arrows
the East Greenland Current with cold polar water exiting the Arctic Ocean.

The Fram Strait is a key Arctic region due the interaction of water masses from the
Artic and Atlantic Oceans (Beszczynska-Moller et al., 2011; No6thig et al, 2015), and as a polar
region, it is also subject to extreme seasonality. Even though the region has been studied for
over 20 years (Soltwedel et al., 2016), the use of amplicons sequencing analysis coupled with
sediment traps is recent (Cardozo-Mino et al., 2020). Understanding the seasonal dynamics,
environmental drivers and interactions between sinking particle-attached microbes with free-
living surface microbial communities is essential in this highly seasonal environment.
Moreover, characterizing the composition of these communities provide valuable insights into
the microbial connectivity throughout the water column, and the impact of seasonal changes

and interannual variations on carbon cycling in the Arctic. A previous study identified the



prokaryotic communities associated with sinking particles in the Fram Strait region (Cardozo-
Mino et al., 2023). However, this study was focused on high export events in spring and
summer and spring between 2000 and 2012. An seasonally resolved study of sinking-particle
microbial communities in the Fram Strait is essential to better understand the transitional
phases and seasonal dynamics within these communities and contrast them to interannual

dynamics.

This study was conducted in the framework of the FRAM Molecular Observatory at the
Long-Term Ecological Research (LTER) Site HAUSGARTEN operated by the Alfred Wegener
Institute Helmholtz Center for Polar and Marine Research. Sequences from surface waters
were available from the FRAM Molecular Observatory. Sinking particle samples were
sequenced as part of the EU Project AtlantECO (European Union’s Horizon 2020 research and
innovation programme, grant agreement number 862923). Resources were provided by the
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI) and the Max

Planck Institute for Marine Microbiology.



1.5 Aims of the project

This project investigates the composition of bacterial and eukaryotic communities in
surface waters and on sinking particles across four years, using seasonally resolved amplicon
sequencing data collected with autonomous samplers in the Fram Strait. The major goal was
to identify and explore seasonal and interannual variations of surface water free-living and
particle-attached microbial communities in their environmental context, including sea ice

cover, water properties and particulate organic carbon flux.

We hypothesized that:

1. The strong seasonal dynamics in the Arctic are reflected not only in annually
recurring seasonal patterns of free-living but also of sinking-particle associated
microbial communities

2. Strong interannual environmental variations, such as sea ice or water
temperature anomalies, lead to observable shifts in the composition of both
surface water and particle-associated communities.

3. Seaice dynamics are a major driver for shaping surface microbial communities,

and subsequent microbial particle composition



2 MATERIAL AND METHODS

2.1 Sampling

Surface water and sinking-particle samples were collected at the Long-Term Ecological
Research Observatory (LTER) HAUSGARTEN station HGIV, located in the central area of the
Fram Strait (79°0'25.92" N, 4°20'3.12" E), Arctic (Figure 4). The sampling occurred during RV
Polarstern expeditions PS99, PS107, PS114 and PS121. The deployment and collection dates,
as well as the sampling depths of sediments traps and moored Remote Access Samplers (RAS)

can be found in Appendix 1.

——— 250m

- 500m

Ocean Data View

Figure 4: Location of the HG-IV station at the LTER HAUSGARTEN observatory in Fram Strait. In black the name of the main
regions. At side, the color gradient represents the bathymetry of the region.

Sinking particles were sampled using automatic sediment traps (K.U.M trap type K/MT
234, Kiel Germany) and surface water was sampled using Remote Access Samplers (RAS;
McLane Research Laboratories) (Figure 5). Both systems were anchored by seafloor moorings,
deployed and recovered as part of AWI-led expeditions over four complete years (mid-2016 —

mid-2021). Deployments usually lasted 1 year, except for RAS and sediment traps recovered



during PS121, which remained in the water for 2 years (2019-2021). Due to water movement,
the sampling depth of RAS varied between 24 and 131 meters. For the sediment traps, the

average deployment depth was around 200 m.

Sediment traps had a sampling area of 0.5 m? with 20 collection cups. Each cup was
filled with sterile-filtered North Sea seawater (40 PSU) and mercuric chloride (0.14% final
concentration), which served as fixation for the samples (Wietz et al., 2022). Sampling cups
rotated at intervals that varied between 8 and 91 days, depending on the anticipated
magnitude of particulate organic matter (POM) flux. After recovery, samples were refrigerated
at 4°C for later analysis. The samples corresponding to the period of spring and summer of
2019 were not collected due to a failure in the sediment trap mechanism. In the laboratory,
zooplankton (swimmers) larger than 0.5 mm were removed with forceps under a dissecting
microscope (AWI Polar Biological Oceanography Group). Then, samples were split using a wet
splitting procedure (Bodungen et al, 1991) for different measurements and stored at 4 °C. All
samples were checked for signs of decomposition in the original cups, including rotten or

sulfidic smell, black color and zooplankton decomposition.

The RAS contained 48 sterile sampling bags (500 ml), filled with 700 uL of mercuric
chloride solution (7.5% w/v). The sampling events were previously programmed, with two
samples per event with an hour apart. At an event, approximately 500 ml of water were
automatically pumped and fixed by the mercuric chloride (0.01% final concentration). After
recovery and subsampling for distinct analysis, two sampling bags were combined and filtered

using 0.22 um Sterivex filters and refrigerated at -20°C for later analysis.



RAS Mooring Sediment Trap

Figure 5: Scheme of (A) Remote Access Sampler (RAS) and (B) Sediment Trap. Yellow squares represent CTD sensors.

2.2 DNA extraction and sequencing

DNA extractions from sinking particle and surface water samples were done using the
DNeasy PowerWater Kit (QIAGEN, Germany) by the AWI Polar Biological Oceanography and
Deep-sea Ecology and Technology groups, following the manufacturer’s protocol. For
prokaryotes the 16S hypervariable V4-V5 rRNA region was amplified using primers 515F (5’-
GTG YCA GCM GCC GCC GTA A-3’) and 926R (5’-CCG YCA ATT YMT TTR AGT TT-3’) (Parada et
al. 2016). For microbial eukaryotes, the hypervariable V4 region of the 18S rRNA gene was
amplified using primers 528iF (5'-GCG GTA ATT CCA GCT CC A-3’) and 964iR (5’'-AC TTT CGT
TCT TGA TYR R-3’) (Metfies et al., 2020). Sequencing was performed by Genoscope (National
Center of Sequencing, France) for the sinking-particle samples and by the Alfred-Wegener
Intitute for the surface water samples, both using Illumina MiSeq platform in 2 x 300 bp
paired-end runs (Wietz et al., 2021; Cardozo-Mino et al., 2023). Negative controls of PCR
amplification were available for surface water samples, but were not provided for sinking-
particle samples. Some samples were unsuccessful in the sequencing process. The samples for
the sediment trap, Fevi34 cups 4, 12 and 15, and Fevi40 cups 7, 10, 11 and 12, failed in the

sequencing of microbial eukaryotic organisms, while Fevi 40 cup 9, failing for both prokaryotic



and eukaryotic sequencing. An overview of samples can be visualized on the Appendix 1. For
the RAS samples, the HS2_PS114 E9 (corresponding to the first half of February 2018) and
HS2_PS114_E11 (corresponding the first half of March 2018) failed in the sequencing of
microbial eukaryotic organisms. The sequences for the water column are deposited in the
European Nucleotide Archive under umbrella project FRAM/HAUSGARTEN with accession
number PRJEB43905. The sequences for the sinking particles are uploaded in the same

repository under umbrella project AtlantECO with accession number PRIEB78421.

2.3 Environmental parameters

Biogeochemical measurements of the particles, such as particulate organic matter
(POM), particulate organic carbon (POC), particulate organic nitrogen (PON), silica (dissolved
and particulate), and calcium carbonate (CaCOs), were provided by the Polar Biological
Oceanography group at AWI (pers. comm. M.lversen). Briefly, triplicate subsamples for POC
and PON analyses were measured using an elemental analyzer after filtration through pre-
combusted GF/F filters (0.7 um, 500 °C for 4 h) and an acid treatment (0.1 N HCL) to remove
inorganic carbon and drying (60°C for 12 h). The CaCO; content was estimated by measuring
inorganic carbon and converting it to carbonate values using correction factors when calcium
carbonate-containing organisms were present in the samples. Finally, subsamples for biogenic
silica measurements were filtered on cellulose acetate filters (0.8 um pore size) and
determined by a wet-alkaline digestion process followed by an extraction for 2h at 85°Cin a
shaking water bath. All procedures were conducted following the methodology described in
Bodungen et al (1991), which provides more details for each procedure. Fluxes were
calculated using the average of triplicates in milligrams (mg) and converted to daily fluxes per
square meter. The Dixon’s Q test (Dean and Dixon, 1951) was used to identify outliers,

resulting in the removing of one replica from POM from Fevi34 cup12.

Environmental parameters of the CTD sensors (SeaBird SBE37-ODO and Microcat)
attached to the moorings, including temperature, depth, salinity, oxygen and chlorophyll
concentrations measurements, were recovered from PANGAEA repository from von Appen

(2019) and Hoppmann et al (2023). The proportion of Atlantic (AW) and Polar water (PW) were



determined based on the physico-chemical characteristics of the water masses, using the
environmental parameters collected with the CTD (see Wietz et al. 2021 for details). The polar
water comprises both the outflowing water from the Arctic through the East Greenland
Current (EGC) and other sources of fresh, cold water, including meltwater. A water mass was
considered as pure fraction when its relative proportion exceeded 80%, otherwise it was
classified as a mixture. Sea ice concentration is an updated version of Melsheimer et al (2019)
in the PANGAEA repository (https://doi.org/10.1594/PANGAEA.898399) that can be
recovered from https://seaice.uni-bremen.de/data/amsr2/asi_daygrid_swath/. Distance of
sea-ice edge was calculated based on the distance from the mooring to the 20% sea-ice
concentration (in km), with negative values indicating that the sea-ice concentration exceeded
20%. Mixed Layer Depth (MLD) was determined by multiple CTD sensors along the mooring.
The Physical Oceanography group at AWI (W.-J. von Appen, pers. comm.) provided all the
calculations. Finally, the environmental parameters originally in hourly resolution were
averaged for daily resolution. Environmental parameters of the surface were associated to the
sinking-particle samples with a 4-days delay, assuming particle sinking velocities of 60 m d!
(Fadeev et al., 2021). The definition of seasons followed the seasonal divisions previously
established by Wietz et al. (2021) for the Fram Strait: spring (mid-April to mid-June), summer

(mid-June to late-July), autumn (August to October), and winter (November to mid-April).

