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"With  
every drop 

of water you drink, 
every breath you take, 

you're connected to the sea. 
No matter where you live." 

-Sylvia Earle 
  



 

 ii 

 
 



Summary 

 iii 

Summary 
 
The Arctic Ocean is extremely susceptible to climate change, which has led 
to warmer air temperatures, accelerated sea ice loss, and an intensified inflow 
of Atlantic water masses into the Arctic. Furthermore, the reduction in sea ice 
has been linked to a prolonged phytoplankton growth season. Fewer days of 
sea ice cover and thinner sea ice increases the light availability for ice algae 
and expands the habitat for pelagic phytoplankton. An extension of the growth 
season prolongs the release of phytoplankton-derived organic matter with 
consequences for the seasonal carbon cycle. However, the seasonal carbon 
stock and microbial processes are largely unexplored because many 
parameters require in situ sampling. A systematic strategy to enhance 
microbial observations is through time series stations. The long-term 
ecological research observatory HAUSGARTEN was established in 1999 and 
is the only pelagic microbial observatory in the Arctic to date. The observatory 
is sampled annually during the summer months, which limits its explanatory 
power to assess the seasonal carbon cycling and microbial dynamics. To 
close this gap, the goals of this doctoral project were to (a) investigate the 
seasonal variability of organic matter, (b) explore seasonal organic matter 
turnover and the microbial community, and (c) evaluate the inter-annual 
variability in the Fram Strait.  
 
Organic matter is the dominant seasonal control on microbial dynamics 
(Manuscript 1) and shifts in the microbial community (Manuscript 2) in the 
eastern Fram Strait between summer and fall 2018. Our efforts to extend the 
summertime sampling frequency at HAUSGARTEN unprecedentedly provide 
a baseline for dissolved organic carbon, dissolved combined carbohydrates, 
dissolved hydrolyzable amino acids, and gel particles during fall. This is the 
first study to highlight a decoupling in the major classes of gel particles, 
namely transparent exopolymer particles and Coomassie stainable particles. 
Discovering the uncoupled seasonal variability shows that different classes 
of particles have a unique significance in marine biogeochemical processes. 
Moreover, the availability of organic matter controlled bacterial production, 
microbial abundances, and the microbial community. Identifying the microbial 
community composition revealed a low diversity with a dominance of 
polysaccharide-degrading bacteria in summer, which shifted to wider 
diversity including microbes that assimilate refractory biopolymers in fall. Our 
aim to combine the available organic matter pool and taxonomy of microbes 
is a novel approach in order to understand microbial substrate regimes. 
 
To showcase the spatial and temporal variability of microbial organic matter 
turnover, we generated a high-resolution analysis for Fram Strait from 2009 
to 2019 (Manuscript 3). Our study combines year-round remote sensing 
approaches with in situ biogeochemical and microbial parameters from 
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HAUSGARTEN during summer, which revealed a fundamental link of 
microbial dynamics to the regional oceanography. The remotely sensed 
bloom dynamics contextualized the inter-annual in situ variability of organic 
matter bioavailability, bacterial production, and microbial abundances of the 
HAUSGARTEN time series dataset. In the northward flowing Atlantic waters, 
the slowly terminating pelagic phytoplankton bloom releases organic matter 
that stimulates rapid microbial turnover. In the southward flowing polar 
waters, the remote sensing analysis revealed a phytoplankton bloom peak 
around May, which is prior to our in situ sampling period, resulting in relatively 
low concentrations of organic matter. In addition to organic matter, the cold 
temperatures co-limit bacterial production and microbial abundances. Our 
approach to combine the remote sensing with microbial observations 
contextualizes the inter-annual variability observed at HAUSGARTEN. 
 
This thesis contributes to a better understanding of the seasonal 
biogeochemical and microbial coupling in the Arctic. Our collected data 
provides a baseline for microbial observations during fall, contributes to a 
better understanding of seasonal gel particle dynamics, and explores the 
spatio-temporal microbial substrate regimes. Applying a multi-disciplinary 
approach has advanced the understanding of seasonality in biogeochemical 
and microbial processes across the Fram Strait. This newly acquired 
knowledge highlights current seasonal dynamics in the Arctic microbial loop 
that are essential to accurately assess the transformations in a rapidly 
changing Arctic Ocean. 
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Zusammenfassung 
 
Der Arktische Ozean ist extrem anfällig für den Klimawandel. Der 
Klimawandel erwärmt die Lufttemperaturen, beschleunigt die Abschmelzung 
des Meereises und verstärkt den Zufluß atlantischen Meerwassers in die 
Arktis. Des Weiteren wird der drastische Rückgang des Meereises mit einer 
Verlängerung der Wachstumssaison des Phytoplanktons in Verbindung 
gebracht. Zeitlich verkürzte Meereisbedeckung und dünneres Meereis 
erhöhen die Lichtverfügbarkeit für Eisalgen und erweitern den Lebensraum 
für pelagisches Phytoplankton. Eine verlängerte Wachstumssaison erhöht 
die Freisetzung von organischer Masse durch das Phytoplankton, was sich 
auf den saisonalen Kohlenstoffkreislauf auswirkt. Der Kohlenstoffbestand 
und die mikrobiellen Prozesse waren bisher weitgehend unerforscht, da viele 
Parameter nur durch in situ Proben erfaßt werden können. Eine Strategie zur 
Verbesserung der mikrobiellen Beobachtungen sind Zeitreihen. Die einzige 
arktische Zeitreihe „HAUSGARTEN“ existiert seit 1999 in der Framstraße. 
HAUSGARTEN wird jährlich während der Sommermonate beprobt, was 
jedoch nur eine begrenzte Aussagekraft hat, um die saisonale Dynamik des 
Kohlenstoffkreislaufes und der Mikroben zu erfassen. Zur Schließung dieser 
Wissenslücke waren die Ziele dieses Promotionsprojekts (a) die 
Untersuchung der saisonalen Variabilität des Kohlenstoffkreislaufes, (b) die 
Erforschung des saisonalen Umsatzes von organischer Masse und der 
mikrobiellen Gemeinschaft und (c) die Bewertung der zwischenjährlichen 
Variabilität in der Framstraße. 
 
Die organische Masse ist der wichtigste saisonale Kontrollfaktor für die 
mikrobielle Dynamik (Artikel 1) und die Veränderungen in der mikrobiellen 
Gemeinschaft (Artikel 2) in der östlichen Framstraße während Sommer und 
Herbst 2018. Unsere zusätzlichen Einsätze im Herbst, statt der bisher einmal 
jährlichen Messung in den Sommermonaten, liefern eine einzigartige 
Datenbasis an gelösten organischen Kohlenstoffanteilen, gelösten 
kombinierten Kohlenhydraten, gelösten hydrolisierbaren Aminosäuren und 
Gel-Partikel. Obwohl Gel-Partikel in vorherigen Studien schon in der 
Framstraße nachgewiesen wurden, hat unsere Publikation als Erste, eine 
noch bisher nicht nachgewiesene saisonale Entkopplung zwischen den 
transparenten exopolymeren Partikeln und den Coomassie-färbbaren 
Partikeln gezeigt. Dabei ist hervorzuheben, dass die nachgewiesene 
saisonale Entkopplung der Partikelklassen eine einzigartige Bedeutung für 
biogeochemischen Prozesse im Meer hat. Darüber hinaus kontrollierte die 
Verfügbarkeit von organischen Substraten die bakterielle Produktion, die 
Zellzahlen und die Verschiebung der Zusammensetzung der Mikroben. 
Deutliche Veränderungen in der Zusammensetzung der Mikroben wurden mit 
einer Dominanz von Polysaccharid-abbauenden Bakterien im Sommer und 
einer Verlagerung zu einer höheren mikrobiellen Diversität einschließlich 
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Mikroben welche refraktäre Biopolymere verarbeiten, nachgewiesen. Unser 
neuartiger Ansatz, den verfügbaren Pool an organischer Masse und die 
Taxonomie der Mikroben zu kombinieren erweitert unser Verständnis 
mikrobieller Substratverhältnisse. 
 
Weiterführend wurde erstmalig eine hochauflösende räumliche und zeitliche 
Analyse der organischen Substanzen in der gesamten Framstraße von 2009 
bis 2019 vorgestellt (Artikel 3). Der Einsatz von durchgehenden Satelliten-
Fernerkundungsmethoden in Kombination mit in situ biogeochemischen und 
mikrobiellen Analysen zeigte, dass die mikrobielle Dynamik grundlegend mit 
der regionalen Ozeanographie verbunden ist. In der nördlich fließenden 
atlantischen Strömung setzt die langsam abklingende pelagische 
Phytoplanktonblüte im Sommer organische Masse frei, das den schnellen 
mikrobiellen Umsatz anregt. Hingegen wird in der nördlich fließenden polaren 
Strömung der Höhepunkt der Phytoplanktonblüte schon im Mai erreicht, also 
vor unserem Probenentnahmezeitraum, was zu relativ geringen 
Konzentrationen an nachgewiesener organischer Masse führt. Zusätzlich zur 
organischen Masse scheinen auch die niedrigen Temperaturen die 
bakterielle Produktion und die Zellzahlen im Sommer zu begrenzen. Die per 
Satelliten-Fernerkundungsbeobachtungen ermittelte Blütendynamik stellt die 
interannuelle In-situ-Variabilität der Bioverfügbarkeit organischer Stoffe, der 
bakteriellen Produktion und der Zellzahlen des HAUSGARTEN-
Zeitreihendatensatzes in einen Zusammenhang. Unser Ansatz, die 
Fernerkundung mit mikrobiellen Beobachtungen zu kombinieren, ermöglicht 
es, die bei HAUSGARTEN beobachtete interannuelle Variabilität in einen 
Kontext zu bringen. 
 
Die im Rahmen dieser Arbeit gewonnenen Erkenntnisse tragen zu einem 
besseren Verständnis der saisonalen biogeochemischen und mikrobiellen 
Kopplung in der Arktis bei. Die von uns gesammelten Daten liefern eine 
Grundlage für mikrobielle Beobachtungen im Herbst, tragen zu einem 
besseren Verständnis der saisonalen Gelpartikeldynamik bei und erforschen 
die räumlich-zeitlichen mikrobiellen Substratregime. Der multidisziplinäre 
Ansatz hat das Verständnis der saisonalen biogeochemischen und 
mikrobiellen Prozesse in der Framstraße verbessert. Dieses neu erworbene 
Wissen hebt die aktuelle saisonale Dynamik in der arktischen mikrobiellen 
Schleife hervor, die für eine genaue Bewertung der Umwandlungen in einem 
sich schnell verändernden Arktischen Ozean entscheidend ist. 
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Marine Carbon Cycle 
 
The ocean plays a vital role in the global carbon cycle and therewith the 
regulation of Earth’s climate. In recent decades, the Earth’s climate has been 
progressively impacted by anthropogenic emissions of greenhouse gases 
into the atmosphere, like carbon dioxide (CO2) and methane (CH4). The 
atmosphere is in permanent exchange with the surface layer of the ocean 
and increasing CO2 concentrations in the atmosphere also increase the 
amount of dissolved CO2 in the surface ocean. Accordingly, the oceans play 
a key role in CO2 uptake via physicochemical and biological processes. 
 
The solubility pump is the physiochemical transport of carbon from the 
euphotic zone (surface-200 m) to the meso- and bathypelagic zones (200-
4000 m). In the euphotic zone, atmospheric CO2 dissolves and reacts with 
water molecules to form carbonic acid (H2CO3), carbonate ions (HCO3

2-), or 
bicarbonate (HCO3

-; Fig. 1.1). These ionic and non-ionic species, collectively 
known as dissolved inorganic carbon (DIC), account for the largest carbon 
reservoir of ~38,000 PgC on Earth (Ciais et al., 2013). The dissolution of 
atmospheric CO2 is temperature-dependent, which results in a higher relative 
net export of DIC to the meso- and bathypelagic zones in polar regions and 
a lower net export in equatorial regions. Hence, the temperature-dependency 
of the solubility pump makes it sensitive to climate change. Once the exported 
DIC reaches the meso- and bathypelagic zones, it can be stored for many 
thousands of years, during which carbon is not exchanged with the 
atmosphere (Sabine et al., 2004).  
 
