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The Arctic Ocearexpeliences extreme seasonality, Wi variations in solar radiation,
temperature andseaice coverinfluencing biological prbuctivity. In addition, imate change
leads to longerm changes in the regiomarked by sedce loss andhcreasingemperatures.
Sirking particlesare essential in thdiological arbon pump, transporting carboto deeper
ocean lgers. Microbial eukyotes drive primary production andontribute to particle
composition or are associate them as parasites. Prokaryot@sacteria and asthaeamediate
particle transformation by degradatiomutrient availabilityregulation and influencing the
particle fluxesefficiency The Fram Strait i@ gatewaythat conrectsthe Arctic Ocean and the
Atlantic with two dynamic opposing currents thakchangewater masses, nutrientdjeat,
and sea icebetween oceans.This study assessedhe composition, structure and
environmental drivers of prokaryotic and microbial eukaryotic communities in surface water
and sinking particlesn the Fram Stré, and fausing in the interplay between iorobial
communities, particle fluxes andnvironmental driversSeasonality resolved sampling of
surface water and sinking particlesas conductedover four years (2016021) using
autonomous samplerat the central statio of the Fram Strajtwith samples sequenced
generate amplicon data (16S and 18S)art of the FRAM Molecular Observatory within the
longterm ecological observatory HAUSGARTHNmMost dominantfamilies observed were
Bacillaraceaeand Flavobacteriaeaefor surface water anddinol-1 and Mycoplasmataceae
for particleassociated.Seasonality influenced richness amsttucture of surfacewater
communities, whereas theseasonal effed were less pronounced in particlassociated
communities. Primary envionmental drivers for microbial community structure were
temperature, mixed layer depth and sé@ dynamics, which influenced surface microbial
communities and, in turn, sinking particle communitiemterannual variationsin
environmental parameterssud as changes in seae distance and different stratification
regimes between 2017 and 2018, wemdncomitant with observedvariations in the
composition of surface and partickassociatedmicrobial communities.The differences
between surface and particlassociated communitieare likely dueo horizontal transfer of
particles. Acold anomaly was observed durirane of the years with high ice concentration,
low temperature, low salinity and a shallow mixed layer depth in the spiihg study
provides fist insights into a combinatioof seasonabnd interannual variationg a rapidly
changing Arctic Ocean and highlights the value of-tengn observations at high resolution,
in order to assess the interplay between environmental drivers and microbramtmity
structure and functiorof microbial communities and particle fluxes in the central area of Fram
Strait.
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1.1 Seasmal dynamics in the Arctic Ocean

The ArcticOceanis a nearly landlocked oceanharacterizedby strong seasonal
patternsof solar radiationseaice cover, river runoff, and atmospheric temperaturegStein
and Macdonald, 2003jValsh 2008 Leu et al., 2015 Thewinter season is marked by low
temperatures the presence of se&e and very limited or no lightavailable for primary
production, dependng onthe latitude (Berge et al., 2033 eu et al., 2015Despie the lack
of photosynthetic activityheterotrophsare sustainedby utilizingcarbon produced during the

previous light periodfakshaug, 2008erge et al, 2015).

As lightreturnsin spring months (April to May,)biological productivity sets ifueled
by winter nutrients primarily based on sei@e algae anghytoplankton (Sakshaug, 200Fhe
production period is shortending in late summer or autumiand is regulatedby light and
nutrient availability(Berge et al., 201,8NViedmann et al., 2090Thetransitionfrom winter to
spring is marked bsea-ice algae vernal bloosnoccurring asoon adight conditions become
favorable(Leu et al., 2015with phytoplankton bloomsccurring onlylater, afterseaice melt
(Leu et al., 2015Wiedmann et al., 2020The icealgae act as ammportant food source in
early spring for pelagic grazers amader-ice fauna {Werner, 1997; Poltermann, 200Leu et
al., 2015. After their release fronthe ice they can form aggregates and contribute to fast

sinkingparticulate organic matter (POMWiedmann et al., 2020

Seaice dynamics influence theratification of the Actic water column(von Appen et
al, 2021), whichis regulatedby salinity rather tha by temperature (Rudels and Carmack,
2022). Themelting of seaice in summer, together with river runoff, introduces a significant
input of freshwater imo the system, creating &ow salinitysurface layer with low density,
resulting ina stratified watercolumn (Ekwurzel et al., 2001; moAppen et al, 2021 Saice
can also influence the biotas strong stratification can lead toapid bloom deelopment and
nutrient depletiondueto the limitation of the supply of nutrients by verticalixing (Stein and

Macdonald, 20030ldenburg et al., 2024bThe extent of stratification, most importantlige



mixed layer épth (MLD)influences the ecosystem blgeepingphytoplanktonin the surface
layer of the ocean (von Appen et al, 202Nloreover, seaice alsoinfluences the timing of
phytoplankton blooms and, consequently, the proportion and quality of the sinking particles
(Hodal et al., 2012).

The Arctic i®ne of the mostsensitiveregionsto the effects of the changing climate
(Walsh, 2008Padrtner et al., 209). In recent decades, a decline in seagoeerage thicknes,
and extent has been observé@omiso et al., 2008; Kwok a&t, 2009, with approximately
12% reduction in se&e extent during September in the Artic (Figure 1) (Spreen et al., 2008).
Theretreat of sea icecanaffectcarbon flux characteristics (Fadeev et al., 202thlitionally,
there has beeran increase irsea surface temperature and the inflow of warmer water
masses into the istic region (Beszczynsk®oller et al., 2012 Polyakovet al., 2017 Portner
et al., 2019 AMAP, 202} Increase in sea surface temperatuséight availabilityalong with
changes in se&e dynamicswill alter the seasonal cycle in the Arctic Oceaith an increase
in primary production projected (Arrigot @l., 2008 Lewis et al., 2090However, a water
column more stratified in summéimiting the nutrient supply in the euphotic zoneventually
will lead to a reduction afiet primary productivity{Arrigo et al., 2008Carton, Ding and Arrigo,
2015 Lews et al., 202 Additionally, an earlier breakup of seaice, leading to arearlier
spring phytoplankton bloomcan increase sinkingxport due to amismatchbetween the

timing of phytoplankton andooplanktoncycles (Dunweber et al., 201Bejr et al., Q07)
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Figure 1 Mean seaice extent(in million square kilometersh the Artic during September frorh979to 2023 Sea ice data
obtainedfrom meereisportal.de (Spreen et al., 2008)

Heterotrophic prokaryotegplay an essential role mediating fluxes raftrient and
carbon in marine ecosysten@arrigo et al., 2005Azam and Malfatti2007. In this thesis, the
GSNY WLINR]lIINRB2GSAQ NBTFTSNB O2ffSOGA@Ste (2 o
text.Despite some taxa that asbundant worldwidemarine polar environments have unique
microbial assemblagegGhiglione et al., 2092 In the Actic environment,the key taxa
composing primary producers are diatoms, maiglosira arcticaand Nitzschia frigidaand
pico- or nancphytoplankton (Wiedman et al., 2020)The datoms dominate spring btams,
often cooccuring withMicromonas pusilland Phaeocystis pouchettivhichare abundant in
summer Berge et al, 2015;eu et al., 2016 Other microbial eukaryotes such as cryptophytes

has also been preausly reported in Artic waterd ovejoy et al., 2011).

The abundance ofsurface marine prokary@ communitiesis described as strongly
influenced by seasonalityprimarily dueto light availability and phytoplankton blooms
(PedrésAlid, Potvin and Lajoy, 2015 Wilson et al., 201)7 as well aspatialdifferences(Lee
at al., 2019. During summer and early fall,hé most abundant classes are
Alphaproteobacteria, Gammaproteobacteriaand Flavobacteriia(PedrésAlid, Potvin and
Lovejoy,2015;Wilson et &, 2017;Lee at al., 201:90ztirket al., 2024. Alphaproteobacteria
are associated with opewater, oligotrophic conditions (PedrésAlio, Potvin and Lovejoy,
2015, whereasGammaproteobacteriand Flavobacteriiaare linked to highlight availability
and increasedphytoplankton levels (Wilson et al., 201During winter, an increase in

microbial diversity an@rchaedtaxahave been repoed Wilson et al., 2017).

Dueto the presence of se&e and other winter conditions, continuous observations
are dfficult in highlatitude environments.However, the use of autonomous technologies
allows yeafround studies in polar environment$iérfort et al., 2016\Wietz et al 2021),
unveiling seasonal transitional phas&oupledwith DNA sequencing, the use oftanomous
technologies, such asediments traps(CardozeMino et al., 2023) and Remote Access
Samplers (RAS) (Metfies et al., 2017; Wietz et al., 2@#@)ysthe linkagebetweenpatrticle

fluxesand microbial diversityeven in remote areabke the ArcticOceanUnderstandngthe



seasonal patterns and environmental driver§ microbial communities in the Arctic is
essential forcomprehendng the variability in their taxonomy compositipnesilience and

gaining insights into themresponsego the ongoing hanges in the Arctic &an.

1.2 Snking particlesand the BidogicalCarbon Pump

The array of processes that capture, distribute and store carbon, thereby regulating
the CQ 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@e La Rocha and Passow, 2007; Iversen,)20@%erthelesssinking particles
are responsible for removingore than 6 Gt of carbon from surface watarsnually (Nowicki
et al., 2022).The #nking particles are a mixture of organic and inorganic matter, including
living and carcasses of phyt@oo and bacterioplakton, biological remains (e.g. abandoned
larvacean houses, zooplankton molts), fecal pellets, shells, and miri€raien et al, 2002)
(Hgure 2. These particlesonnect the surface to the deeper layers of the ocean, transporting
organic matter mainly mrduced in the euphotic zone by the primamoducers (Turner, 2015)
They also transporutrients(e.g. C, N, P, S, Fe) and trace elemeartScally and horizontally,
thereby nourishing the deepeaecosystemVYolk and Hoffert, 1983-owler and Knauer B®;

McDonnell et al. 201, 3Boeuf et al, 2010
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During their descent, the particlesindergo rapid colonization and ecological

succession by prokaryotefDatta et al., 2016. These prokaryotesnediae particle

transformations, such as thbreakdown and degradation of organic mattdacilitate the

aggregation of small pacles into marie snow, or contribute toremineralizationand



consequently trophic transferof nutrients, carbon and energy througthe microbial loop
(Simonet al, 2002 Buesseler et al, 2007; Steinberg et al, 20D&ner, 2015Nguyen et al.,
2022. Other organisms sth as flagellates and ciliates consume large fractions of the organic
matter (Calbet and Landry, 2004Jhese processes castrondy attenuate the vertical

transportof sinkingparticles(Martin et al. 1987).