2.4 Bioinformatic and statistical analyses

Statistical analysis was performed using R v.4.4.1 (R Core Team, 2024) and RStudio
v.2024.04.2 (Posit team, 2024). The DADA2 workflow and cleaning process followed modified
scripts (Dataload and DataProcessing) for the RAS-1617 repository from
https://github.com/matthiaswietz/RAS-1617 (Wietz et al., 2021) and from Pauli et al, 2021.
The complete set of scripts used to produce the images in this project can be found at
https://github.com/acgusmao32/MSc_FStrait. Primers were removed from the raw paired-
end reads using Cutadapt (Martin, 2011). The DADA2 package (Callahan et al., 2016) was used
for quality checking of the sequences and taxonomic assignment into amplicon sequence
variants (ASVs). The four datasets (prokaryotes and microeukaryotes from the sediment trap,

prokaryotes and microeukaryotes from the water column) were analysed separately, and later



merged into two datasets, one for all 16S sequences and one for all 18S sequences. After
filtering and truncation (Table 1), error models were calculated from the quality profiles,
followed by dereplication, denoising and merging of the sequences. Then, chimeras, junk
sequences (sequences outside the expected amplicon length range) and singletons
(sequences that appear only once across the entire dataset) were removed. The length range
used was 354-412 bp for 16S dataset and 318-403 bp for 18S. Taxonomic assignment were
done using the databases SILVA v.138.2 (Quast et al., 2013) and PR2 v.5.0 (Guillou et al., 2013)

for 16S and 18S datasets, respectively.

Table 1: Truncation parameters used in DADA2 pipeline for each dataset

Dataset Trunc values Forward Trunc values Reverse
16S Sinking Particles 250 bp 190 bp
18S Sinking Particles 260 bp 200 bp
16S Water Column 250 bp 190 bp
18S Water Column 230 bp 216 bp

An additional cleaning step removed for the 16S dataset the ASVs unclassified at
phylum level and classified as mitochondria, chloroplasts or considered human contaminants,
such as: Propionibacteriaceae, Weeksellaceae, Corynebacteriaceae, Streptococcaceae,
Xanthobacteraceae, Staphylococcacea and Burkholderiaceae from the 16S dataset. For the
18S dataset, ASVs unclassified at the kingdom level or classified as metazoans were removed.
The negative controls of PCR amplification were removed from the surface water samples.
Two samples (Fevi36 Up09 and Fevi36 Up15) of the 16S dataset were also removed due to the
higher relative abundance of the family Sulfurimonadaceae. This taxon is composed by sulfur-

oxidizing members (Han and Perner, 2015), which could indicate fixation issues.

The sampling effort was checked using rarefaction curves of the observed species for
each dataset, created with iINEXT package v.3.0.1 (Hsieh et al, 2016). Alpha-diversity analysis
included the number of observed ASVs, as well as Chaol, Shannon and Inverse Simpson
metrics, calculated using the raw ASV table (including singletons and unclassified taxa at
phylum or kingdom level) through phyloseq R package v. 1.48.0 (McMurdie and Holmes,
2013). The normalization was achieved by rarefaction using the lowest possible number higher

than 10.000 reads. As result, some samples with an insufficient number of reads were



removed, those being Fevi36_Up09, Fevi36_Upl5 and HS3_PS121 E35 for microbial
eukaryotes and HS1_PS107_E39 for prokaryotes (Appendix 1). Samples were collapsed by
season in each dataset, and tested for significance with Kruskal-Wallis and pairwise Wilcoxon

tests using the ggpubr package v. 0.6.0 (Kassambara, 2023).

The datasets were further subdivided into particle-attached and surface water
categories. For visualization, each subset was then grouped at the family level for prokaryotes
and at the class level for microbial eukaryotes, with sample counts transformed into relative
abundance percentages. The five most abundant taxa at a specific taxonomic level were
identified by the sum of counts across all samples with the grouped file and calculation of
relative abundance. Then, all taxa at that specific level with mean abundance lower than 2%

were considered rare and removed or collapsed as a new group called “Others”.

To evaluate compositional differences and visualize patterns in the microbial
communities, non-metric multidimensional scaling (NMDS) with Bray-Curtis dissimilarity was
performed after Hellinger transformation (Wietz et al., 2022). The function envfit also from
vegan package, was used to assess the influence of environmental variables on community
structure (Oksanen et al., 2007). The method tested significance of each variable through 999
permutations, where variables with low p-value (p < 0.05) were considered significantly
associated with the structure of the microbial community in the direction of the vector. It was
also tested the analysis of variance using distance matrices (ADONIS). The Mantel tests were
used to assess the influence of each environmental parameter on microbial community
dissimilarity, and between prokaryotic and microbial eukaryotic communities’ dissimilarities.
The Mantel test was calculated using vegan package v.2.6.8 (Oksanen et al., 2017) and linkET
package v.0.0.7.4 (Huang, 2021), with Euclidean distance for environmental parameters, Bray-
Curtis for microbial communities, method Spearman and 999 permutations. Finally, shared
and exclusive ASVs were analyzed to identify habitat-specific microbial communities and
overlap between habitats at the ASV level, using the ggvenn package v. 0.1.10 (Yan, 2023).
Other R packages used during analyses for plot creation included dplyr, ggplot2, gridExtra and

tidyverse.



3.1 Oceanographic conditions overview

The oceanographic conditions varied across years, with the evident differences
observed in the proportion of Atlantic Water (AW) and Polar Water (PW) in 2019 and 2020
(Figure 6). The average proportion of PW in the time-series was 30%, with specific periods
reaching 100%. The period from January 2020 to September 2020 reached the highest
proportion of PW more frequently, although intermittently. Also, it was observed a record-
breaking marine cold air outbreak in early 2020 in Fram Strait, where the intensified cold air
interacting in the sea-air interface likely enhanced heat loss, promoting surface cooling
(Dahlke, Solbes and Maturilli, 2022). We termed the period between January and September

2020 as a cold anomaly event (McPherson pers. comm.)
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Figure 6: Proportions of water fractions (%) at HG-1V station from July 2016 to June 2021. Trend lines and confidence intervals
(95%) are shown in red for Atlantic Water and blue for Polar Water fractions. Background colors represent the seasons: yellow
for summer, red for autumn, blue for winter and green for spring. Blue dashed lines indicate the cold anomaly event. The
original data (hourly resolution) was averaged per day.
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Water temperature varied seasonally, with values dropping during winter and starting
to increasing again during spring (Figure 7). With an average of 3.1 + 1.9 (SD), the lowest
recorded temperature was -1.7°C in spring 2020, during the cold anomaly, and the highest
value of 7°C was reached in autumn 2016. Salinity was more stable and was 34.8 + 0.2 (SD),
on average, with a decrease between May 2019 and August 2019, as well as between February
2020 and May 2020, also co-occurring with the cold anomaly (Figure 7). Sea-ice concentration
is a reflection of the sea-ice transported from other regions through the Fram Strait (Zamani
et al., 2019) with peaks usually during spring and summer. An unusual peak (96% coverage)
can be observed in late winter, in April 2020, during the cold anomaly event. This higher sea-
ice concentration, linked with the higher proportion of polar water, could represent a stronger
and earlier melt season. The Mixed Layer Depth (MLD) also presented seasonal trends,
reaching higher depths during winter and early spring, with a maximum of 415 m in 2017. A
different pattern can be observed between March and April 2020, likely influenced by the
lower salinity during the cold anomaly event, which made the water column more stratified,

resulting in a shallower MLD.
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Figure 7: Temperature (°C), Salinity, Sea-ice concentration (% coverage) and Mixed Layer Depth (meters) at station HG-IV
from July 2016 to June 2021. Background colors represent the seasons: yellow for summer, red for autumn, blue for winter
and green for spring. The trend line and confidence intervals (95%) are shown in red on the two middle plots. Blue dashed
lines indicate the cold anomaly event. The original data (hourly resolution) was averaged per day.

Chlorophyll concentrations presented clear seasonal trends (Figure 8), with higher
values during spring and summer, reflecting the increase in primary productivity. The cold
anomaly does not appear to have an effect on chlorophyll concentrations. However, since the
values are uncalibrated, this conclusion cannot be confirmed. The average distance of the sea-
ice edge from the mooring was 66.5 + 17.9 (SD) km, with the distance usually shorter in spring
for most of the time-series (Figure 8). A different pattern was observed in spring 2018 with
the sea-ice edge being more distant compared to other vyears. Dissolved oxygen

concentrations also presented seasonal variations, as shown by the trend line (Figure 8), with



values increasing during spring as a result of photosynthesis and decreasing during autumn.
The concentrations ranged from 283 to 416 pumol/L, with an average of 316.2 + 17.9 (SD)
umol/L.
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Figure 8: Chlorophyll concentration (mg/m3), distance of sea-ice edge (km) from the mooring and dissolved oxygen
concentration (umol L1) at station HG-IV from July 2016 to June 2021. Background colors represent the seasons: yellow for
summer, red for autumn, blue for winter and green for spring. The trend line and confidence intervals (95%) are shown in
red on the last two plots Blue dashed lines indicate the cold anomaly event. The original data (hourly resolution) was averaged
per day.

3.2 Sinking particle fluxes in Fram Strait (2016-2021)

The particle fluxes followed a bi-modal annual export of particulate organic carbon
(POC) linked with the productive season (spring, summer/autumn) (Figure 9 - A). The
magnitude of POC flux ranged from 0.31 to 35 mg m2 d%, with the first export event (usually

5to 10 mg m2 d1) occurring during the transition from winter to spring and the second, more



intense ( > 10 mg m2 d! ), peaking in summer/autumn. Particulate organic nitrogen (PON)
remained low for most of the dataset, surpassing 3 mg m?2 d! + 1 three times, during
September of 2016, August 2017 and July 2020. The carbonate flux had an average of 12.6 mg
m=2d?+7.6. Overall, the PON and carbonate fluxes followed similar trends to the POC events
(Figure 9 — B, C). The exported flux of biogenic silica (BSi), combined with particulate silica
(Figure 9—D), also remained low (< 5 mg m2d1) for most of the time series. However, sporadic
higher export events (> 10 mg m d!) were observed annually during one of the productive

seasons, indicating the development and export of diatom blooms.

There was notable interannual variability in the fluxes observed, with some differences
in the timing and magnitude of exports. In 2017, the highest silica export event was not
recorded. Also, during this year, the PON flux reached its highest magnitude (4.78 mg m2d)
in the time series. In 2018, the higher silica export event occurred earlier, coinciding with the
first POC export event, unlike in other years, where it aligned with the second peak in POC
export. Also during spring of 2018, the station was more distant of the sea-ice edge than in
other years. Finally, deviating from the typical pattern, the second POC export event in 2020
was lower than the first. No significant difference were found in the magnitude of the POC,
and carbonate fluxes during the year of the cold anomaly compared to 2017 and 2018 (T-test,
p>0.05). The higher silica export event was also tested against the events in 2018 and 2016,
with no significant difference observed (Wilcoxon, p>0.05). For PON, the only significant

difference (Wilcoxon, p<0.05) was observed with 2017.
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Figure 9: Particle fluxes (mg m2 d-1) at station HG-IV in Fram Strait from 2016 to 2021. The fluxes are (A) POC = Particulate
Organic Carbon, (B) PON = Particulate Organic Nitrogen, (C) CARB = Carbonate and (D) SIL = Silica (BSi + Particulate). The black
dashed line represents the mean of daily flux rates across the entire period. The blue area indicates the cold anomaly event.
Color of the bars represent the seasons: summer (orange), autumn (red), winter (blue) and spring (green).