The biological carbon pump is driven by the export of organic carbon into the 
ocean interior. In the euphotic zone, phytoplankton fix an estimated  
~45 PgC yr-1 into organic carbon through photosynthesis (Behrenfeld & 
Falkowski, 1997). Phytoplankton-derived organic carbon can be categorized 
into dissolved organic carbon (DOC) or particulate organic carbon (POC; Fig. 
1.1). A large fraction of DOC supports microbes (here, archaea and bacteria) 
and is rapidly mineralized back into CO2, while a small fraction is stored in 
the ocean for hundreds to millions of years (Azam et al., 1983; Sarmiento & 
Gruber, 2006). POC predominately contributes to the flux of detritus to the 
seafloor that accounts for ~10 PgC yr-1 (Fig. 1.1). Furthermore, DOC and 
POC cycling is coupled to heteroatoms, such as nitrogen (N) and phosphorus 
(P), that are major constituents of organic matter and together form the basis 
of marine food webs. 
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Figure 1.1 | Schematic illustrating the transport of carbon in the ocean. The solubility 
pump (left) transports atmospheric carbon dioxide (CO2) that reacts to form carbonic acid 
(H2CO3), bicarbonate (HCO3-), and carbonate (CO32-) as dissolved inorganic carbon (DIC) 
for long-term storage in the meso- and bathypelagic zones. The biological carbon pump 
(right) involves the photosynthetic production of phytoplankton-derived dissolved organic 
carbon (DOC), and particulate organic carbon (POC). DOC can be remineralized by archaea 
and bacteria as part of the microbial loop, which releases CO2. POC, extracellular polymeric 
substances (EPS) and larger particles eventually sink to provide long-term storage in the 
meso- and bathypelagic zones or through burial. The figure is based on Buchan et al. (2014) 
and Arnosti et al. (2021). 
 
 
Marine Primary Production 
 
Primary production is the conversion of inorganic CO2 into organic matter. 
Marine primary production typically refers to the synthesis of organic matter 
by phytoplankton (here, eukaryotic algae and cyanobacteria) via 
photosynthesis, which is limited by light and nutrient conditions. Light 
availability can vary globally from diurnal cycles in equatorial regions to a 
strong seasonality in polar regions. Additionally, polar regions are subjected 
to a low solar angle and sea ice, which can severely reduce the light 
availability in the euphotic zone (Arrigo, 2014; Lee et al., 2015; Popova et al., 
2012). Moreover, phytoplankton are strongly dependent on macronutrients 
that prompt their relative biomolecule composition. Under optimal nutrient 
replete conditions, phytoplankton synthesize amino acids, proteins, 
nucleotides, and membrane lipids (Table 1.1). In contrast, nutrient limiting 
conditions prompt phytoplankton to invest in the synthesis of carbon-rich 
compounds such as carbohydrates and storage lipids (Table 1.1; Granum et 
al., 2002; Janse et al., 1996). Overall, light and nutrient conditions delegate 
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phytoplankton growth and can give rise to a phytoplankton bloom under 
cumulative conditions. 
 
Phytoplankton blooms are highly dynamic phenomena that include groups 
such as Bacillariophyta and Haptophyta. In terms of biomass, blooms tend to 
be largely dominated by bacillariophytes like diatoms (Lampe et al., 2021; 
Teeling et al., 2012). Diatoms are a diverse taxonomic group with over 1,000 
species that have cell sizes of an equivalent spherical diameter (or ESD)  
~5-50 µm and a high nutrient demand (Lampe et al., 2021; Smetacek, 2000). 
However, in terms of cell numbers, phytoplankton blooms tend to be largely 
dominated by haptophytes like Phaeocystis species (Lampe et al., 2021; 
Teeling et al., 2012). Phaeocystis species feature small cells of an ESD  
~2 µm that facilitate a high surface-to-volume ratio and enables an efficient 
metabolism under nutrient-depleted conditions (Lampe et al., 2021; Reid et 
al., 1990). As the bloom terminates, phytoplankton become increasingly 
constrained by nutrient depletion, predator grazing, and viral infections 
resulting in organic matter release. Phytoplankton exudate between 10-50% 
of organic matter, which generates a unique fingerprint of compounds 
available to microbes (Baines & Pace, 1991; Biddanda & Benner, 1997; Teira 
et al., 2001, 2003; Thornton, 2014). 
 
 
 
 
Table 1.1 | Elemental composition of biomolecules in phytoplankton. The table is 
adapted from Geider & La Roche (2002). 
Abbreviations: R refers to a side-chain and possible elements include carbon (C); hydrogen 
(H); nitrogen (N); oxygen (O); phosphorus (P); sulfur (S). 
 
 Major Elements Elemental Composition 
Carbohydrates CHO C6H12O6 
Amino acids R-CHNO - 
Proteina R-CHNO C4•43H7O1•44N1•16S0•19 

Storage Lipids b CHOP(N) C40H7O74N5 
Membrane Lipids c CHOP(N) C37•9H72•5O9•4N0•43P1 
DNAd CHONP C9•75H14•25O8N3•75P 
RNAe CHONP C9•5H13•75O8N3•75P 

 

aBased on Laws (1991). 
bThis excludes phosphoglycerides. 
cAssumes equal moles of phosphorus in phophatidylinositol, phophatidic acid, 
phophatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine 
and phosphatidylserine. 
dAssumes equal moles of adenylic, cytidylic, guanylic and uridylic acids. 
eAssumes equal moles of deoxyadenylic, deoxycytidylic, deoxyguanylic and deoxythymidic 
acids.  
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Marine Secondary Production 
 
Secondary production is the conversion of organic matter to produce 
heterotrophic biomass. In the ocean, microbes remineralize phytoplankton-
derived organic matter into cellular biomass and produce CO2 through 
respiration. Microbial transformed organic matter has several possible fates 
in the ocean: direct remineralization, continual recycling in the microbial loop, 
resist degradation and storage in the ocean or transfer to higher trophic levels 
as a result of microbial predation (Fig. 1.1; Azam et al., 1983; Pomeroy, 
1974).  
 
Microbes are opportunistic in their assimilation of organic matter, which has 
allowed a high degree of niche specialization among closely related taxa. The 
niche adaptation classify microbes as free-living or particle-associated 
(Crump et al., 1998, 1999; Stocker, 2012). Free-living microbes reside in the 
water column and are commonly linked to phytoplankton blooms that include 
phylotypes of Bacteroidia (Formosa, Polaribacter, and Ulvibacter), 
Alphaproteobacteria (Roseobacter-related), and Gammaproteobacteria 
(Table 1.1; McCarren et al., 2010; Teeling et al., 2012). Only around 3-5% of 
microbial taxa colonize organic particles that provide niches for 
Alphaproteobacteria (Rhodobacterales), and Gammaproteobacteria 

(Alteromonadales; Buchan et al., 2005; Fadeev et al., 2018). In addition to 
the microbial niche, particles also transport microbes out of the euphotic 
zone. As the particles sink, microbes release organic matter into the 
surrounding water and provide important resources for the microbes in meso-
and bathypelagic zones and seafloor sediments. Interestingly, the microbial 
community shows a relative shift from bacteria in the euphotic zone to 
archaea, like Thaumarchaeota, in the mesopelagic zone (Table 1.2; Acinas 
et al., 2021; González et al., 2008; Karner et al., 2001; Zhong et al., 2020). 
However, despite major advances in molecular approaches and sequencing 
technologies, i.e., universal marker gene 16S rRNA and metagenomics, 
relatively little is known about the specific roles that microbes play in shaping 
organic matter or vice versa. 
 
Continuum from dissolved to particulate organic matter 
 
Traditionally, organic matter has been classified as either dissolved organic 
matter (DOM) or particulate organic matter (POM) based on the filtration 
behavior (Verdugo et al., 2004). DOM passes through a filter with a pore size 
of 0.7 µm, while POM is retained on a filter with a pore size of 0.7 µm.  
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Table 1.2 | Key taxonomic groups and their function in the pelagic microbial 
community. 
Abbreviations: dimethyl sulfide (DMS); dimethylsulfoniopropionate (DMSP) 
 
Taxonomy 
(Domain / Phylum / Class) 

Distinct Function Literature 

Bacteria/Bacteroidetes/ 
Bacteroidia 

degradation of various 
organic biopolymers 

Teeling et al. (2012) 

Bacteria/Proteobacteria/ 
Alphaproteobacteria 

specialized in DMS/DMSP 
turnover 

Giovannoni et al. (2014) 
Giovannoni (2017) 

Bacteria/Proteobacteria/ 
Deltaproteobacteria 

oxidize sulfur and methylated 
compounds 

Swan et al. (2011) 

Bacteria/Proteobacteria/ 
Gammaproteobacteria 

associated to particles Buchan et al. (2014) 

Bacteria/Verrucomicrobia/ 
Verrucomicrobiae 

degradation of glycopolymers Spring et al. (2016) 

Archaea/Thaumarchaeota/ 
Nitrososphaeria 

chemolithoautotrophs and 
specialized in ammonia-
oxidation 

González et al. (2008) 
Karner et al. (2001) 

 
 
DOM is a complex mixture of truly dissolved compounds to colloidal fractions 
that are continually reshaped in the ocean (Fig. 1.2; Benner et al., 1992). The 
reshaping of DOM is largely performed by microbes that dynamically interact 
with their surroundings and alter the composition and availability of DOC. To 
simplify the range of DOC availability, researchers have defined five 
subfractions: labile DOC (LDOC), semi-labile DOC (SLDOC), semi-refractory 
DOC (SRDOC), refractory DOC (RDOC), and ultra-refractory DOC 
(URDOC). LDOC is the most reactive pool and supports the microbial loop 
resulting in a short residence time of minutes to hours (Keil & Kirchman, 
1999). SLDOC is the supplemental material for the microbial loop and can 
resist rapid microbial turnover that allows it to accumulate in the photic zone 
during the productive season with residence times of weeks to months 
(Carlson & Ducklow, 1995; Hansell et al., 2009). SRDOC, RDOC, and 
URDOC resist microbial turnover resulting in an accumulation in the meso- 
and bathypelagic zones with residence times from decades to millennia 
(Hansell et al., 2009).  
 
DOM polymers are also excreted as extracellular polymeric substances 
(EPS). EPS have a three-dimensional porous polymer matrices that 
spontaneously disperse or assemble into nanogels and further anneal into 
more stable micro- and macrogels (Fig. 1.2; Chin et al., 1998). The porous 
polymer matrices are transparent but can be visualized using compound-
specific stains. Alcian Blue is a cationic copper-phthalocyanine dye that 
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reacts with the carboxyl and sulfate half ester functional groups of 
mucopolysaccharides and glycosaminoglycans to stain polysaccharide-
containing gels, referred to as transparent exopolymer particles (TEP; 
Alldredge et al., 1993; Parker & Diboll, 1966; Schuster & Herndl, 1995). 
Another dye, Coomassie Brilliant Blue is a disulfonated triphenylmethane dye 
that binds proteins and peptides to stain proteinaceous-containing gels, 
referred to as Coomassie stainable particles (CSP; Chial & Splittgerber, 1993; 
Long & Azam, 1996). The polymer matrices of TEP and CSP represent 
substrates for microbes but also provide the sticky glue for the particle 
coagulation, e.g., marine snow, and enhance the POM export towards the 
seafloor (Chow et al., 2015; Engel, 2000; Logan et al., 1995). 
 