The quamty and quality of particles are highvariabledueto geographic differences,
seasonality, anthe vertical distributian of organisms that interact with and produparticles
in the watercolumn (Francois el., 2002; Henson, Sanders and Madsen, 2(E&jicletype
also influencsthe efficiengy of carbontransport to the deepseadueto differences irsinking
rates (Buesseler and Boyd et al., 2008estre et al., 2018 Larger particles and fecal pellets
sink fasterincreasing their chances of reaching deelagrers(Mestre et al., 2018Facdeev et
al., 202). Additionally, environmental surface conditionaffect the timing and duration of
phytoplanktcn blooms, consequently influencingarticle composition, abundanceand

distribution @imon et al.2002;Buesseler and Boyd, 2009; Guidakt 2009)

1.3 Snking particle microbiota

It is well known that sinkinparticles providea unique habitatenriched with reduced
chemical substratesind elevatedextracellular activity fueling a wide range of microbial
metabolisns (Kirchman et al., 2000 These particle®ften harbor distinct microbial taxa
compared to thesurroundingseawater Fontanez et al., 201%eu et al., 202R Additionally,
sinking @rticles can act agispersal vectafor viable microbes from the surfacmfluencing
microbialcommunity structure and functiom the deep sea (Mestre et al, 201Breston et
al., 2020;Fadeev et al., 2031Somemicrobialtaxa, considered rare in surface watersan

become more abundant ateeper layersiue tovertical transport, the s®© | f §e8d® @I E |
(Mestre et al., 2018Fadeev et al., 2031

The sizeof particlesinfluencesmicrobial compositon and transportefficiency with
larger particles being more efficient at camg particle-attached microbes to deeper layers

(Mestre et al., 2018Durkin et al., 2022 The quality ofparticles also plays a role gihaping



particle-attached heterotrophic microbiadommunities,enhancing specific taxa (Stephens et
al., 2024). Moreover, these microbial conmunities undergo compositional shiftaith
increasingwater columndepth (Mestre et al., 201Band progressiveparticle degradation

(Durkin et al., 2022)

The taxonomic compositioand microbial dynamicef particleas®ciated microbes
has beenstudied worldwide including thePacific(Mestre et al, 2018; Boeuf et al, 2019;
Preston, Durkin and Yamahaf)20;Preston et al., 202@urkin et al., 2022Stephens et al.,
2024, Atlantic and Indian oceans (Mestre et al., 2Q1&)dpolar regiongBalmonte, Teske
and Arnosti, 2018CardozeMino et al.,223). In deepoligotrophic waters sinkingparticle
microbial communitiesvere dominatedby Arcobacterand Sulfurovum Colwellia, Moritella
and Shewanellawith lower contribution of achaea(Boeuf et al., 2019)n a subartic region,
Stephens et al (2034found an overlap of freéiving and particleattached communities,
including taxa such dgirellulaceagAlteromonadaceaeand VibrionaceaeThe Vibrionaceae
specifically, was identified as a proxy of freshly produced zooplankton fecal pellets, with a
replacementby other taxaduring degradation and sirikg of the particles (Stephens et al.,
2024). Inthe Central Arcticsome taxa such aslphaproteobacteria, Flavobacteria and
Gammaproteobacteridighly present in surface seawaterere found in sinking pé#cles at
500 metergBalmonte et al., 2018)

Microbial eukaryotecommunities within sinking particlesare described as more
variable including grazers protists, parasites and surfaceater-derived foraminifera and
radiolarians (Beuf et al., 2019). fle latter onesare sporadicallyfound in deeper region
related to higher inputs through fast-sinking particles (Boeufet al, 2019. Similarto the
findings in the central istic by Balmonte et al. (2018), Cardewino et al. (2023) found
Alphaproteobacteia and Gammaproteobacteria strongly dominating bacterial communities
of sinking particles inanother Actic region, the Fram Strait, together with other
phytoplanktorrassociated taxa, such as Bacteroidia and Verrucomicrahiarg highcarbon
export evens. Also, a high dominance ofliatoms (Bacillariophyta)RA Yy 2b | 3 St f |

(Syndiniales), and radiolarians (Acanthaneaje described (Cardozdino et al., 2023)



Identifying the microbiota associateslith sinkingparticles and understandingtheir
seasonablnd temporaldynamicss crucial for gaining insights into locarbon export fluxes,
biogeochemicalcycles, nutrient dynamics and ecosystem resilientiis information is
particulady valuable for highly climatsensitive environments like the Arctig2valsh, 2008
Portner et al., 201p as sinking particles play a key role in the BXtigdale and Goering, 1967
Iversen 2028 which is responsible for the majority of organic matter transport to deeper

ocean layersTurner, 201%.

1.4 Fram Straitand LongTem Ecological ReseardbservatoryHAUSGARTEN

The Fram Stra(77°N/81°N, located between Greenland and Svalbard, connects the
central Arctic to the North Atlantjacting asa gateway between the two ocean basiihe
exchange of water masseecuss in both directions (Rudels, 201%figure 3. Theinflow of
warmer and salty Atlantic wate(2.7 to 8°C)flows toward the central Actic via the West
Spitsbergen Current (WS@eszczynsk®deller et al., 2011 N6thig et al, 2015)with some
recirculation in he central region of the strait (Hattermann et al., 20180 the same timeit
is alsowhere the majority of theArcticice exportoccurs, along with theutflow of the cold
and less salinpolar water (-1.7 to 0°C) via th&ast Greenland Current (EGB3szczynska
Moeller et al., 2011 N6thig et al, 201% Thesewater massesharbor different microbial
communities, including eukaryoteglankton communitiesand bacterigNothig et al, 2015
Wietz et al., 202

An average of 2800 k#of ice is exportedtrough tre Fram Straiteach yeawia the
Transpolar Drift with significantinterannualvariability (Dickson et al 200Between 1990
and 2010, this export increased by 10% per decade due to enhanced ice melt in the Central
Arctic (Zamani et al., 201%eaice dynamics play a key role ginkingparticle processes in
the region, with ice-covered regions exhibitindiigher export efficiencyand enhanced
microbial connectivity (Fadeev et al., 202t Jalso influence thecomposition and timig of
zooplanktan (Ramondec et al., 2022aswell asthe composition, structure and functionality

of bacterial communities (Priest et al., 202Bdr phytoplanktononly minor changeis bloom



timing or duration wereobserved howeverthe seasonal variabilityncreased(Néthig et al,
2015).

In addition to seace, the influx of Atlantic watr also influenceshe Fram Strait
ecosystem. Priest et al. 2023 identified metabolically distinct microbial populations
associated witlvarying level®f ice coverage andtlantic water influx Inthe past, two warm
anomaly periods were observed in the region (1280 and20052007) (Beszczynska
Moller et al., 2012). Thevarm anomalyof 20052007 hadtemperatures exceeding 1°C from
the usua) along with adecrease in the ice exterand biogenic matter fluxesBeszczynska
Moller et al., 2012; Lalande et ak013) Thiswarm anomalyled to changesin species
compositionand abundancef the dominantphytoplanktontaxain the region (N6thig et al,

2015 Onda et al., 2020)t caused shift fromthe dominance ofargediatomsto smaller cells,

such agoccolithophoreslater replaced by amcrease in thélagellatesPhaeocystipouchetti

that persistedn the next yeargLalande et al., 2013J6thig et al, 201%. Atlantic water influxes

are also related to the northward expansion of subarctic habitats which bring invasive species
GAOK GKS LRAOGSYyGaAart G2 NBLIFOS ! NDGAO O2YYd

consequences throughout the entire Arctic food web (Polyakov e2@1.7)

Seasonal pattern in surface water microbial communities in the region of Fram Strait
have been previousigescribed (Oldenburg et.aP024a, Priest et al 2025. Microeukaryotic
communities were describedxhibiting a recurringstructure, starting inearly spring with
primary producerstransitioningto mixotrophs in autmn, and eventually leading to the
dominance ofheterotrophs and parases in winter (Oldenburg et al.2024a). Key taxa
identified by Oldenburg et al. (20@8%include Ochrophytadominaing primary production
with a shift to Chlorophyta in autumminoflagellates, such aSyndiniales and Dinophyceae
aredominant in the transitiongbhasesf spring and autumOldenburg et al., 2024. Other
key groups includ€iliophora in summer, Qojophyta in summer and autumn, and Radiolaria

in winter and spring (Oldenburg et al., 20694
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TheFram Strait is a kefrctic region due the interaction of water masses ritche
Artic and Atlantic ©eans BeszzynskaVidller et al., 2011; Bthig et al, 201% andas apolar
region, itis alsosubject toextreme seasonalitygventhough the region has been studied for
over 20 years $oltwedel et al., 201)6the use of amplicons sequencing analysis coupled with
sediment traps is recent (Cardoadino et al., 2020)Understanding the seasonal dynamics
environmental drivers and interactions between sinkpagticle-attached microbesvith free-
living surfacemicrobial communities is ess#ial in this highly seasonalenvironment.
Moreover, characterizinthe composition of these communitiggrovide valuable insights into
the microbial connectivity throughout the water column, and the impactedsonal changes

and interannual variationsn carbon cycling in the ArcticA previousstudy identified the



prokaryotic communitiegssociated withsinking particles in the Fram Strait region (Cardozo
Mino et al.,2023). Howeverthis studywas focusedon highexport eventsin spring and
summer and springetween 2000and2012. A& seasonally resolved study of sinkiparticle
microbial communities in the Fram Strait is essential to better understand the transitional
phases and seasonal mymics within these communities and contrast them to interannual

dynamics.

This study was calucted in theframework ofthe FRAM Molecular Observatory at the
LongTerm Ecological Research (LTER) Site HAUSGARTEN operated by the Alfred Wegener
Institute Helmholtz Center for Polar and Marine Research. Sequences from surface waters
were available fromthe FRAM Molecular Observatory. Sinking particle samplere
sequenced as part of tHEUProjectAtlantEC@ 9 dzNR LISy ' yA2y Qa | 2 NRA T z
innovation programmegrant agreement number 862923Resources were provided by the
Alfred Wegener Intgute Helmholtz Centre for Polar and Marine Research (AW I }aa®ax

Panck Institute for Marine Microbiology.



1.5 Aims of the project

This project investigates the composition of bacterial and eukaryotic communnities i
surface waters and on sinking patesacrossfour years using seasonally resolved amplicon
sequencing data collected with autonomous samplers in the Fram Sira#.majorgoalwas
to identify and explore seasonal and interannual variationswface waterfree-living and
particle-attached microbial communities in their environmental caxtteincludingsea ice

cover, water properties and particulate organic carbon flux.

We hypothesized that:

1. The strongseasonal dynamics in the Arctic are reflectemt only inannually
recurring seasonal pagtns of freelivingbut alsoof sinkingparticleassociated
microbialcommunities

2. Srong interannual environmental variations such as sea icer owater
temperature anomalieslead to observable shifts in theomposition of both
surface water angharticle-associatedccommunities

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

and subsequent microbial particle compaosition



2 MATERIAL AND METHODS
2.1 Sampling

Surface water and sinkifgarticle @mples were collectedt the longTerm Ecological
Research Observatory (LTERYUSGARTEation HGIV, located the centrd area of the
Fram Strai{(79°0'25.92" N, 4°20'3.12" EArctic(Figure 4) The samplinggccurredduring RV
PolarsternexpeditionsPS99, PS107, PS114 &&l21 Thedeployment and collection dates
as well as thsampling deptk of sediments traps anchooredRemote Access SampleRAS$

can be found irAppendix1.

- 50m
100 m
—— 250m
—— 500m
—— 1000m
1500 m
—— 2000m

= 2500m

Ocean Data View

Figure 4 Location of the H@V stationat the LTER HAUSGARTEN observatdfyam Straitin blackthe name of the main
regions. At side, the color gradient represents behymetryof the region.

Snking particles were samplagingautomatic sedment traps K.U.M trap type K/IMT
234, Kiel Germanyand surface water was sampled usiRgmote Access Saters (RAS
McLane Research Laboratori@Sigure 5)Bothsystems wer@anchored by seafloor moorings
deployed and recovered as part A¥VHed expeditionverfour complete yeargmid-2016¢

mid-2021).Deployments usually lasted 1 yeaxcept for RASral sediment traps recovered



during PS12Mwhich remainedn thewater for 2 years (20122021).Dueto water movement
the samplingdepth of RAS varied between 24 and 18teters For the sediment traps, the

average defwyment depthwas around 200 m.

Sediment traps had a sampling area of 5.n? with 20 collection cupsEach cup was
filled with sterileffiltered North Sea seawater (40 PSU) and mercuric chloride (0.14% final
concentration), which served as fixation for the sampgM&etz et al., 2022)Samplingcups
rotated at intervalsthat varied between 8 and 91 days depending a the anticipated
magnitude of particulate organic matter@®) flux. After recovery samples were refrigerated
at 4°Cfor later analysis Thesamples corresponding to the periad spring and asmmer of
2019were not collected due to a failure in tleedimenttrap mechanismin the laboratory,
zooplankton (swimmers) larger than 0.5 nwere removedwith forceps under a dissecting
microscopg AWI Polar Biological Oceanography Grodjm, samples were split using a wet
splitting procedure (Bodungen et al, 199a) different measurementsind staed at 4 °CAll
samples were checked faigns of decomposition in the original cups, including rotten or

sulfidic smell, black color and zoopkion decomposition.

The RASontained 48 sterile sampling ba@s00 ml),filled with 700 pL of mercuric
chloride solution (7.5% w/v)The sampling wents werepreviously programmed, with two
samples per event with an hour apartt An event,approximatdy 500 ml of water were
automatically pumpedand fixed by the mercurichloride (0.01% final concentratian)Xter
recoveryandsubsampling fodistinctanalyss, two sampling bage/ere combined andiltered

using0.22 pum Serivexfilters and refrigeratedat -20°C for later analysis.