3.3 Richness and Diversity of microbial communities

We recovered 15084 ASVs for prokaryotes, which after filtering, totalized 13658 ASVs,
with 13222 associated with Bacteria and 436 with Archaea. For microbial eukaryotes, 12348
ASVs were identified, with 10635 ASVs remaining after the filtering, with the protist group
TSAR with the highest amount of ASVS (8639). The average sequence reads for samples were
126762 + 94932 for prokaryotes and 108602 + 66873.



Rarefaction curves showed that diversity was sufficiently covered in most microbial
eukaryote samples. Although the full diversity may not have been captured for prokaryotes,
the overall coverage indicated that most of the community diversity was captured (Appendix
2). The number of observed ASVs per sample ranged from 311 to 1656 (mean: 876 + 343 SD)
for prokaryotes, with microbial eukaryotes presenting a lower variation in richness, ranging
from 64 to 909 (mean: 342 + 127 SD). Chaol richness estimates presented a similar pattern as
the observed ASVs, with higher variation in prokaryotes (mean: 1289 + 520 SD) compared to
microbial eukaryotes (mean: 402 + 159 SD). Shannon and Inverse Simpson indices presented
an average of 4.6 + 0.8 SD and 46 + 37 SD for prokaryotes, and 3.8 + 0.6 SD and 18.5+12.4 SD

for microbial eukaryotes, respectively.

Richness differed significantly across seasons (Kruskal-Wallis, p < 0.05) for all metrics
in surface water prokaryotic communities, highlighting the importance of seasonal variability
for the diversity of these communities. For particle-associated communities, only observed
ASVs and Chaol presented significant differences across seasons (Figure 10). These results
suggest the presence of unique ASVs per season, which, however, do not affect community
evenness. The winter was the season with highest richness and diversity, being significantly
different from the other seasons in most pairwise comparisons (Wilcoxon test, p <0.05). These
elevated values are likely due the mixture of deep and surface waters that occurs during

winter, which inflates richness.



Prokaryotes
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Figure 20: Alpha-diversity metrics for prokaryotes. Each column is an alpha-diversity metric (Observed ASVs, Chaol, Shannon
and Inverse Simpson). The upper section corresponds to surface water, while the lower section corresponds particle-attached
communities. Boxplot colors indicate seasons: red for autumn, green for spring, orange for summer, and blue for winter. The
p-value is derived from the Kruskal-Wallis test. Asterisks represent significant pairwise comparisons by Wilcoxon test: * (p <
0.05), ** (p £0.01), *** (p £0.001), and **** (p < 0.0001).

Microbial eukaryotes showed significant difference (Kruskal-Wallis, p< 0.05) in
richness (observed ASVs and Chaol), but not for the evenness. The inverse Simpson metric
was not significant in both habitats (surface water and particle-associated), whereas, the
Shannon diversity presented a significant, but weak, difference in the particle-attached
communities (Kruskal-Wallis, p = 0.04) (Figure 11). This suggests a stable community across
the seasons for both habitats, where, despite variations in richness, the distribution of

individuals across taxa remained comparable.



Microbial Eukaryotes
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Figure 11: Alpha-diversity metrics for microbial eukaryotes. Each column is an alpha-diversity metric (Observed ASVs, Chaol,
Shannon and Inverse Simpson). The upper section corresponds to surface water, while the lower section corresponds particle-
attached communities. Boxplot colors indicate seasons: red for autumn, green for spring, orange for summer, and blue for
winter. The p-value is derived from the Kruskal-Wallis test. Asterisks represent significant pairwise comparisons by Wilcoxon
test: * (p £0.05), ** (p £0.01), *** (p £0.001), and **** (p <0.0001).

The comparison of alpha-diversity metrics between seasons over time revealed few
significant differences between years, with most occurring between winters for both
prokaryotes and microbial eukaryotes in both habitats (surface and particle-associated)
(Appendix 3 and 4). Specifically, the winter of 2020, during the cold anomaly, showed only one
significant difference in the observed ASVs metric for the particle-associated prokaryotic

community compared to the winter of 2018.

3.4 Microbial composition of surface waters in Fram Strait



Eleven microbial eukaryotic families from eight classes were found with more than 2%
of relative abundance in surface water samples (Figure 12). Families of diatoms
(Chaetocerotaceae, Thalassiosiraceae and Bacillariaceae), dinoflagellates (Gymnodiniaceae,
Suessiaceae and unclassified Dinophyceae), intracellular parasites (Dino-I-1), ciliates
(Ephelotidae and Strombidiidae), radiolarians (RAD-C) and microalgae (Phaeocystaceae)
dominated the microbiome. The most abundant family was Bacillariaceae (10%), followed by
Ephelotidae (9%), Dino-I-1 (8%) and Phaeocystaceae (5%). The most abundant genera of

Bacillariaceae was Pseudo-nitzschia, comprising 45% of the family.

For surface prokaryotic communities, it was found thirteen families of four classes with
relative abundance more than 2% (Figure 12). The most abundant families of prokaryotes
were the SAR11 Clade 1 (14%), followed by Flavobacteriaceae (13%). Other families
composing the microbiome were common marine families (SAR11 Clade Il, and SAR 86), and,
Thioglobaceae, Porticoccaceae, Paracoccaceae, Nitrosopumilaceae, Nitrincolaceae,
Methylophilaceae, Magnetospiraceae, HOC36 and AEGEAN-169. The most abundant genera
within the Flavobacteriaceae family is Polaribacter, comprising 30% of the total abundance of

the family.

Seasonal patterns were observed for some microbial eukaryotic families, but not all
(Figure 12). Dino-I-1 (class Syndiniales), RAD-C and Ephelotidae showed an increase in relative
abundance during winter, whereas Phaeocystaceae, diatoms families and Strombidiidae
exhibited increase in relative abundance during the productive seasons (spring, summer and
autumn). The dinoflagellates from the Dinophyceae class did not showed a clear seasonal
pattern, as their relative abundance fluctuated across different seasons. Interannual
variability was also observed. The Ephelotidae showed an increase in relative abundance, but
only every other year. Bacillariaceae typically peaked in autumn, however, in 2018 a peak was
observed in spring. That same year Phaeocystaceae showed a different dynamic, with a
decline in relative abundance compared to other years. The diatom family Chaetocerotaceae
showed a decline in relative abundance during the spring of 2019, in contrast to previous

years, and this trend continued into the spring in 2020. Finally, RAD-C exhibited a decline in



the winter of 2020 and Dino-I-1 that usually peaks in winter, showed an increase in relative

abundance in spring of 2021.

The majority of the prokaryotic families showed clear seasonal patterns (Figure 12).
Flavobacteriaceae and Nitrincolaceae increased in relative abundance during spring-summer,
while Paracoccaceae showed peaks in autumn. The Porticoccaceae was the only family that
did not show a seasonal pattern, maintaining low relative abundance across all seasons for
the most of the dataset. All other families, including Nitrosopumilaceae, uncultured HOC 36,
AEGEAN-169, Magnetospiraceae, Methylophilaceae, SAR11 (Clade | and 1), SAR 86 and
Thioglobaceae, had higher sequence proportions in autumn and winter. Interannual variability
was observed in Porticoccaceae, Nitrincolaceae and HOC36. Porticoccaceae exhibited an
increase in relative abundance during the spring and summer of 2020. Nitrincolaceae showed
a decline in relative abundance during the spring and summer of 2017, while HOC36 declined

in winter of 2019-2020.
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Figure 12: Relative abundance and taxonomic affiliation of surface water microbial communities in Fram Strait from 2016 to
2020. Relative abundance (%) of (A) microbial eukaryotes and (B) prokaryotes, filtered to include only the most abundant
families (>2%). Taxonomic classification at the family level is also grouped by class. The colored bar at the bottom of the plots
represents the seasons: winter is blue, autumn is red, summer is orange and spring is green.

3.5 Microbial composition of sinking particles in Fram Strait



Fourteen families above 2% relative abundance (Figure 13) comprised the microbiome
of sinking-particle microbial eukaryotes. It included radiolarians (Acantharea C3), diatoms
(Chaetocerotaceae), stramenopiles (MAST-9), green algae (Chloropicaceae), intracellular
parasites (unclassified Microsporida, Dino-I-1, Dino-I-2 and Dino-I-3), dinoflagellates
(Dinophyceae) and other heterotrophic protists (Cryothecomonas, Protaspa and Pirsoniales).
The most abundant families was Dino-I-1 (13%), followed by unclassified Microsporida (10%),
Dino-I-2 (9%) and Chaetocerotaceae (4%). Four families were shared between sinking-particle
communities and surface water, being them the Chaetocerotaceae, Dino-I-1, Suessiaceae and

unclassified Dinophyceae.

A seasonal trend was observed in the family MAST-9 and Dino-I-2, with an increase in
relative abundance during winter. Unclassified Microsporida showed an increase in relative
abundance during the winter-spring transition. Acantharea C3, Chaetocerotaceae, Protaspa
and unclassified Gymnodiniales showed an increase in relative abundance during the
productive seasons (spring, summer and/or autumn). No seasonal trend was observed for
Cryothecomonas, Chloropicaceae, unclassified Pirsoniales, Suessiaceae, unclassified
Dinophyceae, DINO-I-1 and Dino-I-3. Variability between years was also observed. MAST-9 and
unclassified Microsporida showed a decline in relative abundance during the winter of 2016-
2017 compared to the following years. Also in 2017, the unclassified Pirsoniales exhibited an
increase in relative abundance and Dino-I-2, which usually peaks in winter, instead peaked in
autumn. A peak of Cryothecomonas was observed in the summer and autumn of 2018, while
Acantharea C3 was absent during this year. Chloropicaceae showed an increase in relative
abundance only during 2019 and 2020. Chaetocerotaceae exhibited an increase in abundance
during the summer-autumn of 2020 compared with to previous years, maintaining high

relative abundance throughout the following winter.
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Figure 13: Relative abundance and taxonomic affiliation of particle-associated microbial communities in Fram Strait from
2016 to 2021. Relative abundance (%) of (A) microbial eukaryotes and (B) prokaryotes, filtered to include only the most
abundant families (>2%). Taxonomic classification at the family level is also grouped by class. The colored bar at the bottom
of the plots represents the seasons: winter is blue, autumn is red, summer is orange and spring is green. ND = No data

available.