 
 
 

 
 
Figure 1.2 | Size continuum organic matter in seawater and ecology. Organic matter that 
is retained on a 0.7 µm pore-sized filter is categorized as particulate organic matter (POM), 
while the fraction percolates through the filter is categorized as dissolved organic matter 
(DOM). DOM is subcategorized into truly dissolved (<1 nm) colloidal (1-1000 nm) fractions 
or low-molecular-weight (LMW, <1000 Dalton) and high-molecular-weight (HMW, >1000 
Dalton) fractions. DOM maintains a reversible assembly/dispersion equilibrium that forms 
nano-, microgels that eventually form macrogels. Macrogels like transparent exopolymer 
particles (TEP) and Coomassie stainable particles (CSP) form the matrix or “glue” of marine 
snow and larger particles in the POM range. The figure is adapted from Verdugo et al. (2004) 
and Verdugo (2012). Note: Monomer range only includes carbohydrate and amino acid 
monomers. 
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POM contains suspended and sinking particles that include the biomass from 
living and dead cells, gel particles, marine snow, fecal pellets, and other 
aggregated material. Furthermore, microplastics are a new anthropogenic 
addition to the POC pool (Law, 2017). Altogether, the sinking material is a 
key component of the biological carbon pump by exporting around 10%POC 
to the bathypelagic zones and eventually around 1%POC to the seafloor 
(Boyd & Trull, 2007; Cavan et al., 2015; Eppley & Peterson, 1979; J. H. Martin 
et al., 1987; Le Moigne, 2019; Volk & Hoffert, 1985).  
 
Molecular Composition of Organic Matter 
 
The bioavailability and turnover of DOM and POM is strongly dependent on 
the molecular composition (Arnosti, 2004). Molecular indicators of 
bioavailability include carbohydrates, amino acids, and fatty acids. These 
molecular indicators exist in variable sizes of monomers, oligomers, and 
polymers that can be size-fractionated according to their bioreactivity. In the 
conceptual size-reactivity framework, the bioreactivity increases from low-
molecular-weight DOM (LMW DOM, <1 kDa) compounds, i.e., monomers, to 
high-molecular-weight DOM (HMW DOM, >1 kDa) compounds, i.e., 
oligomers and polymers (Fig. 1.2; Amon & Benner, 1994, 1996; Benner & 
Amon, 2015) 
 
Carbohydrates constitute approximately 15-50% of DOC and 8-10% of 
suspended POC (Benner et al., 1992; McCarthy et al., 1996; Pakulski & 
Benner, 1994; Panagiotopoulos & Sempéré, 2005). Carbohydrates are 
structurally diverse with a size range from individual monosaccharides to 
oligosaccharides (~10 monosaccharides) and polysaccharides  
(>10 monosaccharides) that are linked via hydroxyl groups. 
Monosaccharides comprise around one-third of the total carbohydrate pool 
and are a relatively consistent fraction of LMW DOM (Lin & Guo, 2015; 
Myklestad & Børsheim, 2007). The largest characterizable carbohydrate 
fraction, with 10-35% of DOC, is composed of dissolved combined 
carbohydrates (DCCHO) that show a spatial and seasonal variability 
(Aluwihare et al., 1997; Benner et al., 1992; Borch & Kirchman, 1997; 
Kirchman et al., 2001; Skoog & Benner, 1997). Efforts to fully characterize 
the carbohydrate composition have been constrained by analytical 
challenges of polysaccharide solubility, size, and spectroscopic 
characteristics (Arnosti et al., 2021). Ideally, established analytical methods 
would characterize the monomer identity and polymer associated branches, 
branch position, and functional groups. However, none of the established 
methods provide all of the information (Panagiotopoulos & Sempéré, 2005). 
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For example, high-performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) uses acid hydrolysis to chemically 
break the polymers into quantifiable monomer concentrations (Borch & 
Kirchman, 1997; K. Kaiser & Benner, 2000). HPAEC-PAD is extremely 
advantageous because it allows for the derivatization and differentiation of 
neutral sugars, amino sugars, and acidic sugars at the nanomolar level 
(Engel & Händel, 2011). Further developing analytical techniques with high 
accuracy and precision minimizes the gap to the uncharacterized compounds 
in organic matter. 
 
Another widely studied component of organic matter are amino acids. Amino 
acids consist of individual units and peptides (>2 amino acids) linked via 
peptide bonds. Amino acids constitute a large fraction of bacterial carbon 
demand but also supply microbes with nitrogen (Jorgensen et al., 1993). 
Taking advantage of the bacterial carbon demand of amino acids has been 
used to quantify compositional changes of bulk DOC using degradation 
indices and carbon-normalized yields to quantify the bioavailability of DOC 
(Dauwe et al., 1999; Davis et al., 2009; K. Kaiser & Benner, 2009). A common 
method to quantify amino acid concentrations uses acid hydrolysis to 
chemically break peptides, followed by ortho-phthaldialdehyde derivatization 
and high-performance liquid chromatography (HPLC) analysis (Dittmar et al., 
2009; Lindroth & Mopper, 1979).  
 
Lipids constitute <0.1% of DOC and a minor component of POC (Kharbush 
et al., 2020; Liu et al., 1998; Ogawa & Tanoue, 2003). Nonetheless, the 
diversity of lipid compounds are commonly employed as biomarkers to 
elucidate novel carbon cycling and export pathways (Becker et al., 2018; 
Laber et al., 2018). Furthermore, microbial conversion of organic carbon can 
also be traced using various isotope labeling techniques that are new 
adaptations of routine labeling techniques (Dippold & Kuzyakov, 2013; Dong 
et al., 2017, 2019; Evans et al., 2018, 2019; Kellermann et al., 2016; Wegener 
et al., 2012). 
 
Microbial processing constantly alters the bioavailability of substrates leaving 
behind more recalcitrant DOC. To quantify the bulk DOC pool, the scientific 
community has begun to generate organic matter inventories for the Atlantic 
Ocean (e.g., Aminot and Kérouel, 2004; Piontek et al., 2011; Engel et al., 
2017b), Pacific Ocean ( e.g., Kaiser and Benner, 2009; Loginova et al., 2019; 
Maßmig et al., 2020), Indian Ocean ( e.g., Doval and Hansell, 2000; Krishna 
et al., 2015), Southern Ocean (e.g., Norman et al., 2011; Bercovici and 
Hansell, 2016), and Arctic Ocean (e.g., Amon, 2003; Engel et al., 2019; 
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Nöthig et al., 2020). A global organic matter inventory is particularly valuable 
to assess the feedback between climate systems, nutrient regimes, and 
microbial community structure that alter DOC bioavailability on seasonal and 
decadal time scales (Wagner et al., 2020). However, the global inventories 
lack a seasonal component for regions that are experiencing rapid 
environmental transformations, like the Arctic Ocean due to climate change. 
This data gap needs to be addressed in order to successfully assess the 
extent of climate change on biogeochemical cycles. 
 
Microbial Dynamics in the Arctic Ocean 
 
Arctic marine ecosystems are rapidly changing as a consequence of climate 
change (Wassmann et al., 2011). Climate change is the main factor for the 
staggering decrease in the sea ice minima from 6.9 million km2 in 1979 to 4.7 
million km2 in 2021 (National Snow and Ice Data Center/NASA, USA). A 
reduction in sea ice creates a positive feedback loop that further reduces the 
planetary albedo and reinforces melting processes, amplifies under-ice light, 
and water column stratification (Arrigo & van Dijken, 2015; Beszczynska-
Moller et al., 2012; Serreze et al., 2007). The plethora of environmental 
transformations could have far-reaching implications for the primary and 
secondary production in the Arctic Ocean. 
 
Estimates of primary production in the Arctic basins are among the lowest 
worldwide (Sakshaug, 2004). Arctic primary production is constrained by the 
solar irradiance and nutrient stocks from winter mixing (Ardyna et al., 2011; 
Popova et al., 2010). When the light becomes available for primary 
production, the conditions facilitate pelagic phytoplankton blooms in the water 
column but also coupled to sea ice (Fig. 1.3). Sea ice facilitates ice-attached 
blooms, under-ice blooms, and ice-edge blooms in marginal ice zones 
(Arrigo, 2014; Arrigo et al., 2012; Barber et al., 2015). In particular, ice-
attached Melosira arctica can develop dense blooms that, if released from 
the ice, rapidly sink to the seafloor and contribute to the vertical flux (Fig. 1.3; 
Boetius et al., 2013; Fernández-Méndez et al., 2014; Poulin et al., 2014). The 
ice algal aggregates provide niches and transport microbes to the seafloor 
(Rapp et al., 2018). The microbial niche specialization is likely to be lost from 
an Arctic Ocean, devoid of sea ice. 
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Figure 1.3 | Conceptual pelagic Arctic food web. This illustration shows a vertically-
structured concept of sea ice and the underlying water column in the Atlantic basin. (A) shows 
the brine channels within the ice matrix that provide niches for phytoplankton, microbes, and 
zooplankton. (B) Melt ponds provide niches for sea ice, diatoms like Pseudonituschia sp. and 
Fragilariopsis, microbes, and extracellular polymeric substances (EPS). Below the sea ice, 
under ice algal mats form that occasionally sinks to the seafloor and contribute to the vertical 
flux. In the open water column, the phytoplankton release organic matter that is remineralized 
by microbes but also aggregates into EPS and particles that eventually contribute to the 
vertical flux. The primary producers are colored in green and the consumers in black. The 
figure was based on Boetius et al. (2015) and Wassmann et al. (2020). 
 
 
Microbial secondary production tends to be controlled by temperature and the 
availability of DOM in the Arctic Ocean (Kirchman, Morán, et al., 2009; 
Ortega-Retuerta et al., 2014; Piontek et al., 2014; Sala et al., 2010; Wiebe et 
al., 1992). Temperature affects biological rate processes by lowering the 
activation energy of enzymes. In microbes, the temperature affects the 
processing of carbon (Hall et al., 2008; Pomeroy & Deibel, 1986; Pomeroy & 
Wiebe, 2001). However, the stand-alone effect of temperature may be 
overestimated given that the bioavailability of DOM is of equal importance, if 
not greater, than that of temperature for microbes in polar regions (Ducklow 
et al., 2012; Piontek et al., 2015). 
 
Ongoing changes in marine ecosystems are best detected and tracked by 
establishing time series. To monitor food web structures and ecosystem 
functioning in the Arctic Ocean, the Alfred Wegener Institute Helmholtz 
Centre for Polar and Marine Research (AWI) established the  
Long-Term Ecological Research (LTER) observatory “HAUSGARTEN” in the 
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Fram Strait in 1999 (Fig. 1.4). Since 1999, summer expeditions have regularly 
sampled for phytoplankton biomass and organic matter in the water column 
along with a wide array of parameters in benthos in the eastern Fram Strait 
(Nöthig et al., 2020; Soltwedel et al., 2005, 2016). The pelagic sampling 
efforts were extended by researchers who established the Plankton Ecology 

and Biogeochemistry in a Changing Arctic Ocean (PEBCAO) group in 2009. 
The sampling strategy of PEBCAO targets biogeochemical parameters 
coupled with microbiological, microscopical, molecular biological, and 
physiological methods to investigate the bacterio-, phyto- and zooplankton 
composition and biodiversity in the water column at HAUSGARTEN 
(“PEBCAO,” 2020). To continue assessing the ecological and 
biogeochemical stocks, HAUSGARTEN has been gradually extended 
westward to account for retreating ice conditions. As of 2016, the 
HAUSGARTEN observatory encompasses 21 permanent stations from the 
ice-free and marginal ice zones in the eastern Fram Strait to the typically sea-
ice-covered areas in the western Fram Strait. 
 