RAS Mooring Sediment Trap

Figure5: Scheme ofA) Remote Access Sampl&RASand (B) Sediment TrapYellow squares represent CTD sensors.

2.2 DNA extraction and sequencing

DNAextractiors from sinking particleand surface water samplegere done wsingthe
DNeasy PowerWater KIQIAGEN, Germaniy the AW Polar Biological Oceanography and
Deepsea Ecology andethnology groups following the Y I y dz¥ | © fprronéd. Rdp
prokaryotes the 168ypervariable \Vdv5rRNAregion was amplied usingprimers515F6 p Q
GTG YCA GOBCCGAGTA Ao QU | YOROCOD KAATT YMT THSET T )PParada et
al. 201§. For microbial eukaryats, the hypervariable V4 regiaf the 18S rRA genewas
amplifiedusingprimersp H y A-GCGOGTARATT CCA GCA-0 nd 964iR pAQ TTT CGT
TCTTGAYRR)® a S US & S Gequericidgivaspariormeéddy Genoscope (National
Center of Sequencindirance)for the sinkingparticle samples antty the Alfred-Wegener
Intitute for the surface water samples, botusing lllumina MiSeq platform in 2 x 300p
pairedend runs (Wietz et al., 2021CardozeMino et al., 2023 Negative controls of PCR
amplification were available for surface water samples, but were not provided for sinking
particle samplesSomesamplesvere unsuccessful in the sequencing procds$se samples for
the sediment trapFevi34 cups 4, 12 and 1&nd Fevi40 cupg, 10,11 and 12failed in the

sequencing omicrobial eukaryotic organisms, while Fevi 40 cup 9, failing for both prolar



and elkaryotic sequencing.rmoverview of samplesan be visualized on th&ppendixl. 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 seguenci
microbial eukaryotic organism3he fquencesfor the water columnare depositedin the
European Nucleotidérchive under umbrella projectFRAM/HAUSGARTEN with accession
number PRIEBA®S. The segences for the sinking particlesre uploaded in the ame

repositoryunder umbrella project AtlantECO with accession nuniRRIEB78421

2.3 Environmental @mrameters

Biogeochemical measurements of the particles, such as particulate organic matter
(POM) particulate organic carbon (POC), particulate organiogén (PON), silica (dissolved
and particulate), anddl f OAdzy OIF Nb2y 4GS o6/ 1/ hi v &SNB
Oceanography groupt AWI (pers. comm. M.lverserBriefly,triplicate subsamplegor POC
and PONanalyses were measuragsing an elemental analyzer after filtration through pre
combusted G#F filters (0.7 um, 500 °C for 4 h) and an acid treatment (0.1 N HCL) to remove
inorganic carbon and drying (60f@ 12 ) @ ¢ K Sonfertt was estimated by measuring
inorganic carbon and converting it to carbonate values using correction factors al@uan
carbonatecontaining organisms were present in the samplgsally subsamples fobiogenic
silica measurementswere filtered on cellulose acetate filte (0.8 pum pore siz@ and
determined by a wetalkaline digestion process followed by an extractfor 2h at85°Cin a
shaking water bathAll procedures were conducted following the methodology described in
Bodungen et al (1991), which provides more details for each procedttxes were
calculatedusing the average of triplicatés milligrams (ng) and converted to daily fluxgser
square meterTKS S5AE2y Q&8 v (5S40 was GsH 6 idenyfRoutbefsE 2 y =

resulting in the removing of one replié@m POM from Fevi34 cupl2

Environmental parameterof the CTD sensorSeaBird SBEZIDOand Microcat)
attached to themoorings including temperature, depth, salinity, oxygenand chlorophyll
concentrationsmeasurementsywere recoveredrom PANGAEA repository from von Appen

(2019)and Hoppmanret al (2023)The proportion of Atlantic (AW) arRblarwater (PW) were



determined based on thghysicoechemical characteristicef the water massesysing the
environmental parameters collectedith the CT{see Wietz et al. 2021 for detail3he polar
water comprises both the outflowing water from th&rctic through the East Greenland
Current (EGC) and other sources of fresh, cold water, including meltwateater mass was
considered as pure fraction when its relative proportion exceeded 80%, otherwise it was
classified as a ixture. Sea iceconcentationis an updated version of Melsheimer et al (2019)

in the PANGAEAepository (https://doi.org/10.1594/PANGAEA.8983P%hat can be
recovered fromhttps://seaice.unibremen.de/data/amsr2/asi_daygrid_swathDistance of
seaice edge was calculated based the digance fromthe mooring tothe 20% sedce
concentration i{n km), with negativevalues indicating thahe seaice concentration exceeded
20% Mixed Layer Depth (MLD) was determined by multiple CTD sensors along the mooring.
The Physical Oceanogtapgroup at AWI (WJ. von Appen, pers. comm.) provided all the
calculations Finally, the environmental parameters originally in Hguresolution were
averaged for dailyesolution.Environmental parameters of the surface were associated to the
sinkingparticle samples with d-days delay, assumirmgarticle sinkingselocitiesof 60 m dt
(Fadeev et al., 2021The definition of seasons followed the seasonal divisions previously
established byVietz et al.(2021) for the Fram Straitspring (midApril to mid-June), summer

(mid-June to lateJuly), autumn (Augusb October), and winter (November to mipril).

2.4 Bioinformatic and statistical analyses

Satistical analysis waperformedusingRv.44.1 (R Core Team, 2024nd RStudio
v.2024.04.2Posit team 2024) TheDADAZvorkflow and cleaning process followetbdified
scripts (DataLoad and DataProcessing) for theRASL617 repository from
https://github.com/matthiaswietz/RAS9.617 (Wietz et al., 2021)rad from Pauli et al, 2021
The complete set of scriptgsed to produce the images in this project can be found at
https://github.com/acgusmao32/MSc_FStraRrimers were removed from the aw paired
end reads usin@utadapt(Martin, 201). The DADA2 packag&€allahan et al., 2018)as used
for quality checkng of the sequencesand taxonomic assignmenttm amplican sequence
variants (ASVs).he fourdatases (prokaryotes and microeukaryotes from the sediment trap,

prokaryotes and microeukaryotes from the water column) wanalysedseparatelyand later



mergedinto two datases, onefor all 16Ssequencesand one forall 18SsequencesAfter
filtering andtruncaion (Table 1),error modelswere calculatedfrom the quality profiles,
followed by dereplication denoisng and mergng of the sequencesThen,chimeras, junk
sequences (sequences outside the expected amplicon length raagd) singletons
(sequences that apgar only once across the entire datapeere removed The length range
used was 354112 bpfor 16S dataset an818403 bpfor 18S Taxonomic assignmerwere
doneusngthe databaseSILVA.138.2(Quast et al., 2003and PR2.5.0 Guillou et al., 2013
for 16S and 18S daats, respectively.

Tale 1: Truncation parameters used in DADAZ2 pipeline for each dataset

Dataset Trunc valued-orward Trunc vales Reverse
16S Sinking Particles 250bp 190 bp
18S Sinking Particles 260bp 200 bp
16S Water Column 250bp 190 bp
18S Water Column 230bp 216 bp

An additionalcleaning stepremoved for the 16S dataset the ASVs unclassified at
phylum levelnd clasgied as mitochondriaghloroplastsor considered human contaminants,
such as: Propionibacteriaceae, Weeksellaceae, Corynebacteriaceae, Streptococcaceae,
Xanthobacteraceae, Staphylococcacea and Burkholderidecaaethe 16S dataset For the
18S dataset, BVs 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 Upl15) of the 16S dataset were also removed due to the
higher relative abundance of the famBulfurimonadacead his taxon is composed by sulur

oxidizingmembers(Han and Perner, 2015)hich could indicate fixation issues.

The sampling effort was checked usiragefaction curve®f the observed specidsr
each datasetcreated vith INEXT package3.01 (Hsieh et al, 2016 Alpha-diversityanalysis
included the number of observed ASVs, as well as Chaol, Shandomverse Simpson
metrics calculated using theaw ASV table(including singletons and uradsified taxa at
phylum or kingdom levelhrough phyloseq Rpackage v. 1.48.0 (McMurdie and Holmes,
2013) Thenormalization wasichievedy rarefactiorusingthe lowestpossiblenumberhigher

than 10.000 readsAs result some samples witlan insufficiem number of reads were



removed, thee being Fevi36_Up09, Fevi36 _Upl5 and HS3 PS121 E35 for microbial
eukaryotes and HS1SR07_E39 foprokaryotes(Appendix ). Samples were collapsed by
season in eacHataset,and tested for significance witkruskatWallis and pairwise Wilcoxon

testsusingthe ggpubrpackagev. 0.6.0 Kassambara, 2023

The datasets were further subdivided into particltached and surface water
categoriesFor visualization,&ch subset was thegrouped at the familyevel for prokarytes
and at the clasdevel for microbial eukaryotes, wittample countsransformed into relative
abundancepercentags. The five most abundant taxa at a specific taxonomic level were
identified by the sum of counts across all samplgth the grouped fileand calculation of
relative abundance. ThemJl taxa at that specific level wittmean abundancéower than 2%

were considered rare and removed or collapsesia new grou®l f £t SR ah G KSNRARE ®

To evaluate compositional differenceand visualize patterns irthe microbial
communities non-metric multidimensional scaling (NMDS) with B2yrtis dissimilarity was
performed after Hellinge transformation(Wietz et al., 2022)The function envfit alsofrom
vegan packagewvas used taassess the influence of envinmental variables on community
structure(Oksanen et al., 2007The method tested significance of each variable through 999
permutations, where variables with low-yalue (p < 0.05) were considered significantly
associated wh the structure of the microbial community the direction of the vectorlt was
also tested the analysis of variancging distance matrices (ADONIM)eMantel tess were
used to assess thenfluence of each environmental parameter on microbial coumity
dissimilarity and between prokaryotic and microbial eukaryd@i@ Y Y dzy dis8irhilariie.
The Mantel test was calculated usinggan package.2.6.8(Oksanen et al., 2017) and linkET
package v.0.0.7.4 (Huang, 2021), vitirclidean distancef ervironmental parametersBray
Curtis for microbial communitiesmethod Spearman and 999 permutationsinally, kared
and exclusive ASMsgere analyzedo identify habitat-specific microbial communitiesand
overlap between habitatait the ASV levk usingthe ggvennpackagev. 0.1.10(Yan, 2023).
Other R packages used during analyfseplot creationincludeddplyr, ggplot2,gridExtra and

tidyverse.



3.1 Oceanographic conditions overview

The oceanogphic conditions varied acrosgears, withthe evident differences
observed inthe proportion of Atlantic Water (AW) and Polar Water (PW2019and 2020
(Figure 6. The averageroportion of PWin the time-series was30% with specific periods
reaching 100%The period from January 2020 to September ZDreachedthe highest
proportion of PWmore frequently, although intermittentlyAlso, it was observed a recerd
breaking marine cold air outbreak in early 2020 in Fram Strait, where the intensified cold air
interacting in the seair interface likely enhaced heat loss, promoting surface cooling
(Dahlke, Sokes andMaturilli, 2022). We termedhe period between January and September

2020as a cold anomalgvent(McPherson pers. comm.)
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Figure6: Proportions of waterractions (%)at HG-1V stationfrom July 2016 to June 202Trend lines and confidence intervals
(95%)are shown in red foAtlanticWater and blue for Polar Watéractions. Bickground colors represent the seasonysllow
for summer, red for autumn, blue for winter and green for spriBuedashed lines indicatéhe cold anomaly evenfThe
original data (hourly resolution) was averaged per day.