There were nine prokaryotic families with more than 2% relative abundance of six

classes (Figure 14). Mycoplasmataceae were the most abundant (24%), followed by



Flavobacteriaceae (22%). Other families present in the sinking-particle prokaryotic community
are associated with organic matter degradation, including Colwelliaceae, Coxiellaceae, and
Rubritalaceae. The Flavobacteriaceae together with Paracoccaceae were the only two relative
abundant families from the surface water also present in the sinking-particle samples. Even
though the families are shared between habitats, they differ in the most abundant lower
taxonomic levels. Unlike in the surface habitat, where the most abundant genera within these
families were Polaribacter for Flavobateriaceae and Amylibacter for Paracoccaceae, the
dominant genera in sinking-particle samples were Aurantivirga and Sulfitobacter, repectively,

accounting for 32% and 27% of the total abundance of their respective families

The majority of the families did not follow any apparent seasonal trends, such as
Flavobacteriaceae, Mycoplasmataceae, Spongiibacteriaceae, Coxiellaceae, Colwelliaceae,
Pirellulaceae and Beijerinckiaceae. Only Rubritalaceae and Paracoccaceae showed an
apparent seasonal pattern. Rubritalaceae showed an increase in relative abundance during
the summer-autumn, whereas Paracoccaceae tended to increase in relative abundance during
winter. Interannual variability was observed for Pirellulaceae, that showed an increase in
relative abundance during 2018 and a decline in 2020. The family Flavobacteriaceae, rather
than presenting a seasonal pattern, seems to follow an inverse correlation with the microbial
eukaryote families Dino-I-1 and Dino-I-2 of the Syndiniales class. This can be clearly observed
in the spring of 2018, with a strong decrease in the both Syndiniales families and a concurrent
increase in Flavobacteriaceae. Beijerinckiaceae showed an interesting temporal pattern, with
increased abundances starting in 2019, followed by a decline during the cold anomaly, and
then a subsequent rise in the autumn of 2020. This trend closely mirrors the dynamics of the
green algae Chloropicophyceae, which also exhibited a bloom in 2019 and followed a similar
fluctuation thereafter. The parallel dynamics suggest a possible ecological link between

Beijerinckiaceae and Chloropicophyceae blooms.

3.6 Similarities and differences in microbial communities across habitats and

seasons



Microbial communities were distinct across habitats (surface water and sinking
particles), sharing only 15% and 10% of the ASVs for prokaryotes and microbial eukaryotes,
respectively (Figure 14). For prokaryotes, the particle-associated communities had the highest
number of exclusive ASVs (5561), accounting for 50% of the dataset. For microbial eukaryotes,
the surface water community had the most exclusive ASVs (6046), representing 68.5% of the
total. The distinct composition of the communities in both datasets suggest a high degree of
specialized communities. This pattern is further supported by NMDS analysis (Appendix 6) and
ANOSIM tests (R = 0.9, p < 0.05 for prokaryotes and R= 0.7, p < 0.05 for microeukaryotes),

which shows a clear separation between the two habitats.

Prokaryotes
Particle-associated Free-living Surface Water

5561 1659 3795

(50.5%) (15.1%) (34.5%)

Microbial Eukaryotes

Particle-associated Free-living Surface Water

1838 942 6046

(20.8%) (10.7%) (68.5%)

Figure 14: Venn Diagrams of exclusive and shared ASVs between surface water and particle-attached microbial communities
for (A) prokaryotes and (B) Microbial Eukaryotes. The values were rarefied by sequencing depth using the lowest number of
sequences higher than 10,000.



Particle-associated prokaryotic communities shared 17.4% of ASVs between all
seasons, whereas, microbial eukaryotes shared 11.3% of ASVs. The highest overlap between
two seasons occurred between autumn and winter for both domains, with 16.2% of
prokaryotic ASVs and 8.4% of microbial eukaryotic ASVs shared (Figure 15). High community
turnover between seasons was also observed for surface water microbial communities
(Appendix 7), with the only difference being that, for prokaryotes, the second-largest overlap
after the ASVs shared across all seasons (22%) was between winter and spring (17.8%). The

winter showed the highest numbers of exclusive ASVs (Figure 15 and Appendix 7).

Particle-associated Prokaryotes Particle-associated Microbial Eukaryotes

Summer Autumn Summer Autumn

339
(10.7%)

156
(1.9%)

46
(1.5%)

1342
(16.2%)

12
(0.4%)

266
(8.4%)

45
(1.4%)

Figure 15: Venn Diagrams of exclusive and shared ASVs between seasons for particle-associated (A) prokaryotes and (B)
microbial eukaryotes. The values were rarefied in each dataset by sequencing depth using the lowest number of sequences
higher than 10,000.
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The seasonal cycle in water column communities is clearly discernable for prokaryotes
and microbial eukaryotes in the non-metric multidimensional scaling (NMDS) ordinations
(Figure 15). This seasonal trend remains detectable in microbial eukaryotes (PERMANOVA p =
0.001) (Appendix 8 and 9) associated with the sinking particles, as these communities largely
constitute the particles generated in the surface. However, the seasonal trend within the
sinking-particle microbial eukaryotic communities appears less pronounced than for the
communities in the water column, with seasons explaining 12% of the variation in the sinking-
particle communities, and the samples for late summer (July) more dispersed. The particle-
attached prokaryotic communities exhibited overlap between seasons, with only one distinct

cluster of late summer and early autumn samples (Figure 15 — B), suggesting that seasons are



less reflected in the composition of particle associated communities. Also, the samples were
more dispersed within each season, indicating greater variability in community composition.
Despite the overlap, PERMANOVA (Appendix 8 and 9) revealed significant differences

between seasons (p = 0.001), with seasons explaining 13% of the variation.
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Figure 15: Two-dimensional NMDS of Bray-Curtis dissimilarity for (A) surface water and (B) particle-attached prokaryotes, as
well as (C) surface water and (D) particle-attached microbial eukaryotes. Dissimilarities were calculated after Hellinger
transformation. Colors represent months, with different shades indicating seasons (blue for winter, green for spring, yellow
for summer, and red for autumn).

3.7 Correlation with environmental parameters

The variation of surface water prokaryotic communities was significantly correlated
(Mantel tests, p < 0.05) (Figure 16) with temperature, salinity, fraction of Atlantic and Polar
water and dissolved oxygen. However, only temperature and dissolved oxygen were

correlations with moderate strength (Mantel test, R = 0.2 — 0.4), whereas all the other



correlations were weak (Mantel test, R < 0.2). For surface water microbial eukaryotes, the
variation of communities were only significantly (Mantel test, p < 0.05) correlated with
temperature and distance of the sea-ice edge, with both correlations weak (Mantel test, R <

0.02).
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Figure 16: Mantel test of free-living surface water prokaryote and microbial eukaryote community dissimilarity
(Bray-Curtis) and various environmental factors (Euclidean Distance). Curved line width and color represent the
correlation coefficients of the Mantel Tests. The heatmap shows pairwise correlations between environmental
variables. TEMP = Temperature; SAL = salinity; SID = Sea ice distance; SIC = Sea ice concentration; FAW = Fraction
of Atlantic Water; Fraction of Polar Water; DO = Dissolved Oxygen.

The variation of prokaryotic particle-associated communities was significantly
correlated (Mantel tests, p < 0.05) (Figure 17) with temperature, sea ice dynamics (distance
of the edge and concentration), oxygen, POC, PON, carbonate and silica. Except for sea-ice
concentration and dissolved oxygen, which showed weak correlations, all other significant
relationships were moderate in strength (R = 0.2 — 0.4), indicating that prokaryotic
communities are strongly driven by organic matter availability. For particle-associated
microbial eukaryotes, community variation was correlated to variations in sea-ice dynamics

(concentration and distance of the edge), oxygen and fluxes of silica and carbonate. Due to



the moderate strength of the correlations between microbial eukaryotic communities with
both sea ice properties, the sea ice seasonal dynamics may play a significant role shaping these

communities.
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Figure 17: Mantel test of sinking-particle prokaryote and microbial eukaryote community dissimilarity (Bray-
Curtis) and various environmental factors (Euclidean Distance). Curved line width and color represent the
correlation coefficients of the Mantel Tests. The heatmap shows pairwise correlations between environmental
variables. TEMP = Temperature; SAL = salinity; SID = Sea ice distance; SIC = Sea ice concentration; FAW = Fraction
of Atlantic Water; Fraction of Polar Water; DO = Dissolved Oxygen; PON = Particulate Organic Nitrogen; POC =
Particulate Organic Carbon; CARB = Carbonate; SIL = Silica (BSi + Particulate Silica).

A strong, positive and significant correlation (Mantel test, R = 0.6, p = 0.001) was
observed between variations in sinking-particle associated prokaryotic and sinking-particle

associated microbial eukaryotic communities (Figure 18).
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Figure 18: Mantel test between community dissimilarity of sinking-particle prokaryotes and microbial eukaryotes.
Dissimilarities were calculated by Bray-Curtis. The smooth line used linear mode.

Variations in microbial community structure across all datasets were strongly
correlated with MLD and temperature (Figure 19 and 20) for winter and autumn communities,
respectively (p < 0.01). Each of these parameters explained approximately 20-43% of the
variation in the microbial communities. Due to their consistent presence and strong
representation across the datasets, these environmental parameters are likely the primary

drivers for microbial communities in the central region of Fram Strait.

Besides the MLD, winter samples in surface waters were significantly correlated (p <
0.01) with the fraction of Atlantic Water and salinity. The Atlantic Water is characterized as a

saline water mass (Beszczynska-Moeller et al., 2011; Nothig et al, 2015) compared to Polar



Water (Figure 19), which explain both parameters (AW and salinity) with vectors to the same
direction. Sea-ice distance to the edge was correlated to the surface water microbial
communities in early winter for microbial eukaryotes and late autumn for prokaryotes. Spring
samples in surface water showed a significant correlation with dissolved oxygen and fraction

of Polar Water.

Sinking-particle microbial eukaryotes were not only significantly correlated with
temperature in autumn, but also with particle fluxes (carbonate, carbon and nitrogen) (Figure
20). For prokaryotes, even with the overlap of the seasons in the NMDS, the vectors still
indicate correlations. The distance of sea-ice edge significantly correlated with spring, likely
due to the sea-ice dynamics during this season. Carbonate fluxes were positively correlated
with summer communities, reflecting higher export fluxes during this season. Temperature

also correlated with summer samples.
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Figure 19: Two-dimensional NMDS of Bray-Curtis dissimilarity (A) microbial eukaryotes and (B) prokaryotes from surface
water with fitted significant environmental variables. The environmental variables include: Dissolved Oxygen Concentration
(DO), Polar Water Fraction (FPW), Mixed Layer Depth (MLD), Atlantic Water Fraction (FAW), Salinity (SAL), Sea-ice
Concentration (IC), Distance of the sea-ice edge (ID) and Temperature (TEMP). Dissimilarities were calculated after Hellinger
transformation. Colors represent months, with different shades indicating seasons (blue for winter, green for spring, yellow
for summer, and red for autumn).
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Figure 20: Two-dimensional NMDS of Bray-Curtis dissimilarity (A) microbial eukaryotes and (B) prokaryotes from sinking
particles with fitted significant environmental variables. The environmental variables include: Dissolved Oxygen
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This thesis provides insights into the seasonal microbial dynamics of particle-
associated microbial communities and the connections with the free-living counterpart in the
ocean surface in Fram Strait, Arctic. A total of 13658 ASVs were recovered for prokaryotes and
10635 ASVs for microbial eukaryotes over four seasonally resolved years, allowing an
overview of composition, richness, structure and environmental drivers of microbial

communities associated with the biological carbon pump in a key Arctic region.