 
 
 

 
 

Figure 1.4 | Sampling sites of the LTER observatory HAUSGARTEN. (A) The arrows 
show the major advective domains of the Arctic Ocean with the Atlantic (red), pacific (pink), 
and transpolar drift (light purple). (B) The Fram Strait has an inflow and outflow on opposite 
sides of the 450 km wide strait with 21 permanent stations of the Long-Term Ecological 
Research (LTER) observatory HAUSGARTEN. The figure was modified from Wassmann et 
al. (2020). Abbreviations in (B): West Spitsbergen Current, WSC (red); Eastern Greenland 
Current, EGC (blue).  
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The Fram Strait is characterized by two currents, which stipulate its 
biogeochemistry and ecology. The West Spitzbergen Current (WSC) in the 
eastern Fram Strait and the East Greenland Current (EGC) in the western 
Fram Strait (Fig. 1.4). North Atlantic water masses enter the central Arctic 
Ocean as part of the WSC carrying relatively warm, saline waters 
(Beszczynska-Moller et al., 2012; Torres-Valdés et al., 2013). As the water 
circulates in the Arctic basin, additional inputs from the Bering Strait and 
rivers, i.e., Ob, Lena, and Mackenzie, are mixed into the water masses. 
Eventually, the water exits through the western Fram Strait as part of the EGC 
into the North Atlantic (de Steur et al., 2009). The EGC exports half of the 
total freshwater flux and almost the entire sea-ice flux out of the Arctic (Kwok, 
2009; Serreze et al., 2006). The oceanographic conditions across the Fram 
Strait drive the spatial variability in phytoplankton biomass and ESD (Lampe 
et al., 2021; Nöthig et al., 2015, 2020), organic matter concentration (Engel 
et al., 2019; Grosse et al., 2021; Piontek et al., 2014), gel particle 
concentration (Busch et al., 2017; Engel, Piontek, et al., 2017), and microbial 
community (Cardozo Mino et al., 2021; Fadeev et al., 2018, 2021) across the 
HAUSGARTEN observatory. However, for the majority of the sampled 
parameters of PEBCAO, HAUSGARTEN only provides snapshots of the 
biogeochemical processes during summer. Unfortunately, the seasonal data 
bias is similar for other oligotrophic regions of the Arctic Ocean, which impede 
predictions about the natural variability and human impact through climate 
change (Maranger et al., 2015). This thesis provides the necessary baseline 
to improve the understanding of seasonal organic matter turnover in the Fram 
Strait and offers important perspectives on the present and future of 
biogeochemical processes in the Arctic Ocean. 
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Objectives of this Thesis 
 
Microorganisms play a critical role in biogeochemical cycles but large 
observational gaps exist for several Arctic regions. For example, primary 
production and zooplankton communities are monitored along the Russian 
shelf, while microbial dynamics are assessed along the Northern American 
shelf (Maranger et al., 2015). Truly understanding ecosystem dynamics 
requires a systematic sampling strategy over space and/or time. Many 
studies cover the spatial variability, while temporal sampling is limited in 
consistent observations that can be addressed using time series. Time series 
are rare around the world and HAUSGARTEN is the only pelagic time series 
in the Arctic Ocean to date (Buttigieg et al., 2018). Despite the invaluable 
microbial observatory established for HAUSGARTEN, the annual sampling 
frequency prohibits quantifying seasonal microbial dynamics. 
 
In this thesis, I set out to investigate the seasonal variability of microbial 
organic matter turnover at HAUSGARTEN in the Fram Strait. I specifically 
want to combine biogeochemical and ecological approaches to investigate 
whether, and to what extent, the bioavailability of DOC shapes the microbial 
community composition. This thesis will help contribute to the understanding 
of how microbial carbon turnover influences the seasonal CO2 storage in the 
Arctic. Additionally, the acquired knowledge will help to integrate seasonal 
fluxes within the microbial loop into models in order to predict carbon cycling 
in a changing Arctic.  
 
 
The specific objectives were to: 
 
 
• Measure the seasonal changes in DOM, gel particles, and microbial 

processes in the euphotic zone. 
Seasonal biogeochemical cycling and microbial turnover in the Arctic 
remain largely unexplained owed to the logistical difficulties of obtaining in 

situ samples in polar regions. Measuring the seasonal microbial processes 
in the Arctic Ocean will allow for a comprehensive analysis of concentration 
and composition of DOM and gel particles as well as microbial abundances 
and production rates in the Fram Strait. This contributes to the baseline 
dependencies needed for model applications in particular those 
incorporating seasonal DOM degradation under continuous light 
availability to dark periods. 
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• Analyze the seasonal microbial community and possible links to 
bioavailability of DOM in the euphotic zone. 
Seasonal biogeochemical cycling is likely to induce changes in the 
microbial community. However, the interactions between DOM and 
microbes are seldomly explored although they are important to understand 
the spatial and temporal variability of biogeochemical cycles in the Arctic 
Ocean. Analyzing the microbe-substrate relationships will allow to gain an 
insight into the seasonal associations in the Arctic microbial loop. This 
multi-disciplinary approach provides an important contribution to the 
previous culture studies focusing on taxa-specific DOM degradation 
strategies. 

 
 
 
• Assess the inter-annual trends of microbial organic matter cycling 

throughout the water column. 
Temperature and bioavailability of DOM co-limit microbial activity in the 
Arctic Ocean. This is particularly relevant in the Fram Strait, where 
temperatures vary spatially from east to west and DOM bioavailability 
varies temporally. Hence, I want to use a targeted molecular analysis of 
DCCHO and DHAA to assess the inter-annual variability of semi-labile 
DOC at the HAUSGARTEN. Investigating the variability at an established 
time series will help to understand the physical and biological controls on 
microbial processes entering and exiting the Arctic through the Fram Strait. 
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Chapter 2 | Scope of the Thesis 

 20 

 
 



  Chapter 3 | Seasonal DOM Dynamics 

 21 

 
 
 
 
 
 
Chapter 3 
 
Dynamics of organic matter and bacterial 
activity in the Fram Strait during summer 
and autumn 
  



Chapter 3 | Seasonal DOM Dynamics 

 22 

Declaration on the contribution of the doctoral researcher to the chapter 
 
Title of the thesis: Seasonal Dynamics of Organic Matter 

Turnover in the Arctic Ocean 
  
Title of the chapter: Dynamics of organic matter and bacterial 

activity in the Fram Strait during summer 
and autumn 

  
Chapter is published in: Philosophical Transactions of the  

Royal Society A (RSTA) 

  

Authors of the chapter: Anabel von Jackowski, Julia Grosse,  
Eva-Maria Nöthig, Anja Engel 

  
Keywords of the chapter: Arctic Ocean, seasonality, semi-labile 

organic carbon, bacteria 
  
Citing the chapter: von Jackowski A, Grosse J, Nöthig E-M, 

Engel A. 2020 Dynamics of organic matter 
and bacterial activity in the Fram Strait 
during summer and autumn.  
Phil. Trans. R. Soc. A 378: 20190366.  
DOI: 10.1098/rsta.2019.0366 

  
Contribution to the chapter: Anabel von Jackowski and Anja Engel 

designed the scientific study.  
Anabel von Jackowski and Julia Grosse 
performed the onboard sampling.  
Anabel von Jackowski analyzed the data. 
Anabel von Jackowski and Anja Engel wrote 
the publication with contributions from the 
co-authors. 

  



  Chapter 3 | Seasonal DOM Dynamics 

 23 

Abstract 
 
The Arctic Ocean is considerably affected by the consequences of global 
warming, including more extreme seasonal fluctuations in the physical 
environment. So far, little is known about seasonality in Arctic marine 
ecosystems in particular microbial dynamics and cycling of organic matter. 
The limited characterization can be partially attributed to logistic difficulties of 
sampling in the Arctic Ocean beyond the summer season. Here, we 
investigated the distribution and composition of dissolved organic matter 
(DOM), gel particles and heterotrophic bacterial activity in the Fram Strait 
during summer and autumn. Our results revealed that phytoplankton biomass 
influenced the concentration and composition of semi-labile dissolved organic 
carbon (DOC), which strongly decreased from summer to autumn. The 
seasonal decrease in bioavailability of DOM appeared to be the dominant 
control on bacterial abundance and activity, while no temperature effect was 
determined. Additionally, there were clear differences in transparent 
exopolymer particles (TEP) and Coomassie stainable particles (CSP) 
dynamics. The amount of TEP and CSP decreased from summer to autumn, 
but CSP was relatively enriched in both seasons. Our study therewith 
indicates clear seasonal differences in the microbial cycling of organic matter 
in the Fram Strait. Our data may help to establish baseline knowledge about 
seasonal changes in microbial ecosystem dynamics to better assess the 
impact of environmental change in the warming Arctic Ocean. 
 
This article is part of the theme issue ‘The changing Arctic Ocean: 
consequences for biological communities, biogeochemical processes and 
ecosystem functioning’. 
 
Introduction 
 
Anthropogenic climate change is warming the Arctic Ocean about two to three 
times faster than the global average (Masson-Delmotte et al., 2018). A 
sensitive indicator of the degree of warming is the loss of sea ice. The year 
2018 marked the sixth-lowest sea ice minimum in the nearly 40-year satellite 
record (National Snow Snow Ice Data Center, 2018). Warming of the Arctic 
results in seasonal, thin and fragile sea ice, thereby completely changing the 
landscape of icy ecosystems (Comiso, 2012; Kashiwase et al., 2017; 
Maslanik et al., 2011; Nghiem et al., 2006). These environmental changes 
are already influencing phytoplankton dynamics since ice-retreat was 
responsible for the 30% increase of net primary production between 1998 and 
2012 (Arrigo & van Dijken, 2015). The change in phytoplankton dynamics 



Chapter 3 | Seasonal DOM Dynamics 

 24 

could impact bacterial dynamics in the near future since phytoplankton 
release organic matter that is remineralized by bacteria. This remineralization 
drives the respiratory flux of CO2 from the ocean to the atmosphere. Despite 
the important role of bacteria in the global carbon cycle, the control on 
heterotrophic bacterial activity in the Arctic is not well-understood. 
 
Recent studies have identified the lability of dissolved organic carbon (DOC) 
as a major factor controlling bacterial activity in polar environments (Ducklow 
et al., 2012; Kirchman, Morán, et al., 2009; Piontek et al., 2014). The lability 
of DOC can be classified as a continuum from very labile to ultra-refractory 
DOC: labile components are used within hours to days, while refractory 
components have a residence time of centuries to millennia. Semi-labile DOC 
has a turnover of weeks to months, which allows it to accumulate in the upper 
water column during the productive season (Hansell et al., 2009). Dominant 
biochemical components within the semi-labile fraction include dissolved 
combined carbohydrates (dCCHO) and dissolved hydrolysable amino acids 
(dHAA; Goldberg et al., 2009, 2011; Skoog & Benner, 1997). Furthermore, 
the semi-labile fraction can partition into gel particles, constituting a dynamic 
continuum from dissolved precursors to single colloids (approx. 1 nm) and 
macro gels (greater than 1 mm; Engel et al., 2012; Meng & Liu, 2016; 
Verdugo et al., 2004). Polysaccharide- containing micro gels, referred to as 
transparent exopolymer particles (TEP), are among the best-described micro 
gels in the ocean. The amount of TEP released into the ocean increases 
during the senescent bloom phase when phytoplankton growth approaches 
nutrient depletion (Engel, 2009; Engel et al., 2002; Logan et al., 1994; Mari & 
Kiørboe, 1996; Passow, 2002). Another type of micro gel are Coomassie Blue 
stainable particles (CSP). CSP are presumably formed by extracellular 
proteins, but few endeavours have explored their production (Long & Azam, 
1996; Thornton, 2018). The organic content that has aggregated as TEP and 
CSP can serve as substrates for particle-attached bacteria and also provide 
an important vector for export to the deep sea (Bar-Zeev et al., 2012; 
Verdugo, 2012). 
 
The degree to which microbial cycling of organic matter is subject to change 
under the pressure of global warming is difficult to predict. Satellite-based 
models have the advantage of using annual data and accounting for seasonal 
dynamics (Arrigo & van Dijken, 2015; Vernet et al., 2019), but ecosystem or 
nutrient models rely on in situ data, like Forest et al. (2011). However, most 
in situ data in the Arctic are collected during the summer. This seasonal data 
bias is owing to the logistical difficulties of sampling in the Arctic during the 
dark and colder seasons. The predictions are further implicated by a regional 
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bias since the majority of data for heterotrophic microbial processes are 
collected in the Beaufort Sea and Chukchi Sea (Maranger et al., 2015). Our 
study aimed at filling seasonal gaps by investigating DOM dynamics and 
bacterial activity in the Fram Strait during summer and autumn. The objective 
of this study was to assess (i) the seasonal shifts in DOC availability and in 
BP and (ii) to evaluate seasonal changes in DOM-microbe interactions for 
carbon-cycling within the pelagic Arctic ecosystem. 
 