Watertemperaturevariedseasonallywith values dropping duringiwter and starting
to increasing again duringpring (Figure J. With anaverageof 3.1+ 1.9 (SD, the lowest
recorded temperaturevas-1.7°C inspring2020, during the cold anomaly, anthe highest
value of7°Cwas reachedn autumn 2016. Salinity was more stablend was34.8 + 0.2SD),
on average, with decrease betweeMay2019 am August 2019, as well as between February
2020 and May 202@lso ceoccurringwith the coldanomaly(Figure 7. Seace concentration
is a reflection of the se&e transpored from otherregions through the Fram Strg@amani
et al., 2019 with peaks suallyduring spring and sumer. An unusual peak96% coverage)
can be observeth latewinter, in Apil 2020,during the cold anomaly eventhis higher sea
ice concentration, linked with the higher proportion of polar water, could represent a stronger
and earlier meltseason The Mixed Layer Depth (MLR)so presented seasonal trends,
reachinghigherdepths during winter and earlgpring with a maximum of 415 m in 201A
different pattern can be observetetween March andApril 2020 likely influenced ly the
lower salinity during theold anomaly event, which madée water column more stratified

resulting in a shallower MLD
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Figure 7 Temperature(°C) Salinity, Se#&e concentration(% coverageand Mixed Layer Deptfmeters)at station HGIV
from July 2016 to June 202Background cairs represent the seasongellow for summer, red for autumn, blue for winter
and green for springThe trend line andonfidence interval§95%)are shownin red on thetwo middle plots. Blue dashed
lines indicaé the cold anomaly eventheoriginaldata (houry resolution) wasaveragel per day

Chlorophyllconcentrationspresented clear season#lends (Figure §, with higher
values during spring and summaeeflecting 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 confirmibdaveragalistance of the sea
ice edgdrom the mooring was 66.5 + 17.9 (SD) km, with the distarscellyshorter in sping
for most of the timeseries(Figure8). Adifferent patternwas observed in spring 2018 with
the seaice edge being more distant compared tother years. Dissolved oxygen

concentrationsalso presented seasonal variations, as shawvithe trend ling(Figure8), with



valuesincreasingduring springas a result of photosynthesend decreasing during autumn
The concentrationsanged from 283 to 416 pumol/L, with an average of 31&27.9(SD)
pmol/L.
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Figure 8 Chlorophyll concemation (mg/m?3), distance of sedace edge(km) from the mooring andlissolved oxgen
concentration (umol t) at station HGIV from July 2016 to June 202Background colors represent the seasongllow for
summer, red for autumn, blue for winter and gre@r spring The trend line andonfidence itervals(95%)are shownin
red on the last tw plots Blue dashed lines indicates cold anomaly eventhe original data (hourly resolution) was averaged
per day.

3.2 Sinking particle fluxes ifrram Strait (201€021)

The particlefluxesfollowed abi-modal annual exporof particulate organic arbon
(POC)linked with the productive season(spring, summeidutumn) (Figure9 - A). The
magnitudeof POClux ranged fron0.31 to 35mg mi? d', with thefirst exportevent(usually

5 to 10 mg it d1) occurring duringhe transition from winte to spring and the secondore



intense (> 10 mg nt d?!), peaking in summedutumn. Particulate aganicnitrogen (PON)
remained low for most of the dataset, surpassind mg m? d?! + 1 three times during
September of 2016August 201And July 2020Thecarbonateflux had a averageof 12.6mg
m?2d?+ 7.6.0verall the PONand carbonatefluxesfollowed similartrends to thePOGevents
(Figure 9¢ B, C) The e&ported fluxof biogenic silicaBS), combinedwith particulate silica
(Figure9d ¢ D), alsoremained low (< 5 mn1? d!) for most of the time series. However, sporadic
higher export event¢> 10mg m? d) were observed annually during one of the productive

seasonsindicatingthe development and export afiatom blooms

There wasotableinterannual variability in the fluxes observed, wibme differences
in the timing and magnitude of exports. B017, the highesstilicaexport event was not
recorded Alsq during this yearthe PON flux reached its highest magnitude (®8m?d?)
in the time seriesin 2018, the higher silioaxport eventoccurred earliercoinciding with the
first POC export event, unlike in other years, where it aligned with the sepeakl inPOC
export. Alsoduring spring of 2018, the station was more distant of the-&e edge than in
other yearsHnally, deviating from the typical pattern, the second POC export event in 2020
was lower than the firstNo significant difference were founahithe magnitude of the POC,
and carbonate fluxes during the year of the cold anomaly compared to 2017 and 23, (T
p>0.05).Thehighersilicaexport event wasalso testedagainst the gents in 2018 and 2016,
with no siqgificart difference observed (Vilcoxon, p®.05. For PON, the only significant
difference (Wilcoxon, p<0.05) wabserved with 2017.
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Figure 9 Particle fluxes (mg rhd?) at station HAV inFram Straifrom 2016 to 2@1. The fluxes are (AOC articulate
Organic Carbon, (BPON =Particulate Organic Nitrogen, (CARB €arbonate and (C8IL Silica (BSi Particulate. The Back
dashed line represesthe mean of daily flux raeacross the entire period’he blue araindicatesthe cold anomaly event
Colorof the barsrepreser the seasons: summer (orange), autumn (redhter (blue) andspring (green).

3.3Richness and Diversity of microbial communities

We recoveredl5084ASVsor prokaryotes, whiclafter filtering, totalized13658 ASY,
with 13222associated wittBacteria ad 436 with Archaea For microbial eukaryoted2348
AS\$ were identified, with 10635 ASVs remaining aftes filtering, with the protist group
TSARvith the highest amount of ASV8639. The average sequence reads for samples were
126762 + 94932 for pra@kyotes and 108602 + 66873.



Raefaction curves showed thativersitywas sufficiently cowed in most microbial
eukaryotesamples Athoughthe full diversitymay not havebeencapturedfor prokaryotes
the overallcoverage indicatethat most of the commnity diversity was capturedAppendix
2). The number of observed ASpar sampleranged from 311 to 1656 (mean: 876 + D)
for prokaryotes, with microbial eukaryotes presenting a lower variation in richness, ranging
from 64 © 909 (mean: 342 + 127 SBhaolrichnessestimatespresented a similar pattern as
the observed ASVuiith highervanation in prokaryotes (mean: 1289520 SDyompared to
microbial eukaryotesnjean: 402 £ 159 §Dehannon and Inverse Simpsamdicespresented
an average o4.6 0.8 SCand 4 + 37 SD for prokaryoteand 3.8+ 0.6 SD and 18.5 + 12.4 SD

for microbial eukaryotes, respectively.

Richness differed sigmantly across seasons (Kruskat t f Aax LJ X ndnpdo
in surface water prokaryotic communities, highlighting the importance of seasonal variability
for the diversity of these communitie§.or particle-associatedcommunities, onlyobserved
ASVs and ltaol presented significandifferences across seasor(&igure 1. These results
suggesthe presence of unique ASVs per season, which, however, do not aeffechunity
evennessThe winter was the season with highest richness and diversity, being signlficant
differentfrom the other seasons in most pairwise comparisons A £ O2 E2 y .0i®seld = LJ
elevated values are likely due the mixture of deep and surface waters that ocuatirgy d

winter, which inflates richness
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Figure 20Alphadiversity metrics foprokaryotes Each column is an alptaiversity metric (Obsrved ASVs, Chaol, Shannon
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Microbial eukaryotes showed significant difference (Krudkalf f A a =

LK

richness (observed ASVs and Chablij not forthe evenness. Thaverse Simpsometric

was not significanin both habitats gurface water andarticle-associated), whereaghe

Shannondiversity presenteda significant but weak differencein the particleattached

communities(KruskalWallis,p = 0.04 (Figure 1). Thissuggess$ a stable community across

the seasons for both habitats, where, despite variadn richness,the distribution of

individuals across taxa remained comparable.

nc
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The comparison of alphdiversity metrics between seasons over timevealed few

significant differences between years, witmost occurring betweenwinters for both

prokaryotes and miobial eukaryotes in both habitatésurface and partickassociated)

(Appendix 3 and ¥ Specifically, the winter of 2020, during the cold anomaly, showed only one

significant difference in the observed ASVs metric for the partiskociated prokaryotic

community compared to the winter of 2018.

3.4 Microbial cmmposition ofsurface waters in Franstrait



Eleven microbial eukaryotic families from eight classes were found with thare2%
of relative abundance in surface water sampléBigure 12 Families of diatoms
(ChaetocerotaceaeThalassiosiraceaand Bacillaraceag, dinoflagellates Gymnodiniaceae
Suessiaceaeand unclassified Dinophyceag intracellular parasites Oinol-1), ciliates
(Ephelotidaeand Strombidiidag, radiolarians RADC and microalgag(Phaeocystacege
dominated the microbiomeThe most abundantamily wasBacillaraceae(10%)followed by
Ephelotidae(9%), Dinol-1 (8%) andPhaeocystacea€5%). The most abundant genera of

BacillariaceaavasPseudenitzschia comprising 45% of the family

For surfacerokaryoticcommunities, it was founthirteen familiesof four classes with
relative abundancenore than 2%(Figure 12 The most abundant familiesf prokaryotes
were the SAR11 Clade (14%), followed byFlavobacteriaceag13%). Other fanilies
composing the microbiome were common marine families (SAR11 Clade Il, and SAR 86), and,
Thioglobaceae, Porticoccaceae Paracoccacege Nitrosopumilaceae Nitrincolaceae
MethylophilaceagMagnetospiraceaegHOC36nd AEGEANG69. The most abundant genar
within the Flavobacteriaceatamily isPolaribacter comprising 30% of the total abundance of

the family.

Seasonal patterns were obsed for somemicrobial eukaryotic familiesout not all
(Figure 12 Dinol-1 (classSyndiniales RADCandEphelotide showedan increasen relative
abundance duringwinter, whereasPhaeocystacegediatoms families andStrombidiidae
exhibitedincreasein relative abundanceuring theproductive seasons (spring, summer and
autumn). The dinoflagellates from the Dinophgeeclass did not showed a clear seasonal
pattern, as their relative abundance fluctuated across different seasdmgrannual
variabilitywas also observed heEphelotidaesshowed an increase in relative abundance, but
only every other yeaBacillariaceatypically peaked in autumn, however, in 2018 a peak was
observed in springThat same yeaPhaeocystaceashowed a different dynamic, with a
decline in relative abundance compared to other yedise diatom famil\Chaetocerotaceae
showed a declinen relative abundance dunig the spring of 2019, inontrastto previous

years, and this trendontinuad into the spring in 2020Finally, RAEC exhibiteda decline in



the winter of 2020 and Dint1 that usually peaks in winter, showed an increase in relative

abundance in spring of 2021.

The majority of the prokaryotic families showe@al seasonal patterns (Figure)12
Flavobacteriaceaand Nitrincolaceaencreased in relative abundae duringspringsummer,
while Paracoccaceashowed peaks in autumn. THeoticoccaceaevas the only family that
did not showa seasonal patternmaintaining low relative abundance acrosssahasons for
the most of the datasetAll other families includingNitrosopumilaceagunculturedHOC 36
AEGEANG9, Magnetospiraceage Methylophilaceae SAR11(Clade| and Il), SAR 86and
Thioglobaceaghad higher sequence proportionsantumn and winterinterannual variability
was observed irPorticoccaceaeNitrincolaceaeand HOC36. Porticoccaceaxhibited an
increase in relative abundaaauring the spring and summer of 202{trincolaceaeshowed
a decline in relative abundance during the spring and summer of 2017, MOE3&leclined

in winter of 20192020.
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Figure 12 Relative abundancand taxonomic affiliation o$urface watemicrobial communities iffrram Straifrom 2016 to
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3.5 Microbial composition of sinkingparticles in Fram Strait