4.1 Seasonality shapes surface microbes with limited impact on particle-

associated communities

The Arctic region experiences strong seasonal variations with fluctuations in
environmental parameters such as light availability, temperature and sea-ice presence in each
season (Stein and Macdonald, 2003; Walsh J, 2008; Leu et al., 2015), all of which can affect
microbial communities (Pedrds-Alid, Potvin and Lovejoy, 2015; Wilson et al., 2017). Previous
work on seasonal microbial dynamics (Wietz et al., 2021; Priest et al 2025) has highlighted the
significant role of seasonality in shaping microbial communities in the surface waters of the
Arctic. The effects of seasonality, particularly in microbial communities associated with sinking
particles in Fram Strait, remain poorly understood. Investigating seasonal microbial dynamics
provides valuable ecological insights into ecosystem structure, revealing how the communities

cope with annual environmental fluctuations.

Over the study period (2016-2021) physico-chemical environmental parameters varied
across each annual cycle. The variations were primarily driven by seasonality, likely influenced
by light availability and temperature, as the winter differed from the productive seasons
(spring, summer and early autumn), as expected in Arctic regions (Berge et al., 2015; Wietz et
al., 2021). Particle fluxes followed a bimodal carbon export pattern during the productive
season, which has been previously described for the region (Fadeev et al., 2021; Ramondec et

al., 2022; Cardozo-Mino et al., 2023). This pattern was observed along with annual differences



in the magnitude of particle fluxes. Overall, the average flux values were consistent with
previous studies for the region (Lalande et al., 2013; Fadeev et al., 2021; Cardozo-Mino et al.,
2023). POC ranged from 0.31 to 35 mg m2 d!, PON generally low (<3 mg m2 d!), carbonate
averaging 12.6 + 7.6 mg m? d! and silica mostly low (< 5 mg m2 d) but with sporadic higher

export events (> 10 mg m2d1).

Seasonality was also a significant driver of surface microbial communities, influencing
both the richness and composition of surface prokaryotic communities, as well as richness of
surface microbial eukaryotic communities. Seasonality was also visible in the variation of
relative abundances over seasons for most of the surface prokaryotic families and for some of
the microbial eukaryotes, such as the radiolarians RAD-C. These results corroborate with other
previous studies that evaluated the seasonality for surface microbial communities conducted
in the Fram Strait (Wietz et al., 2021; Priest et al., 2025). Flavobacteriaceae and Bacillariaceae
families dominated the productive season (spring, summer and autumn) in prokaryotes and
microbial eukaryotes, respectively. Wietz et al (2021) identified the orders Flavobacteriales
and Bacillariophyta, of which Flavobacteriaceae and Bacillariaceae families are members, as
dominant during the productive season in other regions of the Strait. Then, these families
represent the microbiome of the productive season in the Fram Strait, composed by
photosynthetic phytoplankton and opportunistic heterotrophic bacteria. In this study, other
taxa increased in relative abundance concomitant with Flavobacteriaceae, such as
Nitrincolaceae. The Nitrincolaceae family is commonly associated with sea-ice algae blooms
capable of a high diversity of carbon metabolisms (Thiele et al., 2022), thereby contributing to
varied carbon cycling processes during the productive season in the region. For the winter
season, Wietz et al (2021) identified certain prokaryotes as contributors to nutrient
replenishment. Among these, Nitrosopumilaceae and Magnetospiraceae were also detected

here in the surface waters with an increase in relative abundance during winter.

In contrast to the strong seasonality shaping free-living surface microbial communities,
the effects on sinking-particle communities were less pronounced, but still significant,
influencing richness with a high turnover in community composition throughout the year.

Seven out of nine (~77%) of the particle-associated prokaryotic families and seven out of



fourteen (50%) of the particle-associated microbial eukaryotic families identified as abundant
in this study did not show any apparent seasonality. Still, some families presented a seasonal
pattern, such as MAST-9 increasing in relative abundance in winter, or Acantharea C3 and
Chaetocerotaceae in the productive seasons. Cardozo-Mino et al (2023) previously assessed
the composition of sinking-particle microbiota in the same region and identified seasonal
differences between spring and summer high export event for microbial communities. By
incorporating fall and winter data, which were not included in their study, this research
complements their work, providing a comprehensive understanding of seasonal shifts in

particle-associated microbial communities across the entire annual cycle.

Considering the seasonal patterns in both surface and sinking-particle microbial
communities, winter showed as the most rich and diverse season for prokaryotic communities
in both habitats (surface water and sinking particles). Similar results were observed in other
studies (Wilson et al., 2017; Wietz et al., 2021; Priest et al., 2025). This increased richness and
diversity during winter is likely a result of the vertical mixing of waters during this season.
During winter, brine released from ice formation and wind-driven mixing in ice-free regions
both promote the mixing of surface and deeper waters, reducing stratification (Stein and
Macdonald, 2003). Since different water masses in the Fram Strait harbor distinct
microbiomes (Fadeev et al. 2021), the mixing could introduce new ASVs into surface
communities. Moreover, in this thesis the mixed layer depth as the strongest environmental
driver for all winter microbial communities, reinforcing the idea of vertical mixing influencing

microbial richness and variations in composition.

The results partially support the initial hypothesis that strong seasonal dynamics in the
Arctic would lead to annually recurring patterns in both free-living surface and sinking-
particle-associated microbial communities. The seasonality had a stronger influence on
structuring free-living surface communities compared to particle-associated ones. This may
be due to the direct exposure of surface communities to environmental variations, whereas
sinking-particle communities are indirectly influenced, as they depend on the production and

export of particles from the surface.



4.2 Interannual variability and its impacts on microbial community

composition

Interannual variability in environmental conditions, such as fluctuations in sea-ice
extent, water temperature anomalies or changes in primary productivity, can significantly
influence microbial community composition and dynamics (Ramondec et al., 2022; Priest et
al., 2023). Then, is essential to characterize these communities, define their similarities and

differences to better identify patterns in community responses to environmental variability.

One key aspect of this characterization is examining the composition. Surface water
microbial eukaryotic community was composed of a variety of organisms, including diatoms,
dinoflagellates, intracellular parasites, microalgae, ciliates and radiolarians. The most
abundant family was the diatom Bacillariaceae, more specifically the genus Pseudo-nitzschia.
Pseudo-nitzschia is a globally distributed diatom, of which some members can produce a
biotoxin harmful for marine organisms and shown to accumulate when organisms feed on
phytoplankton (Hardardéttir et al., 2015). In contrast, only four classes of prokaryotes
composed the surface prokaryotic microbiota, with the Flavobacteriaceae, more specifically
the genus Polaribacter, as the most abundant. Polaribacter are commonly described in surface
seawaters of polar environments (Gosink et al., 1998) associated with diatom blooms (Avci et
al. 2020). Other families present at the prokaryotic surface communities were ubiquitous and
commonly marine taxa, such as SAR11 and SAR86 (Giovannoni, 2017; Hoarfrost et al., 2020),

as described in other studies in the Arctic surface water column (Wietz et al., 2021).

In comparison, particle-associated microbial eukaryotic communities were composed
of radiolarians, stramenopiles, green algae, intracellular parasites, dinoflagellates and other
heterotrophic protists, with the most abundant family being the Dino-I-1, member of the
Syndiniales class. This class comprises a diverse group of marine parasites that play a
significant role in controlling plankton populations (Cleary and Durbin, 2016; Clarke et al.,
2019). They have also been commonly described in the surface waters of Fram Strait (Fadeev

etal., 2018; Wietz et al., 2021; Cardozo-Mino et al., 2023), and sinking particles (Cardozo-Mino



et al., 2023), which highlight their importance for phytoplankton dynamics in the region
(Cleary and Durbin, 2016; Clarke et al., 2019). Ramondenc et al. (2025) who studied sinking
particles in the Fram Strait from 2000 to 2012, reported an abundance of diatom lineages in
sediments traps at 200 meters, including Chaetoceros sp and Thalassiosira sp. Both of these
diatom families, were also relative abundant (> 2%) in this study, however only

Chaeotocerotaceae appears as relative abundant in both surface water and sinking particles.

For the particle-associated microbial prokaryotic community, the most abundant
families were Mycoplasmataceae and Flavobacteriaceae. The Mycoplasmataceae family is
composed of wall-less bacteria commonly found in the gut microbiome of fishes (Blanton et
al 2022). Cardozo-Mino et al. (2023) also identified the Mycoplasmataceae as one of the most
abundant families of the class Bacilli in the Fram Strait, related to high export events in spring.
The taxon is also associated as symbiont of meso- and macro-zooplankton (Jaspers et al.,
2020). Other families that were abundant in sinking particles were linked to organic matter
degradation, such as Colwelliaceae, Rubritalaceae and Coxiellaceae. Colwelliaceae is
commonly associated with sinking particles for their role in decomposing organic matter
(Bowman, 2014). The family is ubiquitous in polar marine ecosystems and can be found
associated with sea ice (Bowman, 2014) or with dinoflagellates (Seibold et al. 2001).
Rubritalaceae are chemoheterotrophs, with some strains contributing to polysaccharide
degradation (Martinez-Garcia et al., 2012; Rosenberg, 2014) and Coxiellaceae is known for
decomposing organic matter of intermediate complexity (e.g. hydrocarbons) and are also
widespread in polar oceans, where they can be associated with sea ice (Bowman, 2014). The
most abundant genus within Flavobacteriaceae family in particle-associated communities was
Aurantivirga, a known heterotrophic bacteria associated with phytoplankton blooms (Priest
et al., 2025). The particle-associated prokaryotic and microbial eukaryotic communities
presented a strong positive correlation of their variations between them. Since sinking
particles can consist of microbial eukaryote remains (Simon et al, 2002), is likely that the
availability of microbial eukaryotic communities will have an influence in prokaryotic
communities. It also could be due to possible co-variations or co-ocurrences. Some coupled

dynamics observed were an inverse relationship of Flavobacteriaceae and Dino-I-1, and an



increase in Beijerinckiaceae concomitant with Chloropicophyceae. However, further analyses

are necessary to confirm these observations.

Only few ASVs (~10 to 15%) were shared between surface water and sinking particles,
contrary to other observations (Mestre et al., 2018). Mestre et al. (2018) identified vertical
connectivity between surface water and sinking particles occurring mainly by rare surface
species that act as seeds, increasing in abundance as particles sink. The distinct communities
found here could be due the successional pattern of communities as the particle sink (Datta
et al. 2016) or due horizontal transport of particles. Sediment traps collect particles over a
larger spatial area, then integrating the particles over time and space, meaning that the
particles caught by the traps may have originated from different locations and depths
(Wekerle et al., 2018), which would explain differences in the community. Some of the
communities observed in both habitats in this study are widespread in the Fram Strait, being
described in different points of the strait, such as Dino-I-1, Chaetocerotaceae and
Flavobacteriaceae (Wietz et al., 2021). Also, some of the previously identified abundant
communities in sediment traps at the same depth and in the same station, such as

Thalassiosiraceae family (Ramondenc et al., 2025), here it was only abundant in the surface.