 
Methods 
Study Site 
 
Samples were collected in the Fram Strait with the RV Polarstern cruise 
PS114 from 16 to 23 July 2018 during summer and with the  
RV Maria S. Merian cruise MSM77 from 16 September to 4 October 2018 
during autumn (Fig. 2.1; Table S 3.1). The sampling campaigns were part of 
yearly measurements in proximity to the Long-Term Ecological Research 
(LTER) observatory HAUSGARTEN situated in the eastern Fram Strait. The 
Fram Strait is the only deep gateway to the central Arctic Ocean and is 
characterized by two distinct hydrographic regimes. In the east, the 
northward-flowing West Spitsbergen Current (WSC) transports warm saline 
Atlantic water (AW; >2°C; >34.9 PSU) into the Arctic basin. On the opposite 
side of the 450 km wide Strait, the southward-flowing East Greenland Current 
(EGC) transports cold polar water (PW; <0°C; <34.7 PSU) along the 
Greenland shelf. Here, water masses that were not distinctly characterized 
as AW or PW were defined as intermediate water (IW). 
 
Discrete sampling parameters 
 
Sampling procedures were identical during both cruises. Seawater samples 
were collected at five depths (surface; above, in, and below the deep 
chlorophyll maximum (DCM); 100 m) using a SEA-BIRD CTD rosette 
sampling system equipped with 24 Niskin bottles. The chlorophyll maximum 
was identified by running a fluorescence probe on the downward cast of the 
CTD. 
 
Samples for chlorophyll-a were collected on 25mm GF/F (Whatman, GE 
Healthcare Life Sciences, UK) and subsequently frozen (−20°C) until 
extraction using 90% acetone for photometric analyses (Turner Designs, 
USA), slightly modified after Evans et al. (1987). Chlorophyll-a was used as 
a proxy for phytoplankton biomass. Duplicate samples for dissolved organic 
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carbon (DOC) and total dissolved nitrogen (TDN) were filtered through  
0.45 μm GMF GD/X filters (Whatman, GE Healthcare Life Sciences, UK) and 
collected in combusted glass ampoules (8h, 450°C). DOC/TDN was acidified 
and stored at 4◦C until simultaneous analysis after Engel & Galgani (2016) 
with a detection limit (DL) of 1 µmol l−1. Duplicate samples for total dissolved 
phosphorus (TDP) were filtered through 0.45 μm Acrodisk filters (GHP 
membrane, Pall Corporation, USA) and frozen (− 20°C) until analysis. TDP 
and dissolved inorganic phosphorus (DIP) were analysed after (Murphy & 
Riley, 1962) with a DL of 2 μmol l−1. DIP was subtracted from TDP to obtain 
dissolved organic phosphorus (DOP). Duplicate samples for high-molecular-
weight (greater than 1 kDa) dissolved combined carbohydrates (dCCHO) 
were filtered through 0.45 μm Acrodisk filters, collected in combusted glass 
vials (8 h, 450°C) and frozen (− 20°C) until analysis after Engel & Händel 
(2011) with a DL of 10 nmol l−1. The analysis classified 11 monomers: 
arabinose, fucose, galactose, galactosamine, galacturonic acid, 
glucosamine, glucose, glucuronic acid, rhamnose, co-elute mannose and 
xylose. Duplicate samples for dissolved hydrolysable amino acids (dHAA) 
were filtered through 0.45 μm Acrodisk filters, collected in combusted glass 
vials (8 h, 450°C) and frozen (− 20°C) until analysis. dHAA were measured 
with ortho- phthaldialdehyde derivatization by high-performance liquid 
chromatography (HPLC; Dittmar et al., 2009; Lindroth & Mopper, 1979). The 
HPLC (Agilent Technologies, USA) was equipped with a C18 column 
(Phenomenex, USA) with a precision of less than 5% and DL of 2 nmol l−1. 
The analysis classified 13 monomers: alanine, arginine, aspartic acid, 
isoleucine, glutamic acid, glycine, leucine, phenylalanine, serine, threonine, 
tyrosine, valine; and γ-aminobutyric acid (GABA). 
 
Duplicate samples for gel particle analysis were filtered onto 25 mm  
0.4 μm-pore sized Nucleopore track-etched polycarbonate filters (Whatman, 
GE Healthcare Life Sciences, UK). Filters for transparent exopolymer particle 
(TEP) analysis were stained using Alcian Blue (Alldredge et al., 1993) for  
5 s, whereas those for Coomassie Blue stainable particles (CSP) were 
stained with Coomassie Blue (Long & Azam, 1996) for 30 s. Filters were 
subsequently placed on CytoClear slides (Poretics Inc., USA) and then frozen 
(− 20°C) until analysis. Slides were imaged using an Axioscope A.1 with an 
attached Axio-Cam MRC (Zeiss, Germany) at 20× magnification and 
processed with ImageJ (Engel, 2009). The image processing allowed the 
determination of particle abundance as well as particle size (area). Particle 
abundance is of interest for aggregation and degradation processes (Ling & 
Alldredge, 2003), whereas the size is a measure for estimating the carbon 
and nitrogen content of the individual gels (Mari, 1999; Mari & Burd, 1998). 
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Figure 3.1 | Map of stations within the Fram Strait in the proximity of the LTER 
observatory HAUSGARTEN. The samples during summer were collected with the RV 
Polarstern on board cruise PS114 from 16 July to 23 July 2018 and during autumn with the 
RV Maria S. Merian on board MSM77 from 16 September to 4 October 2018. Warm-water 
with Atlantic-origin (red arrows/northward) enters via the West Spitsbergen Current (WSC) 
in the eastern Fram Strait and cold polar water of Arctic-origin (blue arrows/southward) exits 
via East Greenland Current (EGC) in the west of the Fram Strait. 
 
 
Samples for cell abundance were fixed with glutardialdehyde (GDA, 25%), 
and subsequently frozen (− 80°C) until further analysis. Prior to analysis, the 
flow cytometer (FACSCalibur, Becton Dickinson, USA) was calibrated and 
standardized with TruCount beads (Becton Dickinson, USA). The cells were 
stained using SybrGreen I (Thermo Fisher Scientific, USA) and subsequently 
counted by flow cytometry using the Cell Quest 3.3 software with a DL of 
2000 events per second. Additionally, subpopulations of low nucleic acid 
content (LNA) and high nucleic acid content (HNA) bacteria were derived by 
distinguishing between differences in fluorescence intensity (Bouvier et al., 
2007; Robertson & Button, 1989; E. Sherr et al., 2006). 
 
Bacterial production (BP) was measured onboard the research vessels using 
the microcentrifuge method (Smith & Azam, 1992). Duplicate samples and 
one killed control (1.5 ml each) were labelled using 3H-leucine (BioTrend, 
USA) at a final concentration of 20 nmol l−1. 3H-leucine had a specific activity 
of 100Ci mmol−1. The samples were incubated for 6 h in the dark at 4°C and 
terminated using trichloroacetic acid (TCA) at a final concentration of 5%. 
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Leucine incorporation was converted into BP by applying a factor of  
1.5 kg C mol leucine−1 assuming no intracellular isotope dilution (Kirchman et 
al., 2005; Simon & Azam, 1989). 
 
Calculations and statistical analysis 
 
In the text and tables, n refers to the number of observations and nst to the 
number of integrated stations. Stations were integrated over the upper 100m 
using trapezoidal integration. The calculations for the carbon and nitrogen 
content of dCCHO and dHAA were based on carbon and nitrogen atoms 
contained in the identified monomers. Carbon content of dCCHO and dHAA 
was normalized to DOC as % DOC. The incorporation of semi-labile DOC 
into BP per day (% SL-DOC d−1) was calculated by BP (mmol C m−2 d−1) ÷ 
semi-labile DOC (mmol m−2) × 100. 
 
Statistical analyses were conducted using the software R (v3.5.1) in RStudio 
(v1.1.414; Ihaka & Gentleman, 1996). Variables were fed into a statistical 
mixed model (Laird & Ware, 1982; Verbeke & Molenberghs, 2000) including 
season (‘Summer’, ‘Autumn’) and either depth (‘surface’, ‘above DCM’, 
‘DCM’, ‘below DCM’, ‘100 m’) or water mass (‘AW’, ‘IW’, ‘PW’) as well as their 
interaction term as fixed factors. The station was regarded as a random factor 
and the residuals were assumed to be normally distributed and to be 
homo/heteroscedastic with respect to the different levels. Based on this 
model, a pseudo-r2 (Nakagawa & Schielzeth, 2013) and an analysis of 
variances (ANOVA) was conducted, followed by multiple contrast tests (MCT) 
in order to compare the several levels of the influence factors, respectively. 
Statistical results are reported in the Table S 3.2. 
 
Packages used in the scope of this study included PlotSvalbard (v0.7.11; 
Vihtakari, n.d.), ggplot2 (v3.2.0; Wickham, 2016), nlme (v.3.1-139; Pinheiro 
et al., 2020), piecewiseSEM (v2.0.2; Lefcheck, 2016), multcomp (v1.4-10; 
Hothorn et al., 2008), lsmeans (v2.30-0; Lenth, 2016), car(v3.0-2; Fox & 
Weisberg, 2019), FactorMineR (v1.41; Husson et al., n.d.) and corrgram 
(v1.13; Wright, 2018). 
 
Results 
 
The study area was predominantly ice-free during both summer and autumn. 
Ice floes were observed north of 79.5°N and west of 0°W/E in summer and 
north of 79.5°N and further west at 2°W in autumn. Single ice floes were 
encountered at ‘N4’ in summer and ‘D4’ in autumn (Table S 3.1). Water 
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temperature ranged from 0.75°C to 6.2°C in summer (n=53) and from 0.52°C 
to 7.1°C in autumn (n=110; Table 3.1), therefore only characterizing as AT 
and IW. During both cruises, a fluorescence peak was observed between 20 
and 40m water depth indicating a DCM. However, the fluorescence peak was 
of lower intensity and occasionally below the detection limit at some stations 
in autumn. Chlorophyll- a ranged from 21 to 209 mg m-2 in summer (nst=11) 
and from 15 to 41mg m−2 in autumn (nst=22) and thus was three times higher 
in summer compared to autumn (Fig 3.2; Table 3.1). Chlorophyll-a 
concentrations were significantly different in the AW between the summer 
and autumn (ANOVA F1,136=39.4, p<0.0001; MCT p<0.001; Appendix, Table 
S 3.2), while concentrations did not significantly change in IW. 
 