Fourteenfamilies above 2% relative abundance (FiglBecomprised the microbiome
of sinkingparticle microbial eukaryotedlt included radiolarians Acantharea CB diatoms
(Chaetocerotacege stramenopiles MIAST9), green algae Ghloropicaceae intracellular
parasites (unclassifiedMicrosporida Dincl-1, Dinol-2 and Dind-3), dinoflagellates
(Dinophyceagand other heterotrophic protistsgryothecomonadProtaspaand Pirsonialek
The most abundarfamilies wa®Dinol-1 (13%), followed byunclassifiedMicrosporida(10%),
Dinol-2 (9%) andChaetocerotacea(4%).Fourfamilies were shared between sinkipgrticle
communities and surface water, being them tGhaetocerotacea®inol-1, Suessiaceaand

unclassifiedinophyceae

Aseasonal trend was observed in the fanMyST9 and Dincl-2, with an increas in
relative abundance during winter.rdlassifiedMicrosporidashowed anincrease in relative
abundance during thevinter-springtransition. Acantharea C3ChaetocerotacegdProtaspa
and unclassifiedGymnodinialesshowed an increase in relative abundandering the
productive seasons (spring, summer and/or autung. seasonal trenavas observed for
Cryothecomongs Chloropicaceae unclassified Pirsoniales Suessiacege unclassified
DinophyceagDINOI-1 andDincl-3. Variabilitybetween years was also olrtved MAST9 and
unclassifiedMlicrosporidashowed a decline in relative abundandering thewinter of 2016
2017 compared to the following years. Also in 20tt& unclassifiedPirsonialeexhibited an
increase in relative abundance abihol-2, whichusually peaks in winteiinstead peakedn
autumn. A peak o€ryothecomonawas observed ithe summer and autumn of 2018vhile
Acantharea C3vas absent during this yeaChloropicaceashowed anincrease in relative
abundance only during 2019 and 20Zhatocerotaceaexhibited an increase in abundance
during the summerautumn of 2020compared with to previous years, maintainitigh

relative abundancéhroughoutthe following winter.
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There were me prokaryoticfamilieswith more than 2% relativ@bundanceof si

classes(FHgure 14. Mycoplasmataceaewere the most abundant Z4%), followed by



Flavobacteriacea@2%). Other families present in the sinkifgarticle prokaryotic community

are associated with organic matter degradation, includ@gwelliaceagCoxielhceae and
RubritalaceaeTheFlavobacteriaceatgether withParacoccaceaeere the only two relative
abundant families from the surface water also present in the singenticle samplesEven
though the families are shared between habitats, thdffer in the most abundaniower
taxonomic levels. Unlike in the surface habitat, where the most abundant genera within these
families werePolaribacterfor Flavobateriaceaeand Amylibacterfor Paracoccacegethe
dominant genera in sinkingarticle samples wer@urantivirgaand Sulfitobacterrepectively,

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

The majority of thefamilies did not follow any apparent seasonal trends, such as
Flavobacteriaceae Mycoplasmataceage Spongiibactdaceae Coxiellaceae Colwelliaceag
Pirellulaceaeand Beijerinckiaceae Only Rubritalaceaeand Paracoccaceaeshowed &
apparentseasonal patternRubritalaceaeshowed an increase in relative abundardgring
the summerautumn, wherea®aracoccaceaended to increasan relative abundance ding
winter. Interannual variability wagbserved forPirellulaceag that showed an increase in
relative abundance during 2018 and a decline in 208te familyFlavobacteriaceaerather
than presenting a seasonal path, seems to follow an inverse correlation with the microbial
eukaryote families Diné1 and Dinal-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 irFlavobacteriaceaaBeijerinckiaceashowed an intersting temporal pattern, with
increase& abundancs starting in 2019followed by adeclire during the cold anomalyand
then asubsequent rise in the autumn of 2020his trend closely mirrordieé dynamics ofhe
green algaeChloropicophyceaevhich also exhibited Aloom in 2019and followed a similar
fluctuation thereafter. The parallel dynamics suggeat possible ecological linketween

Beijerinckiaceaand Chloropicophyceaklooms

3.6 Smilarities 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,
respectivdy (Figure #). Forprokaryotes, he particleassociated communitidsadthe highest
number of exclusive ASVs (5564¢countingor 50% of the datasetormicrobial eukaryotes,
the surface water communitizad themost exclusive ASVs (604@presentings8.5% of the
total. Thedistinct composition of the communities both datasetssuggest a high degree of
specialized communitiehis pattern igurther supportedoy NMDSanalysigAppendix $and
ANOSIM test (R = 0.9, p < 0.05 for prokaryotes and R5 ®.< 0.05 for microeukaryotgs

whichshows a clear separatidsetween 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 14Venn Diagrams of exclusive and shared#Af@%veen surface water and partickttached microbial communities
for (A) prokaryotes and (B) Microbial Emkotes.Thevalues were rarefied by sequencidgpth using the lowestumber of
sequences higher than 10,000.



Particleassociated prokaryotic communities shared 17.4% A&Vsbetween all
seasons, whereaspicrobial eukaryotes sharetll. 3 of ASV.SThehighestoverlapbetween
two seasonsoccurred between autumn and winter for both domains with 16.2% of
prokaryoticASVs and 8% of microbial eukaryotic ASSlared(Figure 1% High community
turnover between seasonsvas also observed for surface water migbial communities
(Appendix 7, with the only difference being thator prokaryotes, the seconlkhrgest overlap
after the ASVs shared across all seasons (22%be&tagen winter and spring (17.8%)he
winter showed the lghest numbes of exclusive 8VgFigure 15and Appendix Y.

Particle-associated Prokaryotes Particle-associated Microbial Eukaryotes

Summer Autumn Summer Autumn

339
(10.7%)
4
12

1.5%
(0.4%) (1.5%)

15
(0.5%)
26
(0.8%) E IQ (.
Winter  Spring ‘@’ Winter

Figure 15 Venn Diagrams of exclusive and shared ASVs between seasorartfolejassociatedA) prokaryotes and (B)
microbial eukaryotes. The values were fiégd in each dataset by sequencidgpth using the lowestumber d sequences
higher than 10,000.

1742
(21.0%)

(32.2%)

1442
(17.4%)

235
(2.8%)

Spring

Theseasonatyclein water column communitiess clearlydiscernableor prokaryotes
and microbial eukaryotesn the mon-metric multidimensional scaling (NMD8hdinations
(Figurelb). This seasonal @énd remains detectabklinmicrobial eukaryote{PERMANOVA p =
0.007) (Appendix 8 and @ssociated with the sinking particles,these communitiesargely
constitute the particles generated in theurface.However, he seasonaltrend within the
sinkingparticle microbial eukotic communitiesappears less pronouncethan for the
communities irthe water columnwith seasons explaining 12% of the variatiothe sinking
particle communitiesand the samples fotate summer July) more dispersedThe particle
attached prokarytic communities exhibé&d overlap between seasons, with ordye distinct

cluster of latesummer andearly autumnsamplegFigure 15 B), suggestinghat seasons are



less reflected in the composition of particle associatedhmunities.Also, the samples eve
more dispersed within each season, indicating greater variability in community composition.
Despite the overlap, PERMANOV@\ppendix 8 and 9)yevealed significant difference

betweenseasons (p = 00Q), with seasons explaining 13% of the variation.
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Figure 15Two-dimensional MDS of BrayCurtis dissimilarity for (A) surface water and (B) paridtached prokaryotesas

well as(C) surface water and (D) partid&ached microbial eukaryotes. Dissimilarities were calculated after Hellinger
transformation. Colorgepresent months, with differenshadedndicatingseasonsklue for winter, greenfor sprirg, yellow

for summer and redfor autumn).

3.7 Correlation with environmental parameters

The variation ofsurface waterprokaryotic communities wasignificantly correlated
(Mantel tests, p < 0.05) (Figure 16) with temperatwselinity, fraction of Atlantic and Polar
water and dissolved oxygertlowever, only temperature and dissolved oxygen were

correlations with moderate strengthMantel test, R = (2 ¢ 0.4), whereasall the other



correlations were weakMantel 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 seee edg, with both correlations weak (Mantel test, R <
0.02).
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Figure 16:Mantel testof free-living surface wateprokaryote and microbial eukaryomsommunity dissimilarity
(BrayCurtis) and various environmental factors (Euclidean Distance). €lineavidth and color represent the
correlation coefficients of the Mantel TesfBhe heatmap shows pairwise correlations between environmental
variablesTEMP = Temperature; SAL = salinity; SID = Sea ice distance; SIC = Sea ice concentratiracEaéwW
of Atlantic Water;Fraction ofPolar Water; DO= Dissolved Oxygen

The variation of prokaryotic particlessociated communities was significantly
correlated Mantel tests p < 0.05)(Figurel?) with temperature sea ice dynamidglistance
of the edge and concerdtion), oxygen POC, PON, carbonate and siliEacept for sedce
concentration and dissolved oxygemhich showed weak correlationg]l other sigificant
relationships were moderate in strength R =0.2 ¢ 0.4), indicating that prokaryotic
communities a strongly driven byorganic matter availability. For particle-associated
microbial eukaryotes, community variation wesrrelated to variationsin seaice dynamics

(concentration ad distance of the edge), oxygen afidxes of silica and carbonatBueto



the moderate strengthof the correlatiors between microbial eukaryotic communitiegith

both sea ice propertieshe sea iceseasonal dynamigsayplay a significant rolshaping these

communities.
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Figure 7: Mantel test of sinkingparticle prokaryoteand microbial eukaryoteommunity dissimilarity (Bray
Curtis) and various environmental factors (Euclidean Distance). €uinewidth and color represent the
correlation coefficients of the Mantel TestBhe heatmap shows pairwise correlations betweevieonmental
variablesTEMP = Temperature; SAL = salinity; SID = Sea ice distance; SIC = Sea ice concentrativackéw
of Atlantic Water;Faction of Polar Water; DO= Dissolved OxygeRON= Particulate Organic NitrogeROC=
Particulate Organi€arbon;,CARB- CarbonateSIL= Silica (BSi + Particulate S)lica

A strong, positive and significant correlation (Mantel test, R = 0.6, p = 0.001) was
observedbetween variations insinkingparticle associatedorokaryotic andsinkingparticle

associatednicrobial eukaryoticommunities(Figure 18
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Figure 18 Mantel test between community dissimilarity of sinkipgrticle prokaryotes and microbial eukaryotes.
Dissimilarities were calculated Bray-Curtis.The smooth line used linear mode.

Variatiors in microbial community structure across all datasets were strongly
correlated withMLDandtemperature(Figure 19 and 2@or winter and autumn communities,
NB a LSOl A @S Eaxh of thesetparanbters éxglained approximaly3% of the
variation in the microbial communitiesDue to their consistent presence and strong
representation across the datasets, these ennimental parameters are likely the primary

driversfor microbial communities ithe central region of Fram Strait

Besides the MLD, winter samples in surface wawegre significantlycorrelated (p <
0.01) withthe fraction of Atlantic Water and salinitfhe Atlantic Water is characterized as a

saline water masgBeszczynsk®loeller et al., 2011; Bthig et al, 201%compared to Polar



Water (Figure 19, which explain both parameters (AW and salinigth vectors to the same
direction. Seaice distance to lte edge was correlated to the surface water microbial
communities in early winter for microbial eukaryotes and late autumn for prokary&ysng
samples in surface wateshowed a significardorrelation with dissolved oxygeand fraction

of Polar Water.

Sinkingparticle microbial eukaryotes were not only significantly correlated with
temperature in autumn, but also with particle fluxes (carbonate, carbon and nitrqg@mre
20). For prokaryotes, even with the overlap of the seasons in the NMDS, therseill
indicate correlations. The distance of sea edge significantly correlated with spring, likely
due to the seace dynamics during this season. Carbonate fluxese positively correlated
with summer communities, reflectingigher export fluxegluring this seasonTemperature

also correlated with summer samples.
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Figure 19 Twodimensional WIDS & BrayCurtis dissimilarityA) microbial eukaryotes and (B) prokaryofesm surface

water with fitted significant environmental variables. Thezieonmental variables includ®issolveddxygen Concentration

(DO, Polar Water FractionFPW), Mixed Layer Depth (MLD), Atlantic Water Fractio®\\), Salinity(SAL) Seaice
Concentration (ICRistance of the se&e edge @) and TemperaturéTEMP)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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This thesisprovides insights into the seasonal microbial dynamics of particle
associatednicrobial communities and the connections with the fiagng @unterpart in the
ocean surfacé Fram Strait, ArctidA total of13658 AS¥ were recovered fgorokaryotes and
10635 ASY for microbial eukaryote over fourseasondl/ resolved yearsallowing an
overview of composition, richnessstructure and environmental drivers of microbial

communities associated with the biological carbon pump ke Actic region.

4.1 Seasonality shapes surface microbes with limited impact on particle

associated communities

The Arctic region experiences strong seasonal variatiith fluctuations in
environmental parameters such as light availability, temperature andcepresence in each
season(Stein and Macdonald, 2003; Wals2008; Leu et al., 2@), all of which can affect
microbial communitiegPedrésAlio, Potvin and.ovejoy, 2015; Wilson et al., 201Previous
work on seasonal microbiglynamicqWietz et al., 2021; Priest et al 202&shighlighted the
significant role of seasonality in shaping microbial communities irstittace waters of the
Arctic. e effectsof seasonalityparticularly in microbial communities associated with sinking
particlesin Fram Straitremain poorly understoodnvestigatingseasonamicrobial dynants
providesvaluable ecologicahsightsinto ecosystem structure, revealing how themamunities

cope with annual environmental fluctuations.