The microbial composition also exhibited interannual differences that co-varied with
variations in particle fluxes or environmental parameters. The years 2017 and 2018 presented
variations in sea ice dynamics, as previously reported by von Appen et al. (2021). The ice
export area of 2018 it was anomalously small (von Appen et al. 2021), which was also
identified here by the very low ice concentration. Also, Bacillariaceae that showed peaks in
autumn in the others years, peaked earlier in spring, representing the earlier silica export flux
in the Fram Strait and highlighting the importance of Bacillariaceae for the export fluxes in the
Fram Strait. Following the very low ice concentration, a subsequent higher distance of the HG-
IV station to the sea-ice edge occurred in the next seasons, spring and summer of 2018. During
these seasons, a decline in relative abundance of Phaeocystaceae, the absence of Acantharea
C3 and an increase in relative abundance of Cryothecomonas, Pirellulaceae and Colweliaceae
was identified. Also, Nitrincolaceae showed a very low relative abundance in 2017, but an

increase in the relative abundance in 2018, whereas Rubritalaceae showed an increase in



relative abundance in 2017. These communities variations are likely related to the two
different stratification regimes identified by von Appen et al. (2021), where 2017 was under
meltwater-stratified conditions and 2018 was under mixed layer regime. It also highlight the
importance of sea-ice dynamics to the composition of both surface and particle-associated

communities in the Fram Strait.

The year of 2020 also presented interannual variation, with a cold anomaly occuring
from January to September 2020. Lower temperatures, salinity, higher sea ice concentrations
and a shallower MLD marked the cold anomaly. While silica and POC fluxes were lower
compared to other years, the differences were no significant. Unlike the decline in biogenic
matter fluxes observed during the warm anomaly (2006-2007) in the Fram Strait (Lalande et
al., 2013), no substantial changes were detected here, suggesting a weaker impact of the cold
anomaly on biogenic fluxes. Microbial species richness also remained stable compared to
other years. Specific taxa showed changes in abundance, with increases in Beijerinckiaceae,
Porticoccaceae and Nitrincolaceae, and declines in radiolarians (RAD-C) and the uncultured
HOC36 bacteria. The warm anomaly studied by Lalande et al. (2013) occurred between 2005
and 2007, being much more prolonged than the cold anomaly investigated here (January 2020
to September 2020), which may explain the differences in the results. Additionally, the nature
of the anomaly could also be an explanation, where a higher and frequent input of colder
waters might not create the same environmental stress level required to drives changes in

export fluxes or in the microbial composition, which needs to be further investigated

The results support the hypothesis that strong interannual environmental variation
lead to observable shifts in the composition of both surface water and particle-associated.
However, the magnitude of these observable shifts depends on the environmental parameter,
here the sea-ice dynamics showed more important to shifts in the composition that the cold

anomaly that occurred in 2020.

4.3 Microbial communities in Fram Strait are driven by mixed layer depth,

temperature and sea-ice dynamics



Environmental parameters are known for influencing microbial communities in marine
environments. In the Arctic, these conditions fluctuate throughout the annual cycle, with sea-
ice dynamics and light availability marking the strong seasonality (Stein and Macdonald, 2003).
Identifying which environmental factors shape microbial communities is essential for
understanding seasonal and interannual variations. In this study, the mixed layer depth (MLD)
and temperature were the primary drivers influencing microbial communities across both
habitats (surface water and sinking particles). Similarly, Priest et al. (2025) identified MLD as
a key environmental driver for prokaryotic communities, and No6thig et al (2015) identified
temperature, sea-ice concentration and stratification as the phytoplankton environmental

drivers in the eastern region of the strait.

Specifically for the surface water microbial communities, the temperature was the
most consistent environmental factor that correlated with variations in both surface water
prokaryotic and microbial eukaryotic communities, though the strength of the correlations
were weak to moderate. When evaluating by season, the spring correlated with dissolved
oxygen concentrations and polar water fraction for both surface prokaryotes and microbial
eukaryotes. Dissolved oxygen increases in spring because of photosynthetic activity, whereas
the fraction of polar water likely represents meltwater, directly linking with stratification of
the water column. The input of meltwater increases stratification by adding freshwater that
is less dense to the surface layer, which reduces vertical mixing between surface and deeper
waters (Stein and Macdonald, 2003). The stronger stratification keeps cells in the surface layer
(von Appen et al 2021) boosting primary production initially, however, it also limit nutrient
upwelling, leading to a fast nutrient depletion and limiting the bloom duration, and primary

production (Arrigo et al., 2008; Carton, Ding and Arrigo, 2015; Lewis et al., 2020).

Besides the stratification that is related with the sea-ice concentration, the distance to
the sea-ice edge was also an important driver, but for early winter surface microbial
eukaryotes and for late autumn surface prokaryotes, suggesting the importance of this
parameter to the transitional period of autumn-winter for both free-living surface water

communities (prokaryotes and microbial eukaryotes). In Fram Strait, sea ice extent is highly



variable due to the export of ice from Central Arctic that pass through the strait, resulting in
fluctuating ice-edge positions (Dickson et al 2000; Fadeev et al., 2021). The sea-ice edge marks
the boundary between ice-covered and ice-free regions, and it is during the transitional
autumn-winter phase that sea-ice formation is occurring, constantly changing the boundary
(Stein and Macdonald, 2003), with consequences on primary production and community
dynamics. In winter, surface communities correlated with MLD, salinity and Atlantic Water.
During the winter, low temperatures and high salinity allowed the vertical mixing of the water
column, reducing stratification. The Atlantic water is a warmer and more saline water mass
compared with Polar water (Beszczynska-Méoeller et al., 2011), and then its input during the

winter could disturb the cold-adapted communities.

In contrast, particle-associated prokaryotes and particle-associated microeukaryotes
responded differently to environmental parameters. Prokaryotes were more sensitive to
organic matter availability, whereas microbial eukaryotes were more influenced by sea-ice
dynamics. Some of the most abundant families of sinking-particle prokaryotic microbiota were
described as playing a role in organic matter degradation. This is also widely known, as
observed in other surveys about sinking particles worldwide (Grossart et al., 2003; Fontanez
et al., 2015). Microbial eukaryotes were sensitive to sea-ice dynamics, a pattern that directly
influences Arctic primary production, including the Strait (Fadeev et al., 2021). Specifically for
seasonal patterns, the correlation of particle-associated prokaryotic communities during
spring with sea-ice distance to the edge was likely influenced by the effects of sea-ice
dynamics on eukaryotic communities and primary production, with an indirect impact in the
particle-associated prokaryotic communities. Additionally, von Appen et al (2021) identified
that sea-ice distance of the edge as an important driver influencing the timing of ice-
associated blooms. Then, these findings link the sinking-particle communities with sea-ice
dynamics during the spring season. Other significant environmental drivers included salinity

and temperature for the transitional seasons signaling the beginning or end of the winter.

The results support the hypothesis that sea ice dynamics are the primary driver
shaping surface microbial communities. Besides the sea ice dynamics, the MLD, which is also

influenced by sea-ice dynamics, and temperature were other main environmental drivers



structuring microbial communities in the Fram Strait. Additionally, sea-ice dynamics indirectly

affected the composition of particle-associated microbial communities.

4.4 Method discussion and potential biases

One potential source of bias in this study is the variability in how seasons are defined
across different Arctic studies (Wietz et al., 2021; Salter et al., 2023), which can influence
comparisons across studies. To ensure consistency and comparability, we followed the
seasonal classification used by Wietz et al., (2021), who previously studied the Fram Strait at
two distinct locations. Additionally, sediment traps do not provide high and consistent
resolution, with sampling intervals varying depending on the magnitude of particle production
during the season, which can potentially miss short-term fluctuations in the microbial
communities. Despite these limitations, our approach remains valid because it captures
seasonal trends at a resolution sufficient to identify major patterns in microbial dynamics. A
third consideration is the time lag used to associate environmental parameters with sinking-
particle communities. While a four-day lag may not fully account for the formation time of the
particles, a pragmatic approach is necessary due to the complexity of particle production
process, together with the variety of particle types. Here, the study was based on an estimated
sinking rate of 60 m per day (Wekerle et al., 2018), method that was previously applied by

Cardozo-Mino et al (2023) that studied sinking particles in the same region.



This study provided an overview and comprehensive analysis of seasonal dynamics and
environmental drivers structuring surface free-living and particle-associated microbial

communities at a long-term observatory in the central Fram Strait over four years.

During the study period (2016-2021), seasonal shifts in environmental conditions in
the Fram Strait were mainly driven by polar night and day dynamics, with a bimodal carbon
export pattern and annual variations. The dominant taxa of surface microbial communities
during the productive season were Bacillariaceae and Flavobacteriaceae, whereas parasites
and taxa related to nutrient replenishment were observed in surface waters during winter.
Diatoms (Bacillariaceae) were important contributors to export fluxes in 2018, a year
characterized by low ice concentration where the diatoms showed an earlier and high export
of silica. Additionally, the parasitic Syndiniales likely play a role for plankton blooms control in
the region. Seasonal dynamics were reflected in recurring seasonal patterns of free-living
surface communities, but were less pronounced in particle-associated microbial communities.
Likely, it is a reflection of the direct and continuous exposure of surface communities to the
highly variability of environmental parameters in the surface, whereas sinking-particle
communities are indirectly influenced, as they depend on the production and export of

particles from the surface.

Sea ice dynamics, temperature and the mixed layer depth were the most important
environmental parameters driving variations in surface microbial communities and indirectly
affecting sinking-particle communities. Sea-ice dynamics were the main environmental factor
leading to the most observable shifts in microbial composition. This is evident in the
differences between 2017 and 2018, which exhibited distinct stratification regimes influenced
by sea-ice presence. These differences resulted in shifts in the composition of both surface
and particle-associated microbial communities. In contrast, the cold anomaly (January 2020 —
September 2020) with higher ice presence around the station, had a weaker impact on

microbial communities and particle fluxes compared to previous temperature anomalies



(warm anomalies), with only slight shifts in microbial community composition and no
significant changes in particle fluxes. A contrast that can be related to the duration of the

anomaly and consequently time of exposition of microbial communities to stress factors.

The ongoing climate change in the Arctic region, particularly the reduction in sea-ice
extent and changes in stratification patterns, could significantly alter microbial community
dynamics in the Fram Strait. As sea-ice cover decreases and stratification regimes shift, these
changes in the seasonality will likely drive shifts in the surface microbial composition of the
Fram Strait, affect the export of particle fluxes due to shifts in surface communities and
consequently affecting the availability of organic matter for sinking-particle communities.
Additionally, the sensitivity of particle-associated prokaryotes to organic matter availability,
and of microbial eukaryotes to sea-ice dynamics, indicates that ongoing sea-ice loss could lead
to long-term changes in particle-associated community structures. This may result in a

reduced capacity for organic matter degradation and altered nutrient recycling processes.