Composition of organic matter 
 
DOC ranged from 6029 to 8171 mmol m−2 in summer (nst=11) and from 5953 
to 8103 mmol m−2 in autumn (nst=22). DOC concentrations (Table 3.1) 
showed no significant seasonal difference (Mann-Whitney-test, p=0.8;  
Table S 3.2). Semi-labile DOC made up 8.4 ± 4.7% of total DOC (% DOC) in 
summer (n=53) and 3.5 ± 0.8% DOC in autumn (n=110; Fig. 3.2 and 3.4). 
Semi-labile DOC, and components thereof, significantly correlated with 
chlorophyll-a concentrations (Fig. 3.3). Furthermore, semi-labile DOC was 
significantly different between AW and IW in summer, but not autumn 
(ANOVA F1,130=6.1, p<0.05; MCT p<0.001; Table S 3.2). TDN ranged from 
819 to 1287 mmol m−2 in summer (nst=11) and from 780 to 1597 mmol m−2 in 
autumn (nst=22). TDP ranged from 31 to 49 mmol m−2 in summer (nst=11) and 
from 38 to 121mmol m−2 in autumn (nst=22). DOP ranged from 5 to 21 mmol 
m−2 in summer (nst=11) and from 2 to 11 mmol m−2 in autumn (nst=9). 
 
dCCHO ranged from 43 to 107 mmol m−2 in summer (nst=11) and from 24 to 
42 mmol m−2 in autumn (nst=22). The molecular composition shows that 
dCCHO was dominated by glucose (14–66 mol%) and co-elute 
mannose/xylose (14–55 mol%) during both seasons. To investigate a 
potential change in dCCHO composition along with the quantitative decrease 
from summer to autumn, we applied principal component analysis (PCA). The 
first principal component (PC1) explained 51.9% and was primarily influenced 
by the season (Fig. S 3.1). The second principal component (PC2) explained 
17.7% and was primarily influenced by the depth (Fig. S 3.1). dCCHO was 
significantly different between summer and autumn (Mann-Whitney-test,  
p<0.0001) in all depths (ANOVA F4,130=17.4, p<0.0001; MCT p<0.01; Table 
S 3.2). dCCHO contributed 6.3 ± 3.6% DOC to semi-labile DOC in summer 
(n=53) and 2.6 ± 0.7% DOC in autumn (n=110; Table 3.1). 
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dHAA ranged from 22 to 62 mmol m−2 in summer (nst=11) and from 13 to 20 
mmol m−2 in autumn (nst=19). The molecular composition showed that dHAA 
was dominated by glycine in summer (13–35 mol%; 23.6 ± 4.8 mol%; n=53) 
and autumn (23–38 mol%; 30.8 ± 2.8 mol%; n=104). The second most 
abundant dHAA was glutamic acid, which was higher in summer (8–24 mol%; 
15.1 ± 3.7 mol%; n=53) than in autumn (7–17 mol%; 10.5 ± 1.7 mol%; n=104). 
Again, we applied PCA using the relative composition to determine a change 
in quality and degradation state (K. Kaiser & Benner, 2009). PC1 explained 
40.1% and was primarily influenced by the depth (Fig. S 3.2). PC2 explained 
12.3% and was primarily influenced by the season (Fig. S 3.2). 
 
 
 
 
 
 
 
 
Table 3.1 | Arithmetic means and one standard deviation of variables determined in 
the Fram Strait during summer and autumn. The ‘n’ refers to the number of observations. 
 
  summer n autumn n 
temperature °C 4.50±1.49 53 4.59±1.52 110 
salinity PSU 34.84±0.40 53 34.82±0.29 110 
chlorophyll-a µg l-1 1.11±1.02 53 0.36±0.29 110 
DOC µmol l-1 73.65±9.04 53 72.46±5.64 110 
semi-labile DOC µmol l-1 6.24±3.49 53 2.52±0.60 104 
semi-labile DOC %DOC 8.4±4.7 53 3.5±0.8 104 
dCCHO µmol C l-1 4.65±2.68 53 1.87±0.47 110 
dCCHO %DOC 6.3±3.6 53 2.6±0.7 110 
dHAA µmol C l-1 1.59±0.93 53 0.66±0.20 104 
dHAA %DOC 2.1±1.2 53 1.0±0.3 104 
semi-labile C:N ratio 10.7±2.0 53 9.3±1.5 104 
TEP particles x106 l-1 11.58±8.17 53 7.01±4.80 95 
TEP area cm2 l-1 1.08±0.71 53 0.42±0.29 95 
TEP µg C l-1 21.4±14.5 53 7.1±5.2 95 
CSP particles x106 l-1 14.64±9.38 53 11.69±7.92 95 
CSP area cm2 l-1 1.43±1.16 53 1.06±0.74 95 
bacterial abundance x105 ml-1 9.35±4.36 53 6.41±2.65 110 
HNA % 60.2±7.8 53 50.7±5.5 110 
BP µg C l-1 d-1 0.65±0.47 52 0.14±0.11 110 
BPcell fg C cell-1 d-1 0.71±0.43 52 0.21±0.11 110 
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Figure 3.2 | Spatial variability along the approximately 79°N latitude in the Fram Strait 
during the summer (left) and autumn (right) of 2018. The parameters shown include (a) 
chlorophyll-a, (b) semi-labile carbon, area of (c) TEP and (d) CSP, (e) bacterial abundance 
and (f) bacterial production (BP). No data are available for the grey shaded region; stations 
not shown include: N3-N5, NSB1, S3, R1 (electronic supplementary material, Table S 3.1).  
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There was a significant difference between summer and autumn (Mann-
Whitney-test, p<0.0001) by depth and water masses (Table S 3.2). dHAA 
contributed 3.1 ± 1.2% DOC in summer (n=53) and 1.0 ± 0.3% DOC in 
autumn (n=104; Table 3.1). 
 
TEP abundance ranged from 365 to 1936 × 106 m-2 in summer (nst=11) and 
from 220 to 1398 × 106 m-2 in autumn (nst=18). The total area of TEP ranged 
from 45 to 295 × 106 cm2 m−2 in summer (nst=11) and from 4 to  
12 × 104 cm2 m−2 in autumn (nst=19). The area of TEP was significantly 
different between summer and autumn (Mann-Whitney-test; p<0.0001; Table 
S 3.2) with the strongest differences in the surface to below DCM (ANOVA 
F4,118=16.0, p<0.0001; MCT p<0.0001; Table S 3.2). Concentration of carbon 
in TEP (TEP-C) ranged from 82 to 255 mmol m−2 in summer (nst=11) and to 
19 to 115 mmol m−2 in autumn (nst=19). TEP-C relative to the DOC pool was 
2.1 ± 0.9% DOC (nst=11) in summer and 0.7 ± 0.3% DOC in autumn (nst=19; 
Fig. 3.4). CSP abundance ranged from 672 to 1801 × 106 m−2 in summer 
(nst=11) and from 284 to 2344 ×106 m-2 in autumn (nst=19). The total area of 
CSP ranged from 63 to 377 × 106 cm2 m−2 in summer (nst=11) and from 3 to 
25 × 104 cm2 m−2 in autumn (nst=19). The [TEP]:[CSP] ratio (area:area) was 
1:1.6 in summer and 1:3.0 in autumn, reflecting the relative increase of CSP 
in autumn. 
 
Bacterial distribution and production 
 
Bacterial abundance ranged from 3 to 22 × 105 cells ml−1 in summer (n=53) 
and from 2 to 15 × 105 cells ml−1 in autumn (n=110; Fig. 3.2). Bacterial 
abundance was significantly different in AW, but not IW between summer and 
autumn showing that bacteria behave differently in the two water masses 
(ANOVA F1,136=10.6 p<0.001; MCT; Table S 3.2). Bacterial abundances in 
AW decreased from 10.34 ± 4.32 × 105 cells ml−1 in summer (n=41) to  
6.02 ± 2.53 × 105 cells ml−1 in autumn (n=59), compared to the IW where it 
increased from 5.97 ± 2.40 × 105 cells ml−1 in summer (n=11) to  
6.87 ± 2.73 × 105 cells ml−1 in autumn (n=51). Yet, the significant correlations 
with chlorophyll-a (r2=0.47, p<0.001) and semi-labile DOC (r2=0.48, p<0.001; 
Fig. 3.3), indicate that semi-labile DOC controlled bacterial abundances in all 
water masses. In addition, we differentiated between LNA and HNA. 
Abundance of LNA ranged from 1 to 9 × 105 cells ml−1 in summer (n=53) and 
1 to 8 × 105 cells ml−1 in autumn (n=110). The abundance of HNA ranged 
from 2 to 13 × 105 cells ml−1 in summer (n=53) and 1 to 9 × 105 cells ml−1 in 
autumn (n=110). Therefore, the fraction of HNA decreased from summer to 
autumn (Fig. 3.4; Table 3.1). The ratio of [HNA]:[LNA] 
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(abundance:abundance) was 1.6:1 in summer (n=53) and 1.1:1 in autumn 
(n=110). 
 
BP was measured at 4°C for all samples and ranged from 15 to  
75 mg C m−2 d−1 in summer (nst=11) and from 3 to 15 mg C m−2 d−1 in autumn 
(nst=22). BP was more than four times higher in summer than in autumn 
(Table 3.1) and significantly changed in all depths (ANOVA F4,129=16.9,  
p <0.001; Table S 3.2). Again, the significant correlation to chlorophyll-a as 
well as labile components (Fig. 3.3) suggests that the lability was responsible 
for the significant difference in BP between summer and autumn. Carbon 
incorporated into BP was 0.80 ± 0.37% SL-DOC d−1 in summer (n=11) and 
0.45 ± 0.27% SL-DOC d−1 in autumn (n=22; Fig. 3.4). 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.3 | Correlations of physical and biochemical parameters in the upper 100 m 
of the Fram Strait in 2018. Low correlations are shown in a blue shade, followed by teal, 
grey, salmon and red indicating a strong correlation. Significances are shown by asterisks 
as ‘***’ <0.001,‘**’ <0.01,‘*’ <0.05 and ‘ ’ >0.05.  
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Discussion 
 
Our study focuses on potential changes in DOM composition and the 
dependency of microbial activity in the Fram Strait between summer and 
autumn. Conditions during the field sampling in summer reflected the late-
bloom phase of the main annual phytoplankton bloom development, which 
typically occurs in June/July (Piontek et al., 2014). Phytoplankton release an 
increased amount of bioavailable DOM towards the end of the bloom (Engel 
& Händel, 2011; Ittekkot et al., 1981), which can explain the observed twofold 
higher concentration of dCCHO and dHAA in summer compared to autumn. 
The observed concentrations of 0.80 ± 0.46 μmol dCCHO l−1 in the Fram 
Strait are close to the 0.90 ± 0.32 μmol dCCHO l−1 reported for the Beaufort 
Sea during summer (Panagiotopoulos et al., 2014). Accordingly, the average 
contribution of dCCHO to the DOC pool (% DOC) of 6.3 ± 3.6% DOC is lower 
than the 8 ± 3% DOC in Beaufort Basin (Panagiotopoulos et al., 2014). In 
addition to the spatial variations, carbohydrates displayed a temporal 
variation. To the best of our knowledge, this is the first study showing a 
twofold decline of dCCHO between summer and autumn for the Arctic. The 
observed change is similar to the decline from approximately 4% DOC in 
summer to approximately 2% DOC in winter shown for the euphotic zone of 
the Sargasso Sea (Goldberg et al., 2009). Furthermore, the decrease by 
3.7% DOC until autumn resembles the trend between the upper 80 m and the 
deep Beaufort basin in summer (3% DOC; Panagiotopoulos et al., 2014).  
 
This indicates that the seasonal production of bioavailable DOM within the 
Fram Strait was almost degraded until autumn. The remaining carbohydrates 
in the water column exhibited a more refractory state but could be a potential 
substrate for bacteria during the winter. Although carbohydrates are an 
important carbon and energy source for bacteria, amino acids also serve as 
a nitrogen source and directly support biomass production (Amon et al., 2001; 
Davis & Benner, 2005, 2007; Meon & Amon, 2004; Rich et al., 1997; Shen et 
al., 2012, 2018). The seasonal trajectory of dHAA appears to increase from 
1.5% DOC in spring (Davis & Benner, 2005) to 2.1–2.3% DOC in summer 
(Davis & Benner (2007), this study) and subsequently decreases to  
1.0 ± 0.3% DOC until autumn. In particular, the drawdown of dHAA below the 
1.1% DOC, a threshold set for the least reactive fraction of semi-labile DOM 
using bioassay experiments (Davis & Benner, 2007) indicates that the labile 
dHAA reservoir is likely to be exhausted in autumn. Changes in the seasonal 
dHAA reservoir are furthermore apparent in the amino acid composition (Fig. 
S 3.2). For example, the molar fraction of glutamic acid increased by  
4.7 mol% between spring and summer (Davis & Benner, 2005), whereas it 
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decreased by 4.6 mol% between summer and autumn in this study. In 
contrast, glycine decreased between spring and summer by 2.3 mol% (Davis 
& Benner, 2005), while it increased between summer and autumn by 7.5 
mol% in this study. Consequently, the amino acid reservoir appears to be 
highly dynamic throughout the year with an increase of semi-labile 
components toward summer and a rapid utilization until autumn. 
 