Over the study period (2018021) physica&chemical environmental parameters varied
across each annual cyclehevariationswere primarily driven byseasonalitylikelyinfluenced
by light availahity and temperature, aghe winter differed from the productive seasons
(spring, summer andarlyautumn), as expected iArctic regiors (Berge et al., 2015; Wietz et
al., 2021).Particle fluxedollowed abimodal carbon exporpattern during the productre
season, whiclhas beempreviously described for the regigRadeev et al., 202Ramondec et

al., 22; CardozéMino et al., 2023). This pattemasobservedalong withannual differences



in the magnitude of particle fluxe©verall the averageflux values wereconsistent with
previous studies for theegion (Lalande et al., 201Badeev et al.,@1; Cardoa-Mino et al.,

2023).POQangedfrom 0.31 to 35 mg md™*, PONgenerallylow (<3 mg nt d1), carbonate
averagingl2.6+ 7.6 mg m? d* and sili@ mostlylow (< 5 mg nt d1) but with sporadic higher

export events (> 1éng n? db).

Seasonalty was dso asignificantdriver of surface microbial communities, influencing
both therichness and compositioof surface prokaryotic commities, as well & richness of
surface microbial eukaryotic communitieSeasonality 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 radiolariR#€3C These results corroborate with other
previous studies that evaluated the seasonality for surface microbial communities conducted
in the Fram StraifWietz et al., 2021; Priest et al., 2025)avobacteriaceaandBacillariaceae
families dominated the pragctive season (spring, summer and autumn) in prokaryotes and
microbial eukaryotes, respectively. Wietz et al (202tEntified the orders Flavbacteriales
and Bacillariophyta, of whichlavobacteriaceaand Bacillariaceadamilies are membersas
dominant during the productive seasom other regions of the Strait.nEn, these families
represent the microbiome of the productive season in the Fram Strait, composed by
photosynthetic phytoplankton and opportunistic heterotrophic bactetiathis study, ther
taxa increased in relative abundanceoncomitant with Flavobacteriaceae such as
Nitrincolaceae The Nitrincolaceagfamily is commonly associated with seee algae blooms
capable of a high diversity of carboretabolisms (Thiele et al., 2022herebycontributing to
varied carbon cyclingorocesseduring the productive season in the regidfor the winter
season, Wietz et al (2021) identified certain prokaryotes ascontributors to nutrient
replenishment Amongthese Nitrosopumilaceae@nd Magnetospiraceaavere alsodetected

here inthe surface watersvith an increasen relative abundance duringinter.

In contrastto the strong seasonality shaping fréeing surface microbial comumities,
the effects on sinkingarticle communities were less pronowet; but still significant,
influencing richness with a high turnover in community composition throughoutyer.

Seven outof nine (~77%)of the particleassociated prokaryotic families and seven ofit



fourteen (50%pf the particleassociated microbiadukaryotic familiesdentified as abundant

in this studydid not siow anyapparent seasonalitystill, some families presented a seasonal
pattern, such asvIAST9 increasing in relative abundance in winter, Acantharea Cand
Chaetocerotaceae the prodictive seasonsCardozeMino et al (2023previously assessed
the composition of sinkingarticle microbiota inthe same region and identifiedeasonal
differences betveen spring ad summerhigh export eventfor microbial communitiesBy
incorporating falland winter data, which were not included in their study, this research
complementstheir work, providing a comprehensive understanding of seasonal shifts in

particle-associated microbial communities across the entire annual cycle.

Considering the seasal patterns in both surface and sinkipgrticle microbial
communities, winter showeds themost rich and diverse season for prokaryotic communities
in both habitats (surface water and sinking particl&inilar results were observed in other
studies(Wilson et al., 2017; Wietet al., 2021; Priest et al., 2029his increaseérichness and
diversity during winter is likely a result of the vertical mixing of waters during this season.
During winter,brine released from ice formatioand wind-driven mixing in icefree regions
both promote the mixingof surfaceand deeper waters reducingstratification Stein and
Macdonald, 2003 Since different water massesin the Fram Straitharbor distinct
microbiomes (Fadeev et al.2021), the mixing could introduce ng ASVs into surface
communities. Moreover,in this thesighe mixed layer depth as the strongest environmental
driver for all winter microbial communitiesginforcing the idea of vertical mixing influencing

microbial richness andariations incomposition.

The results partially support thaitial hypothesighat strong seasonal dymics in the
Arctic would lead toannually recurring patterns in both frdesing surface and sinking
particle-associated microbial communitieS.he seasonality had atronge influence on
structuring freeliving surface communitiesompared toparticle-associatedbnes. This may
be due to the direct exposure surface communities tenvironmentalvariations, whereas
sinkingparticle communitiesre indirectly influenced, ashitey depend on th@roductionand

exportof particlesfrom the surface.



4.2 Interannual \ariability and its mpacts on microbial community

composition

Interannual variability in environmental conditions, such as fluctuations iniceea
extent, water temperatire anomalies or changes in primary productivity, can significantly
influence microbial community composition adgnamics(Ramondec et al., 202Priest et
al., 2023. Then, s essential to characterize thesemmunities, define theisimilarities 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 eukayotic community was composed afvariety of organisms, includimjatoms,
dinoflagellates, intracellular parasites, microalgae, ciliates and radiolarians. The most
abundant family was the diatoBacillaraceae more specifically the gendseudenitzschia.
Pseudenitzschiais a globally distributed diatom, of which senmembers can produce a
biotoxin harmful fo marine organisms and shown sxcumulate when organisms feed on
phytoplankton (Hardardéttir et al., 2015)n contrast, only four classes of prokaryotes
composedthe surface prokaryoticmicrobiota with the Flawobacteriaceag more specifically
the genusPolaribacteras the most abundan®olaribacteare commonly described in surface
aSFelFGSNR 2F LRftFN SYgANRYyYSyGa obD2aAiry| Si
al. 2020).0ther families presenat the prokaryotic surface communitiegere ubiquitous and
commonly marine taxa, such as SARh#l SAR8&Giovannoni, 201;7Hoarfrost et al., 2020)

as described in other studies in the Arctic surfaceavablumn (Wietz et al., 2021).

In comparison, article-associatedmicrobial eukarytic communities were composed
of radiolarians, stramenopilegreen algae, intracellular parasites, dinoflagellates and other
heterotrophic protists, with the most abundariamily being the Dinol-1, member of the
Syndiniales classThis class comprises a diverse group of marine parasites that play a
significant roé in controlling plankton populatios (Cleary and Durbin, 2016; Clarke et al.,
2019) Theyhavealsobeen commonly described in theurface waters oFram Strait (Fadeev
etal., 2018; Wietz et al., 2021; Cardddino et al, 2023) and sinking particlesCardozeMino



et al, 2023),which highlight th& importance forphytoplanktondynamics in the region
(Cleary and Durbin, 2016; Clarke et al., 20E8mondac et al. (2025) whestudied sinking
particles in theFram Strait from 2000 to 2012eportedan abundance of diatonlineages in
sediments traps at 200 meters, includi@daetoceros spnd Thalassiosirap. Both of these
diatom families, were also relativeabundant (> 2%) in this study, however only

Chaeotocerotaceaappears as relative abundaimt both surface water and sinking particles.

For the particleassociated microbial prokaryotic community, the most abundant
families wereMycoplasmataceaeand FlavobacteriaceaeThe Mycoplasmataceadamily is
composed of walless bacteria commonly found the gut microbiome of fisheg¢Blanton et
al 2022) CardozeMino et al. (2023) also identified tidycoplasmataceaas one of the most
abundant familie®f the class Bacilln the Fram Strait, related toigh exporteventsin spring
The taxonis also associ@d as symbionbf mese and macrezooplankton(Jaspers et al.,
2020) Other familiesthat were abundant in sinking particles welieked to organic matter
degradation, such asColwelliaceag Rubritalaceae and Coxiellaceae Colwelliaceaeis
commonly assoctad with sinking particlegor their role in decomposing orgéc matter
(Bowman, 2014). Th&amily is ubiquitous in polar mamé ecosystems andan be found
associated with seace (Bowman, 2014) or witldinoflagellates (Seibold et al. 2001).
Rubritalaceaeare chemoheterotrophs, with some strains contributing to polysaccharide
degradation (MartinezGarciaet al., 2012; Rosenberg, 2014) a@Gdxiellaceaés known for
decomposingorganic matter of intermediate complexity (e.g. hydrocarboasyl are also
widespeadin polar oceans, where they can be associated with sea ice (Bowman, Z8&4).
most abundant genus withiRlavobacteriaceatamily in particleassociated communities was
Aurantivirgg a known heterotrophic bacteria associated with phytoplankton blogsest
et al.,, 2025).The particle-associatedprokaryotic and microbial eukaryotic communities
presented a strong positive correlation of their variations between th&imce sinking
particles can consistf microbial eukaryote remainsS{mon et al, 2002 is likely that the
availaility of microbial eukaryoticcommunities will have an influence in prokaryotic
communities.It also could be due to possible-gariations or ceocurrences. &ne coupled

dynamics observed weran inverse relationship dflavolacteriaceaeand Dincl-1, and an



increase irBeijerinckiaceaeoncomitant withChloropicophyceadHowever, further analyses

are necessary to confirm these observations.

Onlyfew ASV4~10 to 15%)vere sharedbetween surface water and sinking particles,
contrary to other observationgMestre et al., 2018 Mestre et al (2018) identifiedvertical
connectivity between surface water and sinking partiabesurringmainly byrare surface
species thahct as seedsncreasingn abundance aparticles sinkThedistinct communities
found here could be due the successional pattern of communities as the patrticle sink (Datta
et al. 2016) or duénorizontal transport of particlesSediment traps collect particles over a
larger spatial area, then integrating the patés over time and spacepeaning that the
particles caughtby the traps may have originated fromhifferent locations and depths
(Wekerle et al., 2018)which would explairdifferences in the communitySome of the
communities observed in both habitatstimis study are widespread in the Fram Strait, being
described in different points of the strait, such as Diflg Chaetocerotaceae and
FlavobacteriaceadWietz et al., 202)L Also, some of the previously identified abundant
communities in sediment trapstahe same depth and in the same station, such as

Thalassiosiraceamily (Ramondec et al, 2025), here it waenly abundant in the surface.

The microbial comosition also exhibited interannudliifferences that co-variedwith
variations in particle flkes or environmental parametershe 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 hee by the very low ice concentratioAlso,Bacillariaceaghat 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 importanceBatillariaceador the export fluxes in the
Fram Strait. Following the very low ice concentration, a subsequent higher distance ofthe HG
IV station to the sedce edge occurred in the negeasonsspringand summeiof 2018 During
these seasom, a decline in relative abundancé®haeocystacea¢he absence ofhcantharea
C3and an increase in relative abundanceGrfyothecomonasPirellulaceaand Colweliaceae
was identified Also,Nitrincolaceaeshowed a very low relative abundance in 2017, but an

increase inthe relative abundace in 2018, whereaRubritalaceaesshowed an increase in



relative abundance in 2017These 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 seace dynamics to the composition of both surfamed particleassociated

communities in the Fram Strait.

The year of 2020 also presented interannual variation, \&ittold 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 sigaiit. Unlike the decliné biogenic
matter fluxesobservedduring the warm anomaly (2008007) in the Fram Straft.alande et
al., 2013) no substantial changes were detected here, suggesting a weaker impact of the cold
anomaly on biogenic fluxes. itfobial speciesichness also remained stable compared to
other years. Specific taxa showed changes in abundance, with increaBegearnnckiaceae
Porticoccacea@and Nitrincolaceae and declines in radiolarians (RAD and the uncultured
HOC3tbacteria. Thevarm 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 inyatsd

The results supporthe hypothesis that strong intermual environmental variation
lead to observable shifts in the composition of both surface water and pasd&seciated.
However, the magnitude of these observable shifts depends on the emagntal parameter,
here the seace 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 driveby mixed layer depth

temperature and seace dynamics



Environnental parameters are known for influencing microbial coumities in marine
environmentsln the Arctic, hese condition$luctuate throughout the annual cycle, with sea
ice dynamicand light availabilitynarking thestrongseasonalityfStein and Macdonal®003.
Identifying which environmental factors shape microbial communities is essential for
understanding seasonal and interannual variations. In this stbhdynixed layer depth (MLD)
and temperature werethe primary drivers influencingnicrobial comnunities acrossoth
habitats (surface water and sinking particleSimilarly Priest et al(2025) identified MLD as
a keyenvironmental drier for prokaryotic communities, anN6thig et al(2015 identified
temperature, seaice concentration and stratdation as the phytoplankton environmental

drivers in he eastern region of the strait.