As the next steps, the focus will be on integrating ecological co-occurrence network
analysis for the identification of microbial modules and confirm the associated dynamics
between families that was observed here, which could provide insights into ecological roles,
and connections between prokaryotic and eukaryotic microorganisms. Additionally, time-
shifted analyses will be used to detect microbial responses to environmental fluctuations, and
indicator species will be used to track ecosystem transitions. These approaches will contribute
to a fully comprehensive understanding of the interconnections and seasonal patterns of

particle-attached and surface free-living microbial communities in the Fram Strait
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Table S1: Sampling data and number of sequences recovered of each sample. It includes sample information (ID
and data type), the start and end dates of the collection period, sampling depth (in meters) and number of
sequences for 16S and 18S from the raw tables (without remove of singletons and unclassified taxa) used in
alpha-diversity analysis. Samples with asterisk were removed during rarefaction for some analysis.

Sample ID Data Type Collection | Collection | Depth Seqs 16S | Seqs 18S
Start End [m]
Fevi34_Up01 Sediment Trap | 2016-07-14 | 2016-07-22 | 196 124695 239816
Fevi34_Up02 Sediment Trap | 2016-07-22 | 2016-07-31 | 196 99738 111792
Fevi34_Up03 Sediment Trap | 2016-07-31 | 2016-08-15 | 196 206269 135336
Fevi34_Up0O4 Sediment Trap | 2016-08-15 2016-08-31 196 191034
Fevi34_UpO05 Sediment Trap | 2016-08-31 2016-09-15 196 79951 112572
Fevi34_Up06 Sediment Trap | 2016-09-15 | 2016-09-30 | 196 146010 25278
Fevi34_Up07 Sediment Trap | 2016-09-30 | 2016-10-31 | 196 206621 228280
Fevi34_UpO08 Sediment Trap | 2016-10-31 2016-11-30 196 126067 163724
Fevi34_Up09 Sediment Trap | 2016-11-30 | 2016-12-31 | 196 118657 65967
Fevi34_Up1l0 Sediment Trap | 2016-12-31 2017-02-28 196 134062 48234
Fevi34_Upll Sediment Trap | 2017-02-28 2017-03-31 196 114965 71300
Fevi34_Up1l2 Sediment Trap | 2017-03-31 2017-04-17 196 205761
Fevi34_Upl3 Sediment Trap | 2017-04-17 | 2017-05-04 | 196 213775 33873
Fevi34_Upld Sediment Trap | 2017-05-04 | 2017-05-21 | 196 98006 46400
Fevi34_Upl5 Sediment Trap | 2017-05-21 | 2017-06-08 | 196 211038
Fevi34_Upl6 Sediment Trap | 2017-06-08 | 2017-06-25 | 196 284523 49304
Fevi34_Upl7 Sediment Trap | 2017-06-25 | 2017-07-07 | 196 109294 173419
Fevi34_Upl8 Sediment Trap | 2017-07-07 | 2017-07-19 | 196 128984 259163
Fevi36_Up01 Sediment Trap | 2017-08-12 | 2017-08-21 | 201 164460 201078
Fevi36_Up02 Sediment Trap | 2017-08-21 | 2017-08-31 | 201 87181 118850
Fevi36_Up08 Sediment Trap | 2017-10-31 | 2017-11-30 | 201 132694 206665
Fevi36_UpQ09* Sediment Trap | 2017-11-30 2017-12-31 201 225662 4674*
Fevi36_Upll Sediment Trap | 2018-01-31 2018-02-28 201 73272 154433
Fevi36_Up1l5* Sediment Trap | 2018-04-30 2018-05-15 201 129918 1041*
Fevi36_Upl6 Sediment Trap | 2018-05-15 | 2018-05-31 | 201 48195 24933
Fevi36_Upl7 Sediment Trap | 2018-05-31 2018-06-15 201 100720 217468
Fevi38_Up06 Sediment Trap | 2018-10-15 2018-11-01 196 84940 214017
Fevi38_Up07 Sediment Trap | 2018-11-01 | 2018-12-01 | 196 234501 233350
Fevi38_Up08 Sediment Trap | 2018-12-01 2019-01-01 196 249417 136694
Fevi38_Up09 Sediment Trap | 2019-01-01 | 2019-02-01 | 196 136543 175634
Fevi38_Upl0 Sediment Trap | 2019-02-01 | 2019-03-01 | 196 89381 84943
Fevi38_Upll Sediment Trap | 2019-03-01 | 2019-03-16 | 196 105555 122739
Fevi38_Upl2 Sediment Trap | 2019-03-16 | 2019-04-01 | 196 148216 122074
Fevi40_Up01 Sediment Trap | 2019-09-10 | 2019-10-01 | 200 49703 86871
Fevi40_Up02 Sediment Trap | 2019-10-01 | 2019-11-01 | 200 107605 66342
Fevi40_Up03 Sediment Trap | 2019-11-01 | 2019-12-01 | 200 88948 159907
Fevi40_Up04 Sediment Trap | 2019-12-01 | 2020-03-01 | 200 162123 175109
Fevi40_Up05 Sediment Trap | 2020-03-01 | 2020-04-01 | 200 65014 123401
Fevi40_Up06 Sediment Trap | 2020-04-01 | 2020-05-01 | 200 178970 115309
Fevi40_Up07 Sediment Trap | 2020-05-01 | 2020-06-01 | 200 173392
Fevi40_Up08 Sediment Trap | 2020-06-01 | 2020-07-01 | 200 138032 149776
Fevi40_Up09 Sediment Trap | 2020-07-01 | 2020-07-16 | 200
Fevi40_Upl0 Sediment Trap | 2020-07-16 | 2020-08-01 | 200 180804
Fevi40_Upl1 Sediment Trap | 2020-08-01 | 2020-09-01 | 200 189036




Fevi40_Up12 Sediment Trap | 2020-09-01 2020-10-01 200 258313

Fevi40_Up13 Sediment Trap | 2020-10-01 2020-11-01 200 95532 35651
Fevi40_Upl4 Sediment Trap | 2020-11-01 | 2020-12-01 | 200 64154 129327
Fevi40_Up15 Sediment Trap | 2020-12-01 | 2021-03-01 | 200 150260 94841
Fevi40_Upl6 Sediment Trap | 2021-03-01 | 2021-04-01 | 200 29730 37596
Fevi40_Upl7 Sediment Trap | 2021-04-01 | 2021-05-01 | 200 92781 39676
Fevi40_Up18 Sediment Trap | 2021-05-01 | 2021-06-01 | 200 145561 25238
HS1_PS107_E33 RAS Amplicon | 2016-08-01 | 2016-08-01 | 32.3 100836 76425
HS1_PS107_E34 RAS Amplicon | 2016-08-15 | 2016-08-15 | 51.7 134773 101338
HS1_PS107_E35 RAS Amplicon | 2016-09-01 | 2016-09-01 | 29.7 70329 125111
HS1_PS107_E36 RAS Amplicon | 2016-09-15 | 2016-09-15 | 29.4 37157 70085
HS1_PS107_E37 RAS Amplicon | 2016-10-01 | 2016-10-01 | 32.5 49069 52075
HS1_PS107_E38 RAS Amplicon | 2016-11-01 | 2016-11-01 | 31.7 77001 64899
HS1_PS107_E39* | RAS Amplicon | 2016-12-01 | 2016-12-01 | 32.8 7566* 26726
HS1_PS107_E40 RAS Amplicon 2017-01-01 2017-01-01 48.7 85259 73961
HS1_ PS107_E41 RAS Amplicon 2017-02-01 2017-02-01 49.2 33469 100324
HS1_PS107_E42 RAS Amplicon 2017-02-14 2017-02-14 72.8 129995 117046
HS1_PS107_E43 RAS Amplicon | 2017-03-01 | 2017-03-01 | 45.8 86989 88706
HS1_PS107_E44 RAS Amplicon | 2017-03-08 | 2017-03-08 | 38.3 67900 77639
HS1_PS107_EA45 RAS Amplicon 2017-03-15 2017-03-15 35.1 26516 115086
HS1_PS107_E46 RAS Amplicon 2017-03-22 2017-03-22 53.2 84018 161986
HS1_PS107_E47 RAS Amplicon 2017-04-01 2017-04-01 50.3 78889 109052
HS1_PS107_E48 RAS Amplicon | 2017-04-15 | 2017-04-15 | 29.5 31743 94209
HS1_PS107_E49 RAS Amplicon | 2017-05-01 | 2017-05-01 | 34.6 79671 136932
HS1_PS107_E50 RAS Amplicon | 2017-05-15 | 2017-05-15 | 31.1 139563 98684
HS1_PS107_E51 RAS Amplicon | 2017-06-01 | 2017-06-01 | 30.7 98457 111333
HS1_PS107_E52 RAS Amplicon | 2017-06-15 | 2017-06-15 | 30.6 56151 50072
HS1_PS107_E53 RAS Amplicon | 2017-07-01 | 2017-07-01 | 52.3 76901 93765
HS1_PS107_E54 RAS Amplicon | 2017-07-08 | 2017-07-08 | 35.2 105895 62423
HS1_PS107_E55 RAS Amplicon | 2017-07-15 | 2017-07-15 | 45.6 96449 42802
HS1_PS107_E56 RAS Amplicon | 2017-07-22 | 2017-07-22 | 35.9 74394 100449
HS2_PS114 E1 RAS Amplicon 2017-08-15 2017-08-15 34.2 19946 65575
HS2_PS114_E2 RAS Amplicon | 2017-08-30 | 2017-08-30 | 31.5 49789 33204
HS2_PS114 E3 RAS Amplicon 2017-09-14 2017-09-14 32.3 43497 82322
HS2_PS114 E4 RAS Amplicon 2017-09-29 2017-09-29 334 61825 97715
HS2_PS114 E5 RAS Amplicon 2017-10-29 2017-10-29 33.2 50673 66245
HS2_PS114 E6 RAS Amplicon 2017-11-28 2017-11-28 34.6 42511 70536
HS2_PS114 E7 RAS Amplicon 2017-12-28 2017-12-28 37.4 45004 91622
HS2_PS114 E8 RAS Amplicon 2018-01-27 2018-01-27 33.5 14323 92338
HS2_PS114 E9 RAS Amplicon 2018-02-11 2018-02-11 34.7 40800
HS2_PS114_E10 RAS Amplicon | 2018-02-26 | 2018-02-26 | 91.4 47882 11074
HS2_PS114_E11 RAS Amplicon | 2018-03-07 | 2018-03-07 | 31.7 35665
HS2_PS114_E12 RAS Amplicon | 2018-03-16 | 2018-03-16 | 35.1 54491 127606
HS2_PS114_E13 RAS Amplicon | 2018-03-25 | 2018-03-25 | 41.0 41750 88023
HS2_PS114_E14 RAS Amplicon | 2018-04-03 | 2018-04-03 | 31.8 45553 112621
HS2_PS114_E15 RAS Amplicon | 2018-04-12 | 2018-04-12 | 33.6 64745 53628
HS2_PS114_E16 RAS Amplicon | 2018-04-21 | 2018-04-21 | 80.4 47331 74414
HS2_PS114_E17 RAS Amplicon | 2018-04-30 | 2018-04-30 | 104.5 61269 106046
HS2_PS114_E18 RAS Amplicon | 2018-05-12 | 2018-05-12 | 32.2 74007 55750
HS2_PS114_E19 RAS Amplicon | 2018-05-24 | 2018-05-24 | 31.1 74430 21324
HS2_PS114_E20 RAS Amplicon | 2018-06-05 | 2018-06-05 | 35.1 55707 40763
HS2_PS114_E21 RAS Amplicon | 2018-06-17 | 2018-06-17 | 32.8 55749 14211
HS2_PS114_E22 RAS Amplicon | 2018-06-29 | 2018-06-29 | 31.4 70846 73975