BP persists in different magnitudes throughout all seasons in the Arctic, albeit 
with a strong decrease from the productive to the unproductive season 
(Garneau et al., 2008; Iversen & Seuthe, 2011; Nguyen et al., 2012; Sherr & 
Sherr, 2003; Sherr et al., 2003; Vaqué et al., 2008). Measured BP rates 
determined for summer during this study are representative for the Fram 
Strait, i.e. surface BP 1.12 ± 0.4 μg C l−1 d−1 is very close to 1.14 ±  
0.4 μg C l−1 d−1 observed between 0.8–9.5°E in 2011 (Piontek et al., 2014). 
The fourfold decline observed from summer to autumn is similar to the 
decreases previously reported for coastal regions such as Franklin Bay, 
Canada (Garneau et al., 2008; Nguyen et al., 2012) and Kongsfjorden, 
Svalbard (Iversen & Seuthe, 2011). In addition to BP, the bacterial abundance 
and the proportion of HNA declined from summer to autumn. HNA are 
considered to represent the more metabolically active subpopulation that also 
appears to be substrate-driven (Cuevas et al., 2011; Piontek et al., 2014). 
Consequently, as semi-labile DOC components declined so did BP and the 
proportion of HNA, which suggests that bacteria are primarily controlled by 
the availability of semi-labile DOC in summer and autumn (Fig. 3.4). 
However, semi-labile DOC can be equally as important as temperature in 
controlling bacterial activity (Kirchman et al., 2005; Kirchman, Hill, et al., 
2009; Piontek et al., 2014; Sala et al., 2008). Our study does not directly 
support this since temperatures remained unchanged and BP still declined 
from summer to autumn, but synergistic combined effects could arise during 
other seasons or in the future due to warming. Synergistic effects have been 
observed if the demand for labile organic matter is met (Piontek et al., 2014). 
When future scenarios of climate warming are taken into account, an elevated 
release of semi-labile DOC in summer could lead to an increase of BP under 
warmer temperatures. The synergistic effects may be less pronounced in 
autumn and winter when bacteria consume organic matter with a more 
refractory state. Alternatively, a rise in temperature might also allow microbial 
degradation of refractory compounds (Lønborg et al., 2018), indicating that 
the reactivity of DOC could be less controlling for BP in the future. At the time 
of our study, the bioavailability of DOM has been the dominant control on 
bacterial activity during the productive and unproductive season. This, 
however, does not rule out the possibility of synergistic effects in the future. 
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Figure 3.4 | Partitioning of organic carbon between the dissolved and microbial pools 
for integrated water column of the Fram Strait during summer (left) and autumn (right). 
Phytoplankton release semi-labile DOM components like dCCHO and dHAA that can further 
partition into TEP and CSP. The decline in semi-labile DOC triggers a decrease in bacterial 
incorporation of semi-labile DOC (%SL-DOC d− 1) and the bacterial community composition 
from summer to autumn. HNA bacteria are coloured in red and LNA bacteria in black. PAR 
data are a monthly estimate from MODIS-Aqua satellite of a 4-km spatial resolution between 
1-31 July 2018 for summer and 1-30 September 2018 within 78-80°N and -2°W-13°E from 
https://giovanni.gsfc.nasa.gov. 
 
Bacteria might further supplement their demand for labile components by 
accessing the dynamic continuum of gel particles. Precursors of gel particles 
like TEP are released by phytoplankton during the senescent bloom phase 
(Engel, Piontek, et al., 2017; Ortega-Retuerta et al., 2018; Passow, 2002). In 
particular, the inter-annual variability of TEP in the Fram Strait has been 
related to the abundance of the prymnesiophyte Phaeocystis pouchetii 
(Engel, Piontek, et al., 2017). The twofold higher phytoplankton biomass and 
amounts of TEP in our study compared to previous observations by Busch et 
al. (2017) suggests that the phytoplankton community release different 
concentrations of TEP into the water column during summer. To the best of 
our knowledge, our study is the first to show that TEP abundance, area and 
carbon content decreased more than twofold from summer to autumn  
(Fig. 3.2 and 3.4). The decrease in abundance and carbon content of TEP 
indicates that the particle content attributed to P. pouchettii diminishes quickly 
over time (Reigstad & Wassmann, 2007). Within a given season, TEP could 
have been subject to microbial remineralization by extracellular enzymes 
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(Berman-Frank et al., 2016; Ortega-Retuerta et al., 2018), coagulation 
processes and sinking into the deeper water column (Busch et al., 2017). In 
contrast to TEP, CSP abundance and area declined by a factor less than one 
between the two seasons (Fig. 3.2; Table 3.1). The production of CSP has 
been related to the picocyanobacterium Synechococcus spp. (Cisternas-
Novoa et al., 2015), which is highly abundant in the Arctic gateway throughout 
the year (Paulsen et al., 2016). Again, amounts of CSP in summer and 
autumn were twice as high compared to 2015 (Busch et al., 2017), suggesting 
that formation by phytoplankton precursors, cell breakage and lysis (Verdugo, 
2012) was higher during our study. Therefore, our results imply that cell 
deaths from the diatom-dominated summer bloom and the production by 
Synechococcus continue to release CSP until autumn. The continued 
amounts of CSP provide protein-rich micro gels for bacterial degradation after 
the dissolved pool of dHAA has been used. Our results show the loss of TEP 
and relative enrichment of CSP from summer to autumn thereby suggesting 
that gel particles could provide different temporal functions to the microbial 
food web. Future investigations of gel particle composition and the associated 
community composition might resolve whether the two types of particles 
provide different micro-niches for particle-attached bacteria at different times 
of the year (Carrias et al., 2002; Fadeev et al., 2018; Zäncker et al., 2019). 
 
Microbial dynamics within the Arctic ecosystem are seasonally and regionally 
variable, which makes an assessment of future changes challenging. Climate 
change associated alterations, such as rising temperatures and decreasing 
nutrient budgets, hold the potential to support phytoplankton release of semi-
labile DOC that could support higher BP rates in summer and the beginning 
of autumn. Unfortunately, the lack of data for autumn 2018 did not allow us 
to discuss nutrients in the scope of this study. In the future, an increase in the 
amount of bioavailable DOM could stimulate the competition for mineral 
nutrients between phytoplankton and bacteria (Thingstad et al., 2008), 
releasing more CO2 during bacterial respiration. Therefore, future changes to 
BP might reduce the net community production in the microbial food web and 
weaken CO2 sequestration in the Arctic (Vernet et al., 2019). As such, 
parameters characterizing microbial food web dynamics, including 
components within semi-labile DOM, are of importance if we aim to assess 
future carbon cycling in the changing Arctic ecosystem. 
 
Conclusion 
 
Our observations demonstrate the importance of studying the effect of 
seasonal DOM dynamics on the microbial food web. Sampling in summer and 
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autumn has allowed us to evaluate part of the seasonal shifts in microbial 
cycling of organic matter within the Fram Strait. Elevated concentrations of 
semi-labile DOC indicate an accumulation of recently produced DOM in 
summer. In autumn, the decrease in semi-labile DOC coincided with a decline 
in bacterial abundances and BP. Furthermore, we observed clear differences 
in the seasonal progression of gel particles with a twofold decrease in TEP 
and relative enrichment in CSP between summer and autumn. Our study 
highlighted that the availability of DOM shifts from summer to autumn and 
controls DOM-microbe interactions in the Fram Strait. Understanding the 
seasonal shifts in microbial cycling is of great importance in vulnerable 
environments like the Arctic, since seasonality may change in the future and 
potentially weaken the CO2 sequestration in the Arctic Ocean. 
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Abstract 
 
Seasonal variations in day length and temperature, in combination with 
dynamic factors such as advection from the North Atlantic, influence primary 
production and the microbial loop in the Fram Strait. Here, we investigated 
the seasonal variability of phytoplankton-derived biopolymers, heterotrophic 
microbial abundance, and heterotrophic microbial composition within the 
upper 100 m during summer and fall. Our flow cytometry results revealed a 
shift in the autotrophic community from picoeukaryotes dominating in summer 
to a 34-fold increase of Synechococcus abundances by fall. Furthermore, a 
significant decline in the concentrations of biopolymers covaried with 
increasing microbial diversity based on 16S rRNA gene sequencing along 
with a community shift towards fewer polymer-degrading genera in fall. The 
seasonal succession in the biopolymer pool and microbes indicates distinct 
metabolic regimes, with a higher relative abundance of polysaccharide-
degrading genera in summer and a higher relative abundance of generalists 
in fall. The parallel analysis of DOM and microbial diversity provides an 
important baseline for microbe-substrate relationships over the seasonal 
cycle in the Arctic. 
 
Introduction 
 
Phytoplankton-derived biopolymers are major components in living and 
detrital organic matter in the ocean (Biersmith & Benner, 1998; Hedges et al., 
2002; Mabeau & Kloareg, 1987). Organic matter is constantly produced and 
degraded, allowing it to be classified into either particulate organic matter 
(POM; >0.7 µm) or dissolved organic matter (DOM; <0.7 µm; Benner et al., 
1992). Particularly DOM, as the largest carbon reservoir, can further be 
partitioned by reactivity into the low-molecular-weight fraction (<1 kDa) or 
high-molecular-weight fraction (>1 kDa; Hansell et al., 2009). The variable 
reactivity of low-molecular-weight DOM includes monomers such as free 
carbohydrates and amino acids, whereas high-molecular-weight DOM 
includes biopolymers such as dissolved combined carbohydrates (DCCHO) 
and dissolved hydrolyzable amino acids (DHAA). 
 
Biopolymers like DCCHO and DHAA serve as substrates for bacteria and 
archaea. For instance, Flavobacteriaceae are specialized in polysaccharide 
degradation, suggesting a possible link to their prevalence during the annual 
phytoplankton bloom in temperate and polar habitats (Cardozo Mino et al., 
2021; Fadeev et al., 2018; Kirchman et al., 2010; Wilson et al., 2017). 
Gammaproteobacteria such as Porticoccaceae can be abundant in response 
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to algal decay as the release of high-molecular-weight DOM is particularly 
prominent during and towards the end of a phytoplankton bloom (Engel et al., 
2011; Teeling et al., 2012). 
 
Seasonal microbial observations are scarce in oligotrophic polar regions 
owed to the logistical difficulties of sampling during the dark and colder 
seasons (Maranger et al., 2015). Particularly, the Arctic Ocean has been 
rapidly changing with accelerated rates of sea ice loss, glacial runoff, and 
permafrost melt in the past decades (IPCC, 2019). The ongoing 
environmental changes coupled with pre-existing seasonal cycles, e.g., light, 
regulate the productivity of the pelagic realm. We know that the duration of 
daylight is closely coupled to phytoplankton biomass under elevated nutrient 
concentrations in the Fram Strait during spring (Randelhoff et al., 2018). As 
the productive season progresses, phytoplankton biomass drives 
biopolymers that promote turnover of organic matter and growth of 
heterotrophic communities (von Jackowski et al., 2020b; Piontek et al., 2014). 
 
This study builds on strong seasonal changes in biopolymer concentrations 
and the microbial community in the Fram Strait (von Jackowski et al., 2020b; 
Wietz et al., 2021). We hypothesized that the pronounced seasonal change 
in labile biopolymers would considerably shift the relative abundances of 
biopolymer-degrading microbes between summer and fall. Furthermore, 
given the unique overlap of biochemical and microbial diversity datasets, we 
wanted to investigate whether individual DCCHO and DHAA components 
could be linked to specific taxa. Assessing the microbial community in the 
context of the biopolymer pool is an important step for a holistic 
understanding during DOM production and recycling. The approach 
establishes a baseline of microbial substrate regimes in the Fram Strait 
between summer and fall. 
 