Specifically for thewsface water microbial communitieghe temperature was the
most consistent environmental factor that correlated with variations in both surfaater
prokaryotic and microbial eukaryotic communities, though the strength of the correlations
were weak to moderate. When evaluating by season, the spring correlaittddissolved
oxygenconcentrations and polar ater fraction for both surfaceprokaryotes and microbial
eukaryotesDissolved oxygen increases in spring because of photosynthetic actirdyeas
the fraction of polar water likely represents meltwatedirectly linkingwith stratification of
the water column.The input of meltwateincrease stratificdion by adding freshwater that
is less dense to the surface layahichreduces vertical mixing between surface and deeper
waters (Stein and Maaohald, 2003). The stronger stratification keeps cells in the surface layer
(von Appen et al 2021boostingprimary production initially, however, it aldomit nutrient
upwelling,leading to a fastutrient depletionand limiting the bloom durationand primary
production(Arrigo et al., 2008Carton, Ding and Arrigo, 201Bewis et al., 2020

Besdes the stratification that is related with the sé@e concentration, thelistance to
the seaice edgewas also an important driver, but for early wintsurface microbial
eukaryotes andfor late autumnsurface prokaryotes, suggesy the importance of tis
parameter to the transitional period of auturawinter for both freeliving surface water

communities (prokaryotes and microbial eukaryotds)Fram Strait, sea ice extent is highly



variable due to the export of ice from Central Arctic that pass thrahgtstrait, resulting in
fluctuating iceedge positionsickson et al 2000; Fadeev et al., 2DZhe seace edge marks
the boundary between iceovered and icdree regions, and it isuing the transitional
autumnwinter phase that seéce formationis occurring, enstantly changing the boundary
(Stein and Macdonald, 20p3with consequence®n primary production and community
dynamics In winter, surface communities correlated with MLD, salinity and Atlantic Water.
During the winterlow temperatures and high salinity allowed theertical mixirg of the water
column, reducing stratificatianThe Atlantic water is a warmer and more saline water mass
compared with Polar watefBeszczynskioeller et al., 201), and then its input during the

winter coulddisturb the coldadapted communities.

In contrast,particle-associatedprokaryotes andoarticle-associatedmicroeukaryotes
responded differetly to environmental parameters. rBkaryoteswere more sensitive to
organic matteravailability, whereas mictoal eukaryoteswere more influenced by se&e
dynamicsSome of thanost abundant familiesf sinkingparticle prokaryotic microbiotaere
describedas playing a role imrganic matter degradationThis is also widely know®as
observed in other surveyabout sinking particles worldwidé€s¢ossart et al.2003;Fontanez
et al., 2019. Microbial eukaryotes were sensitive to se@ dynamics, a pattern thalirectly
influences Arctic primary production, including the Streadeev et al., 2031Specificaif for
seasonal patterns, the correlation of partiedssociated prokaryotic communities during
spring with sedce distance to the edge was likely influenced by the effects oficea
dynamics on eukaryotic communities and primary production, with aneatlimpact in the
particle-associated prokaryotic communitie&dditionally,von Appen et al (2021) identified
that seaice distanceof the edge as an important drivanfluenang the timing of ice
associated bloomsThen, these findings link the sinkipgrticle communities with seé&e
dynamics during the spring seasddther significant environmental drivers included salinity

and temperature for the transitional seasons signalinglibginning or end of the winter.

The results support the hypothesis thaea ice dynamics are the primadyiver
shapirg surface microbial communities. Besides the sea ice dynamichltbe which is also

influenced byseaice dynamics, and temperatureere other main environmental drivers



structuring microbial communities me Fram Strait. Additionally, seee dynamicéndirectly

affected the composition ofparticle-associatednicrobial communities.

4.4 Method discussion and potential biases

One potential source of bias in this study is the variability in how seasonsfned
across different Arctistudies (Wietzet al., 2021, Salter et al., 2023 whichcan influence
comparisons across studie$o ensure consistency and comparability, we followed the
seasonal classification used by Wietz et al., (2021), who previsusliedthe Fram Strait at
two distinct locations. Additionally, sediment traps do not provide high and consistent
resolution, with sampling intervals varyidgpending orthe magnitude of particle pragction
during the season, whichcan potentially missshort-term fluctuations in the microbial
communities. Despite these limitations, our approach remains valid because it captures
seasonal trends & resolution sufficient to identify major patterns in microbial dynamics. A
third consideration is théime lag used to associate environmental parameters with sinking
particle communities. While a forttay 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, togther with the variety of particle types. Here, the study was based on an estimated
sinking rate of 60 m peday (Wekerle et al., 2018)nethod that was previouslgpplied by

CardozeMino et al (2023) that studiedinkingparticlesin the same region.



This study provided an overview and comprehensive analysis of seasonal dynamics and
environmental drivers structuring surface fréiging and particleassociated microbial

communities at a longerm observatory in the cenél Fram Stri over four years.

During the study period (2018021), 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 variation§he dominant taxa of stace microbial communities
during the productive season weiacillariaceaeand Flavobacteriaceaewhereas parasites
and taxa related to nutrient replenishment were observed in surface waters during winter.
Diatoms Bacillariaceag were important contribtiors to export fluxesin 2018, a year
characterizedy low ice concentrationwhere 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 dynaios were reflected in recurring seasonal patterns of fiieiag
surface communities, but were less pronounced in partidsociated 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, wherasatkingparticle
communities are indirectly influenced, as they depend on the production and export of

particles from the surface.

Sea ice dynamicsemperatureand the mixed layer deptivere the most important
environmental parameters driving variations in surface microbial communitiesratectly
affectingsinkingparticle communitiesSeaice dynamics were the main environmental factor
leading to the most observable shifia microbal composition This is evident in the
differences between 2017 and 2018, which exhibited distinct stratification regimes influenced
by seaice presence. These differences resulted in shifts in the composition of both surface
and particleassociated micralal communitiesin contrast, the cold anomaly (January 2@20
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 my 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.

Theongoingclimate changen the Arctic regionparticularly the reduction in seae
extent and changes in stratification patterns, could significantly alter microbial community
dynamics in the Fram Strait. As sea cover decreases and stratification regimes sthiise
changesn the seasonalitywill likely drive shifts in thesurfacemicrobialcompositionof the
Fram Strait,affect the expot of particle fluxes due to shifts in surface communities and
consequentlyaffecting the availability of organic matter for sinkifgarticle communities
Additionally, the sensitivity of particlassociated prokaryotes to organic matter availability,
and d microbial eukaryotes to sei@e dynamics, indicates that ongoing sea loss could lead
to longterm changes in particlassociated community structures. This may result in a

reduced capacity for organic matter degradation and altered nutrient recypliogesses

As the next steps, the focus will be on integrating ecologicalaonirrence network
analysis for the identification of microbial modules and confitre associateddynamics
between families that was observed herghich could provide insightato ecological roles,
and connections between prokaryotic aralikaryotic microorganisms. Additionalliime-
shifted analyses will be used to detect microbial responses to environmental fluctuations, and
indicator species will be used to track ecosysteamsitions.Theseapproaches will contribute
to a fully comprehensive understanding of the interconnections and seasonal patterns of

particle-attached and surface frelving microbial communities in the Fram Strait
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Table S1Sampling datand number of sequences recoverefleachsample. Itmcludessample information (ID

and data type)the start and end d@s of the collection periodsampling depth(in meters) and number of
sequences for 16S and 18S from the raw tables (without remove of singletons and unclassified taxa) used in
alphadiversity analysis. Samples with asterisk were removed during rarefaction for some analysis.

Sample ID Data Type | Collection | Collection | Depth | Secs16S | Seqsl8S
Start End [m]
Fevi34_Up01 Sediment Trap| 201607-14 | 201607-22 | 196 124695 239816
Fevi34_Up02 Sedimat Trap | 201607-22 | 201607-31 | 196 99738 111792
Fevi34_Up03 Sediment Trap| 201607-31 | 20160815 | 196 206269 135336
Fevi34_Up04 Sediment Trap| 20160815 | 20160831 | 196 191034
Fevi34_Up05 Sediment Trap| 20160831 | 201609-15 | 196 79951 112572
Fevi34_Up06 Saliment Trap | 201609-15 | 20160930 | 196 146010 25278
Fevi34_Up07 Sediment Trap| 201609-30 | 201610-31 | 196 206621 228280
Fevi34 Up08 Sediment Trap| 201610-31 | 201611-30 | 196 126067 163724
Fevi34_Up09 Sediment Trap| 201611-30 | 201612-31 | 196 118657 65967
FevB4_Up10 Sediment Trap| 201612-31 | 2017-02-28 | 196 134062 48234
Fevi34_Upll Sediment Trap| 2017-02-28 | 201703-31 | 196 114965 71300
Fevi34 Upl2 Sediment Trap| 2017-03-31 | 2017-04-17 | 196 205761
Fevi34_Upl3 Sediment Trap| 201704-17 | 20170504 | 196 213775 33873
Fevi34_Up14 Sediment Trap| 20170504 | 20170521 | 196 98006 46400
Fevi34_Upl5 Sediment Trap| 20170521 | 201706-08 | 196 211038
Fevi34_Upl6 Sediment Trap| 201706-08 | 201706-25 | 196 284523 49304
Fevi34_Upl7 Sediment Trap| 201706-25 | 201707-07 | 196 109294 173419
Fevi34_Upl8 Sediment Trap| 201707-07 | 201707-19 | 196 128984 259163
Fevi36_Up01 Sediment Trap| 20170812 | 20170821 | 201 164460 201078
Fevi36_Up02 Sediment Trap| 20170821 | 20170831 | 201 87181 118850
Fevi36_Up08 Sediment Trap| 201710-31 | 201711-30 | 201 132694 206665
Fevi36_Up09® Sediment Trap| 2017-11-30 | 201712-31 | 201 225662 4674
Fevi36_Upll Sediment Trap| 201801-31 | 201802-28 | 201 73272 154433
Fevi36_Upl5 Sediment Trap| 201804-30 | 20180515 | 201 129918 1041
Fevi36_Upl6 Sediment Trap| 20180515 | 201805-31 | 201 48195 24933
Fevi36_Upl7 Sediment Trap| 201805-31 | 201806-15 | 201 100720 217468
Fevi38 Up06 Sediment Trap| 201810-15 | 201811-01 | 196 84940 214017
Fevi38_Up07 Sediment Trap| 201811-01 | 201812-01 | 196 234501 233350
Fevi38_Up08 Sediment Trap| 201812-01 | 201901-01 | 196 249417 136694
Fevi38_Up09 Sediment Trap| 201901-01 | 201902-01 | 196 136543 175634
Fevi38_Upl0 Sediment Trap| 201902-01 | 201903-01 | 196 89381 84943
Fevi38_Upll Sediment Trap| 201903-01 | 201903-16 | 196 105555 122739
Fevi38_Upl2 Sediment Trp | 201903-16 | 201904-01 | 196 148216 122074
Fevi40_Up01 Sediment Trap| 201909-10 | 20191001 | 200 49703 86871
Fevi40_Up02 Sediment Trap| 201910-01 | 201911-01 | 200 107605 66342
Fevid0_Up03 Sediment Trap| 201911-01 | 201912-01 | 200 88948 159907
Fevid0_Up04 Sedment Trap | 201912-01 | 202003-01 | 200 162123 175109
Fevid0_Up05 Sediment Trap| 2020:03-01 | 202004-01 | 200 65014 123401
Fevid0_Up06 Sediment Trap| 2020:04-01 | 20200501 | 200 178970 115309
Fevi40_Up07 Sediment Trap| 20200501 | 202006-01 | 200 173392
Fevi40_Up08 Sediment Trap| 2020:06-01 | 202007-01 | 200 138032 149776
Fevi40_Up09 Sediment Trap| 202007-01 | 202007-16 | 200
Fevi40_Upl0 Sediment Trap| 2020:07-16 | 202008-01 | 200 180804
Fevi40_Upll Sediment Trap| 2020:08-01 | 202009-01 | 200 189036