HS2_PS114_E23 RAS Amplicon | 2018-07-08 2018-07-08 | 42.7 62903 108385
HS3_PS121_E28 RAS Amplicon | 2018-08-01 2018-08-09 30.0 100286 222480
HS3_PS121_E29 RAS Amplicon | 2018-08-17 2018-08-25 29.9 79931 128540
HS3_PS121_E30 RAS Amplicon | 2018-09-02 2018-09-10 | 30.0 85602 194355
HS3_PS121_E31 RAS Amplicon | 2018-09-18 2018-09-26 | 29.2 100285 184494
HS3_PS121_E32 RAS Amplicon | 2018-10-04 | 2018-10-12 32.9 87987 192919
HS3_PS121_E33 RAS Amplicon | 2018-10-20 2018-10-28 | 29.2 164365 100104
HS3_PS121_E34 RAS Amplicon | 2018-11-05 2018-11-13 30.5 114991 108955
HS3_PS121_E35* | RAS Amplicon | 2018-11-21 2018-11-29 34.9 144631 1992*
HS3_PS121_E36 RAS Amplicon | 2018-12-07 2018-12-15 30.9 102872 76580
HS3_PS121_E37 RAS Amplicon | 2018-12-23 2018-12-31 53.0 39121 76806
HS3_PS121_E38 RAS Amplicon | 2019-01-08 2019-01-16 | 41.3 129790 96838
HS3_PS121_E39 RAS Amplicon | 2019-01-24 | 2019-02-01 38.0 97288 91708
HS3_PS121_E40 RAS Amplicon | 2019-02-09 2019-02-17 | 48.7 90019 19557
HS3_PS121_E41 RAS Amplicon | 2019-02-25 2019-03-05 36.4 87922 118168
HS3_PS121_E42 RAS Amplicon | 2019-03-13 2019-03-21 100.2 114177 146510
HS3_PS121_E43 RAS Amplicon | 2019-03-29 2019-04-06 | 36.8 68972 87173
HS3_PS121_E44 RAS Amplicon | 2019-04-14 | 2019-04-22 39.8 111098 118910
HS3_PS121_E45 RAS Amplicon | 2019-04-30 2019-05-08 | 44.4 69371 104678
HS3_PS121_E46 RAS Amplicon | 2019-05-16 2019-05-24 | 30.1 103644 84356
HS3_PS121_E47 RAS Amplicon | 2019-06-01 2019-06-09 29.6 83898 163024
HS3_PS121_E48 RAS Amplicon | 2019-06-17 2019-06-25 32.5 73324 145725
HS3_PS121_E49 RAS Amplicon | 2019-07-03 2019-07-03 31.7 96455 125525
HS3_PS121_E50 RAS Amplicon | 2019-07-11 2019-07-11 29.1 69317 148348
HS3_PS121_E51 RAS Amplicon | 2019-07-19 2019-07-19 28.9 82637 96612
HS3_PS121_E52 RAS Amplicon | 2019-07-27 2019-07-27 28.7 132581 67040
HS3_PS121_E53 RAS Amplicon | 2019-08-04 | 2019-08-04 | 29.3 123424 112106
HS3_PS121_E54 RAS Amplicon | 2019-08-12 2019-08-12 29.5 14175 37811
HS4_PS126_E1 RAS Amplicon | 2019-09-11 2019-09-19 26.8 242359 418884
HS4_PS126_E2 RAS Amplicon | 2019-09-27 2019-10-05 25.1 159537 292947
HS4_PS126_E3 RAS Amplicon | 2019-10-13 2019-10-21 25.5 434194 283462
HS4_PS126_E4 RAS Amplicon | 2019-10-29 2019-11-06 | 29.1 358714 179143
HS4_PS126_E5 RAS Amplicon | 2019-11-14 | 2019-11-22 30.0 160489 255085
HS4_PS126_E6 RAS Amplicon | 2019-11-30 2019-12-08 | 42.0 260992 137252
HS4_PS126_E7 RAS Amplicon | 2019-12-16 2019-12-24 | 53.4 163722 85704
HS4_PS126_E8 RAS Amplicon | 2020-01-01 2020-01-09 39.7 17016 91486
HS4_PS126_E9 RAS Amplicon | 2020-01-17 2020-01-25 | 40.2 608857 89810
HS4_PS126_E10 RAS Amplicon | 2020-02-02 2020-02-10 | 25.9 381303 180796
HS4_PS126_E11 RAS Amplicon | 2020-02-18 2020-02-26 | 91.8 165372 78582
HS4_PS126_E12 RAS Amplicon | 2020-03-05 2020-03-13 60.4 312519 67924
HS4_PS126_E13 RAS Amplicon | 2020-03-21 2020-03-29 29.8 201448 198568
HS4_PS126_E14 RAS Amplicon | 2020-04-06 2020-04-14 | 36.1 209612 141022
HS4_PS126_E15 RAS Amplicon | 2020-04-22 2020-04-30 | 594 150160 118532
HS4_PS126_E16 RAS Amplicon | 2020-05-08 2020-05-16 | 28.1 110182 116389
HS4_PS126_E17 RAS Amplicon | 2020-05-24 | 2020-06-01 26.2 428562 282523
HS4_PS126_E18 RAS Amplicon | 2020-06-09 2020-06-17 26.7 321287 167893
HS4_PS126_E19 RAS Amplicon | 2020-06-25 2020-07-03 26.9 404587 215173
HS4_PS126_E20 RAS Amplicon | 2020-07-11 2020-07-19 24.2 357352 151872
HS4_PS126_E21 RAS Amplicon | 2020-07-27 2020-08-04 | 25.3 146667 81889
HS4_PS126_E22 RAS Amplicon | 2020-08-12 2020-08-20 | 42.5 342844 22990
HS4_PS126_E23 RAS Amplicon | 2020-08-28 2020-09-05 27.1 221917 272392
HS4_PS126_E24 RAS Amplicon | 2020-09-13 2020-09-21 24.3 187120 167870




Figure S1: Rarefaction curves of sequencing depth and coverage of ASVs for (A - B) prokaryotes and (C - D)
microbial eukaryotes. The curves were calculated by the iNEXT R package based on Hill number of order g =0
with 100 bootstrap resamples for confidence interval estimation.
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APPENDIX 3 - ALPHA DIVERSITY METRICS OVER TIME - PROKARYOTES

Figure S2: Observed ASVs and Shannon diversity metrics over the time series for prokaryotes. The upper section
corresponds to surface water, while the lower section corresponds to particle-attached communities. Boxplots
colors indicate seasons: red for autumn, green for spring, orange for summer, and blue for winter. The p-value
is derived from the Kruskal-Wallis test. Asterisks represent significant pairwise comparisons by Wilcoxon test: *
(p £0.05), ** (p £0.01), *** (p <0.001), and **** (p < 0.0001).
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APPENDIX 4 — ALPHA DIVERSITY METRICS OVER TIME — MICRO EUKARYOTES

Figure S3: Observed ASVs and Shannon diversity metrics over the time series for microbial eukaryotes. The upper
section corresponds to surface water, while the lower section corresponds to particle-attached communities.
Boxplots colors indicate seasons: red for autumn, green for spring, orange for summer, and blue for winter. The
p-value is derived from the Kruskal-Wallis test. Asterisks represent significant pairwise comparisons by Wilcoxon
test: * (p £0.05), ** (p £0.01), *** (p £0.001), and **** (p < 0.0001).
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Figure S4: Relative abundance of the most abundant (>2%) prokaryotic families in particle-associated microbial
communities by sample in Fram Strait from 2016 to 2021. It includes the samples Fevi36 Up9 and U9 15 that

were later filtered out of analyses. The facets represent the seasons and the corresponding year.

APPENDIX 5 - PARTICLE-ASSOCIATED PROKARYOTES BY SAMPLE
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APPENDIX 6 — NMDS HABITAT

Figure S5: Two-dimensional NMDS of Bray-Curtis dissimilarity for (A) prokaryotes (B) microbial eukaryotes.
Dissimilarities were calculated after Hellinger transformation. Colors represent seasons (blue for winter, green

for spring, yellow for summer, and red for autumn) and symbols indicate different habitats.
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APPENDIX 7 — SHARED AND EXCLUSIVE ASVS — SURFACE WATER

Figure S6: Venn Diagrams of exclusive and shared ASVs between seasons for free-living (A) prokaryotes and (B)

microbial eukaryotes from surface water. The values were rarefied in each dataset by sequencing depth using
the lower number of sequences higher than 10,000.
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Permutation test for adonis under reduced model
Permutation: free
Number of permutations: 999

agonisi(formu1a = otu ~ env$Season, data = otu, permutations = 999, method =
n r‘ayll

Df sumofsqs R2 F Pr(>F)
Model 3 2.3245 0.13573 2.3034 0.001 #%**
Residual 44 14.8009 0.86427
Total 47 17.1254 1.00000

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 “ ' 1

Permutation test for adonis under reduced model
Permutation: free
Number of permutations: 999

adonis2(formula = otul ~ envl$Season, data = otul, permutations = 999,
method = "bray")

Df sumofsqgs R2 F Pr(>F)
Model 3  1.8898 0.12792 1.8091 0.001 #**
Residual 37 12.8833 0.87208
Total 40 14.7731 1.00000

Ssignif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 “.” 0.1 “ * 1



Permutation test for adonis under reduced model
Permutation: free
Number of permutations: 999

ad08152(§ormu1a = otu3 ~ env3$Season, data = otu3, permutations = 999, method
= n r|ayll
Df sumofsqs R2 F Pr(>F)

Model 3 6.5149 0.22303 8.8986 0.001 #***
Residual 93 22.6959 0.77697
Total 96 29.2108 1.00000

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 “.” 0.1 * ’ 1

Permutation test for adonis under reduced model
Permutation: free
Number of permutations: 999

adonis2(formula = otu2 ~ env2$Season, data = otu2, permutations = 999,
method = "bray")

Df sumofsqs R2 F Pr(>F)
Model 3 4.116 0.1007 3.3965 0.001 **=*
Residual 91 36.762 0.8993
Total 94  40.879 1.0000

Signif. codes: 0 ‘***’ 0.001 “**’ 0.01 ‘*’ 0.05 “.” 0.1 “ * 1