Fevi40 Up12 Sediment Tap | 202009-01 | 20201001 [ 200 258313

Fevi40 Up13 Sediment Trap| 202010-01 | 202011-01 | 200 95532 35651
Fevi40 Upl4 Sediment Trap| 202011-01 | 202012-01 | 200 64154 129327
Fevi40_Up15 Sediment Trap| 202012-01 | 20210301 | 200 150260 94841
Fevi40_Up16 SedimenfTrap | 2021:03-01 | 20210401 | 200 29730 37596
Fevi40 _Upl7 Sediment Trap| 2021:04-01 | 20210501 | 200 92781 39676
Fevi40_Up18 Sediment Trap| 2021:05-01 | 20210601 | 200 145561 25238
HS1 PS107 E33| RAS Amplicon| 20160801 | 20160801 | 32.3 100836 76425
HS1 PS107 E34| RAS Amplicon| 20160815 | 20160815 | 51.7 134773 101338
HS1 PS107 E35| RAS Amplicon| 20160901 | 20160901 | 29.7 70329 125111
HS1 PS107 E36| RAS Amplicon| 20160915 | 20160915 | 29.4 37157 70085
HS1 PS107 E37| RAS Amplicon| 20161001 | 20161001 | 325 49069 52075
HS1 PS107 E38| RAS Amplicon| 201611-01 | 201611-01 | 31.7 77001 64899
HS1 PS107 ES9| RAS Amplicon| 201612-01 | 201612-01 | 32.8 7566" 26726
HS1 PS107 E40| RAS Amplicon| 2017-01-01 | 201701-01 | 48.7 85259 73961
HS1 PS107 E41| RAS Amplicon| 201702-01 | 2017-02-01 | 492 33469 100324
HS1 PS107 E42| RAS Amplicon| 2017-02-14 | 201702-14 | 72.8 129995 117046
HS1 PS107 E43| RAS Amplicon| 2017-03-01 | 20170301 | 45.8 86989 88706
HS1 PS107 E44| RAS Amplicon| 2017-03-08 | 20170308 | 38.3 67900 77639
HS1 PS107 E45| RAS Amplicon| 2017-03-15 | 20170315 | 35.1 26516 115086
HS1 PS107 E46| RAS Amplicon| 2017-03-22 | 20170322 | 53.2 84018 161986
HS1 PS107 E47| RAS Amplicon| 2017-04-01 | 20170401 | 50.3 78889 109052
HS1 PS107 E48| RAS Amplicon| 20170415 | 20170415 | 29.5 31743 94209
HS1 PS107 E49| RAS Amjton | 20170501 | 20170501 | 34.6 79671 136932
HS1 PS107 E50| RAS Amplicon| 20170515 | 20170515 | 31.1 139563 98684
HS1 PS107 E51| RAS Amplicon| 20170601 | 20170601 | 30.7 98457 111333
HS1 PS107 E52| RAS Amplicon| 201706-15 | 20170615 | 30.6 56151 50072
HS1 PS E53 | RAS Amplicon| 201707-01 | 201707-01 | 52.3 76901 93765
HS1 PS107 E54| RAS Amplicon| 201707-08 | 2017-07-08 | 35.2 105895 62423
HS1 PS107 E55| RAS Amplicon| 201707-15 | 201707-15 | 45.6 96449 42802
HS1 PS107 E56| RAS Amplicon| 201707-22 | 2017-07-22 | 35.9 74394 100449
HS2 PS114 E1 | RAS Amplicon| 2017-08-15 | 20170815 | 34.2 19946 65575
HS2 PS114 E2 | RAS Amplicon| 2017-08-30 | 20170830 | 315 49789 33204
HS2 PS114 E3 | RAS Amplicon| 2017-09-14 | 20170914 | 32.3 43497 82322
HS2 PS114 E4 | RAS Amplicon| 2017-09-29 | 20170929 | 334 61825 97715
HS2 PS114 E5 | RAS Amplicon| 2017-10-29 | 20171029 | 33.2 50673 66245
HS2 PS114 E6 | RAS Amplicon| 2017-11-28 | 201711-28 | 34.6 42511 70536
HS2 PS114 E7 | RAS Amplicon| 2017-12-28 | 201712-28 | 37.4 45004 91622
HS2 PS114 E8 | RAS Amplicon| 201801-27 | 20180127 | 335 14323 92338
HS2 PS114 E9 | RAS Amplicon| 201802-11 | 201802-11 | 34.7 40800

HS2_PS114 E10| RAS Amplicon| 20180226 | 201802-26 | 91.4 47882 11074
HS2 PS114 E11| RAS Amplicon| 20180307 | 20180307 | 31.7 35665

HS2 PS114 E12| RAS Amplicon| 20180316 | 20180316 | 35.1 54491 127606
HS2 PS114 E13| RAS Amplicon| 20180325 | 20180325 | 41.0 41750 88023
HS2 PS114 E14| RAS Amplicon| 20180403 | 20180403 | 31.8 45553 112621
HS2 PS114 E15| RAS Amplicon| 201804-12 | 20180412 | 33.6 64745 53628
HS2 PS114 E16| RAS Amplicon| 2018-0421 | 20180421 | 80.4 47331 74414
HS2_PS114 E17| RAS Amplicon| 201804-30 | 201804-30 | 104.5 61269 106046
HS2 PS114 E18| RAS Amplicon| 20180512 | 20180512 | 32.2 74007 55750
HS2 PS114 E19| RAS Amplicon| 20180524 | 20180524 | 31.1 74430 21324
HS2_PS114_E20| RAS Amplicon | 201806-05 | 201806-05 | 35.1 55707 40763
HS2_PS114 E21| RAS Amplicon| 201806-17 | 201806-17 | 32.8 55749 14211
HS2_PS114 E22| RAS Amplicon| 20180629 | 20180629 | 31.4 70846 73975




HS2 PS114 E23[ RAS Amplicon| 201807-08 | 201807-08 | 42.7 62903 108385
HS PS121 E28 | RAS Amplicon| 201808-01 | 20180809 | 30.0 100286 222480
HS3_PS121 E29| RAS Amplicon| 20180817 | 20180825 | 29.9 79931 128540
HS3_PS121 E30| RAS Amplicon| 20180902 | 201809-10 | 30.0 85602 194355
HS3_PS121 E31| RAS Amplicon| 20180918 | 201809-26 | 29.2 100285 184494
HS3_PS121 E32| RAS Amplicon| 20181004 | 201810-12 | 32.9 87987 192919
HS3_PS121 E33| RAS Amplicon| 20181020 | 201810-28 | 29.2 164365 100104
HS3_PS121 E34| RAS Amplicon| 201811-05 | 201811-13 | 30.5 114991 108955
HS3_PS121 E385| RAS Amplicon| 20181121 | 201811-29 | 34.9 144631 1992

HS3_PS121 E36| RAS Amplicon| 201812-07 | 201812-15 | 30.9 102872 76580
HS3_PS121 E37| RAS Amplicon| 201812-23 | 201812-31 | 53.0 39121 76806
HS3_PS121 E38| RAS Amplicon| 201901-08 | 201901-16 | 41.3 129790 96838
HS3_PS121 E39| RASAmplicon | 20190124 | 201902-01 | 38.0 97288 91708
HS3_PS121 E40| RAS Amplicon| 201902-09 | 201902-17 | 48.7 90019 19557
HS3 PS121 E41| RAS Amplicon| 201902-25 | 20190305 | 36.4 87922 118168
HS3_PS121 E42| RAS Amplicon| 201903-13 | 20190321 | 100.2 114177 146510
HS_PS121 E43 | RAS Amplicon| 20190329 | 20190406 | 36.8 68972 87173
HS3_PS121 E44| RAS Amplicon| 201904-14 | 20190422 | 39.8 111098 118910
HS3_PS121 E45| RAS Amplicon| 201904-30 | 20190508 | 44.4 69371 104678
HS3_PS121 E46| RAS Amplicon| 20190516 | 20190524 | 30.1 103644 84356
HS3_PS121 E47| RAS Amplicon| 201906-01 | 20190609 | 29.6 83898 163024
HS3_PS121 E48| RAS Amplicon| 201906-17 | 20190625 | 32.5 73324 145725
HS3_PS121 E49| RAS Amplicon| 201907-03 | 201907-03 | 31.7 96455 125525
HS3_PS121 E50| RAS Amplicon| 201907-11 | 201907-11 | 29.1 69317 148348
HS3_PS121 E51| RAS Amplicon| 201907-19 | 201907-19 | 28.9 82637 96612
HS3_PS121_E52| RAS Amplicon| 201907-27 | 201907-27 | 28.7 132581 67040
HS3_PS121 E53| RAS Amplicon| 20190804 | 20190804 | 29.3 123424 112106
HS3_PS121 E54| RAS Amjton | 20190812 | 20190812 | 29.5 14175 37811
HS4 PS126 E1 | RAS Amplicon| 20190911 | 20190919 | 26.8 242359 418884
HS4 PS126 E2 | RAS Amplicon| 20190927 | 201910-05 | 25.1 159537 292947
HS4 PS126 E3 | RAS Amplicon| 201910-13 | 201910-21 | 255 434194 283462
HS4 PS126 E4 | RAS Amplicon| 201910-29 | 201911-06 | 29.1 358714 179143
HS4 PS126 E5 | RAS Amplicon| 201911-14 | 201911-22 | 30.0 160489 255085
HS4 PS126 E6 | RAS Amplicon| 201911-30 | 201912-08 | 42.0 260992 137252
HS4 PS126 E7 | RAS Amplicon| 201912-16 | 201912-24 | 53.4 163722 85704
HS4 PS126 E8 | RAS Amplicon| 202001-01 | 202001-09 | 39.7 17016 91486
HS4 PS126 E9 | RAS Amplicon| 202001-17 | 202001-25 | 40.2 608857 89810
HS4 PS126 _E10| RAS Amplicon| 202002-02 | 202002-10 | 25.9 381303 180796
HS4 PS126 E11| RAS Amplicon| 202002-18 | 2020-02-26 | 91.8 165372 78582
HS4 PS126 _E12| RAS Amplicon| 202003-05 | 202003-13 | 60.4 312519 67924
HS4 PS126 E13| RAS Amplicon| 20200321 | 20200329 | 29.8 201448 198568
HS4 PS126_E14| RAS Amplicon| 202004-06 | 202004-14 | 36.1 209612 141022
HS4 PS126_E15| RAS Amicon | 20200422 | 202004-30 | 59.4 150160 118532
HS4 PS126_E16| RAS Amplicon| 20200508 | 20200516 | 28.1 110182 116389
HS4 PS126_E17| RAS Amplicon| 20200524 | 202006-01 | 26.2 428562 282523
HS4 PS126_E18| RAS Amplicon| 20200609 | 202006-17 | 26.7 321287 167893
HS4 PS126_E19| RAS Amplicon| 20200625 | 202007-03 | 26.9 404587 215173
HS4_PS126_E20| RAS Amplicon| 202007-11 | 202007-19 | 24.2 357352 151872
HS4 PS126_E21| RAS Amplicon| 202007-27 | 20200804 | 25.3 146667 81889
HS4 PS126_E22| RAS Amplicon| 20200812 | 20200820 | 42.5 342844 22990
HS4 PS126_E23| RAS Amplicon| 20200828 | 20200905 | 27.1 221917 272392
HS4 PS126_E24| RAS Amplicon| 202009-13 | 20200921 | 24.3 187120 167870




Figure S1Rarefaction curves of sequencing depthd coverageof ASVs for (A B) prokaryotes and (€D)
microbial eukaryotes. The curves were calculatedh®yiNEXT R package based on Hill number of order g = 0
with 100bootstrap resamples for confidence interval estimation.
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Figure S20bserved ASVs and Shannon diversity metrics over the time series for prokaijutagper section
corresponds to surface water, while the lower section corresponds to padithehed communities. Boxplots
colors indcate seasons: red for autumn, green for spring, orange for summer, and blue for winter-vVEfigep

is derived from the KruskaWVallis test. Asterisks represent significant pairwise comparisons by Wilcoxon test: *
OLI XX ndnpuI FfF OLX X VIRPAMMFOFSF F G LR X Lo Ok b 0ndw