Methods 
Sampling 
 
Samples for biochemical and microbial analyses were collected in the upper 
100 m of the water column using a rosette sampler equipped with 24 Niskin 
bottles. The rosette sampler was coupled to a CTD (SBE 911plus, Sea-bird, 
USA) equipped with two temperature probes, two conductivity probes, a 
Digiquartz pressure sensor, a WET Labs ECO-AFL/FL fluorometer, a WET 
Labs C-Star transmissometer, and an altimeter. The sampling depths were 
chosen based on the output of the WET Labs ECO-AFL/FL fluorometer that 
was used to estimate phytoplankton biomass and identify the deep 
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chlorophyll maximum (DCM). Specifically, four depths were of particular 
interest: surface (5 or 10 m), the DCM, below the DCM (BDCM), and 100 m. 
In summer, surface water was consistently sampled at 10 m, DCM at 20-43 
m, and BDCM at 30-52 m. In fall, the surface water was sampled at 5 m, DCM 
at 20-34 m, and BDCM at 40-50 m. The CTD data are archived in the 
PANGAEA World Data Center (W.-J. von Appen et al., 2019; von Jackowski 
& Engel, 2019). 
 
Particulate and Dissolved Organic Matter 
 
Samples for particulate organic carbon (POC) were collected by filtering 1 to 
4 L of seawater onto 0.7 µm pore-sized pre-combusted GF/F filters (500°C, 
4h) and stored at ‒20°C. Back in the laboratory, the thawed filters were 
soaked in 0.1M HCl to remove inorganic carbon, dried at 60°C for 12 h, and 
measured using a EURO EA CHNS-O Elemental Analyzer (HEKAtech 
GmbH, Germany; Sharp, 1974). 
 
Data for corresponding samples of dissolved organic carbon (DOC), 
dissolved combined carbohydrates (DCCHO), dissolved hydrolyzable amino 
acids (DHAA) were incorporated from von Jackowski et al. (2020). In brief, 
DOC was analyzed by the high-temperature catalytic oxidation method (TOC-
VCSH, Shimadzu, Japan; Qian & Mopper, 1996; Sugimura & Suzuki, 1988). 
DCCHO analysis was conducted by high-performance anion-exchange 
chromatography coupled with pulsed amperometric detection (HPAEC-PAD, 
ICS 3000, Dionex, USA) that classified 11 sugars: arabinose, fucose, 
galactose, galactosamine, galacturonic acid, glucose, glucosamine, 
glucuronic acid, rhamnose, and co-elute mannose and xylose (Engel & 
Händel, 2011). DHAA analysis was performed using ortho-phthaldialdehyde 
derivatization by high-performance liquid chromatography (HPLC, Agilent, 
USA) that classified 13 monomers: alanine, arginine, aspartic acid, gamma-
aminobutyric acid (GABA), glutamic acid, glycine, isoleucine, leucine, 
phenylalanine, serine, threonine, tyrosine, and valine (Dittmar et al., 2009; 
Lindroth & Mopper, 1979). 
 
Microbial Production 
 
Rates of primary production (PP) were measured in situ using the  
14C method, modified based on Engel et al. (2013). The seawater from the 
surface and DCM was incubated in duplicates with an additional dark control 
for a duration of 24 h (Table S 4.1). To account for the changing light field in 
the ocean, the surface samples were incubated at 100 µEinstein and the 
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DCM samples were incubated at 45 µEintein. To also account for the 
changing diurnal cycle, the samples were incubated under constant light 
during summer, while the hours of light roughly matched the given day in fall. 
For example, incubation times decreased from 14 h (e.g., on 16.09.2018) at 
the beginning of the MSM77 expedition to 9.5 h (e.g., 04.10.2018) at the end 
of the MSM77 expedition. 
 
Each incubation was fractionated and terminated in three subsamples: total 
PP (PP-TOC), particulate PP (PP-POC), and dissolved PP (PP-DOC). The 
PP-TOC fraction was taken directly from the incubation flask, the PP-POC 
fraction was filtered onto a filtered onto a 25 mm 0.4 μm-pore sized 
Nucleopore track-etched polycarbonate filter (Whatman, GE Healthcare Life 
Sciences, UK), and the PP-DOC fraction was subsampled from the filtrate. 
To convert the activities into a rate, we assumed a DIC concentration of 2100 
µmol kg-1 for both cruises. Data for the corresponding bacterial production 
(BP) based on the 3H-microcentrifuge method (Smith & Azam, 1992) was 
incorporated from von Jackowski et al. (2020). 
 
Cell Abundance 
 
Samples for cell abundance were fixed on board with glutardialdehyde at 2% 
final concentration and stored frozen (−80°C) until analysis by flow cytometry 
(FACSCalibur, Becton Dickinson, USA). The flow cytometer was calibrated 
and standardized with TruCount beads (Becton Dickinson, USA). Due to a 
detection limit of 50 µm, samples were filtered through a mesh before 
counting using the Cell Quest 3.3 software with a DL of 2000 events s-1. 
Orange autofluorescence was used to detect the phycoerythrin of 
cyanobacteria (Synechococcus) and cryptophytes, whereas red fluorescence 
was used to detect and distinguish picoeukaryotes (<2 µm) from 
nanoeukaryotes (~ 2-20 µm; Read et al., 2014). Samples for heterotrophic 
cell analysis were filtered and stained with SybrGreenI (Invitrogen, USA), with 
data from the corresponding samples incorporated from von Jackowski et al. 
(2020). 
 
Microbial Community Analysis 
 
Seawater samples (1-4 L) were filtered through 0.22-μm Sterivex cartridges 
(Merck-Millipore, USA) using a peristaltic pump within 1.5−2 h after retrieval 
of the CTD rosette and stored frozen (‒80°C) until extraction. Filters were 
transferred from cartridges into kit-supplied tubes, and genomic DNA was 
isolated using a combined mechanical and chemical procedure using the 
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PowerWater® DNA Isolation Kit (QIAGEN, Germany). Amplicon libraries 
were prepared according to the 16S Metagenomic Sequencing Library 
protocol (Illumina, USA) using universal 16S rRNA gene primers 515F  
5′-GTGYCAGCMGCCGCGGTAA-3′ and 926R 5′-CCGYCAATTYMTTTRAG 
TTT-3′ (Parada et al., 2016) covering the V4-V5 hypervariable region. 
Sequences were acquired using a 2x300 bp paired-end run on a MiSeq 
platform (Illumina, USA) at CeBiTec (Bielefeld, Germany). Sequence data 
have been deposited in the European Nucleotide Archive (ENA) at EMBL-
EBI under accession number PRJEB43926, using the data brokerage service 
of the German Federation for Biological Data (GFBio; Diepenbroek et al., 
2014) in compliance with MIxS standards (Yilmaz et al., 2011). 
 
Sequence adaptors and primers were clipped using cutadapt, allowing a 
mismatch proportion error of 0.16 (M. Martin, 2011). Further processing was 
conducted in a server-based R installation (v3.6.0) to filter and merge reads 
into amplicon sequence variants (ASVs) using ‘dada2’ (v1.10.1; Callahan et 

al., 2016). ASVs were taxonomically classified using the SILVA SSU 
Reference dataset (release 132, 2018). ASVs matching chloroplast or 
mitochondrial sequences were removed, and only ASV with >3 counts in 
more than 3% of samples was considered. We used ‘phyloseq’ (v1.30.0; 
McMurdie and Holmes, 2013) to manage sample data matrices. The ‘iNEXT’ 
package (v2.0.20; Hsieh et al., 2016) was used to calculate rarefaction 
curves, sample coverage, and alpha-diversity indices.  
 

Statistical Analyses 
 
Parameters that showed significant differences between the BDCM and 100 
m were subsequently grouped into surface-to-BCDM (“surface”, “DCM”, and 
“BDCM”) and 100 m. Detailed results of statistical analyses are documented 
in Table S 4.2 and scripts are publically available at https://github.com/ 
anabelvonjackowski. 
 
Statistical analyses applied to the biogeochemical data included a Wilcoxon-
Mann-Whitney-Test, analysis of variances (ANOVA), and a mixed model. If 
the interactive terms of the ANOVA were significant, they were fed into 
multiple contrast tests (Laird & Ware, 1982; Verbeke & Molenberghs, 2000) 
that included season (“summer”, “fall”) and depth (“surface”, “DCM”, “BDCM”, 
and “100 m”) with the station as the random factor. 
 
Statistical analyses applied to the amplicon data included ANOVAs, NMDS, 
and log2fold-change (log2FC). PERMANOVAs with 999 permutations were 
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based on season and depth using Bray-Curtis distances in the ‘vegan’ 
package (v2.5.7, ‘adonis function; Oksanen et al., 2019). NMDS was based 
on Bray-Curtis dissimilarities using the packages ‘phyloseq’ (v1.30.0 
‘ordinate’ function; McMurdie and Holmes, 2013) and ‘vegan’ (‘vegdist’ 
function; Oksanen et al., 2019). Hierarchical cluster analysis of heatmaps was 
based on the ‘complete’ agglomeration method (‘vegan’ package ‘hclust’ 
function; Oksanen et al., 2019). log2FC calculated the enriched families and 
genera between seasons using an adjusted p-value of 0.05 using ‘DESeq2’ 
(v1.25.0; Love et al., 2014). 
 
Microbial abundances and biopolymer concentrations were contextualized 
using Spearman rank correlation analysis using ‘microbiomeSeq’ package 
(v0.1, ‘tax_env_cor’ function; Ssekagiri and Ijaz, 2020). Additionally, variables 
were scaled (‘vegan’ package ‘rda’ function, scaled=TRUE) and selected 
(‘vegan’ package ‘ordistep’ function) during a forward selection by which the 
p-value was adjusted for multiple testing by Holm-Bonferroni. 
 
 
Results and Discussion 
The Study Area 
 
This study focused on eight stations within the Long-Term Ecological 
Research (LTER) observatory HAUSGARTEN in the Fram Strait (Soltwedel 
et al., 2016). Samples were collected during the expeditions PS114 with  
RV Polarstern from July 16th to 23rd, 2018 (herein referred to as summer) and 
MSM77 with RV Maria S. Merian from September 16th to October 4th, 2018 
(herein referred to as fall; Fig. 4.1 A; Table S 4.1). 
 
The summer and fall expedition showed differing conditions in the day length 
while maintaining the typical characteristics associated with the WSC. 
Daylight was continuous in summer and decreased from 14 h to 9.5 h at the 
beginning towards the end of the fall expedition. In contrast, temperatures 
rose from 4.53 ± 1.45 °C in summer (n=32) to 5.35 ± 0.94 °C in fall (n=30; 
Fig. S 4.1). The salinity of 34.83 ± 0.48 PSU in summer (n=32) and  
34.90 ± 0.26 PSU in fall (n=30) was also characteristic of the WSC. 
 
Seasonal Variability in POC and Autotrophic Microbes 
 
POC decreased threefold in the upper 100 m from 18.07 ± 10.05 µmol L-1 in 
summer (n=32) to 5.25 ± 3.78 µmol L-1 in fall (n=32, Wilcoxon Rank Sum Test 
p<0.001; Fig. 4.1 B). The spatial variability of POC within the upper 100 m 
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showed a significant twofold decrease below the deep chlorophyll maximum 
(BDCM; 30-52 m) and 100 m in summer, while no difference was observed 
during fall (ANOVA Season:Depth F3,56=5.39, p<0.01; Multiple Contrast Test 
p<0.05; Table S 4.2). The seasonal change in POC concentration was clearly 
related to phytoplankton biomass with a corresponding decline in  
chlorophyll-a (von Jackowski et al., 2020b) and total biovolume (Lampe et al., 
2021) from summer to fall. An alternative explanation could be that POC 
concentrations declined due to rising temperatures, which have been 
suggested to enhance the partitioning from particulate to dissolved pools (Kim 
et al., 2011; Vernet et al., 2017; Wohlers et al., 2009). Although partitioning 
cannot be ruled out entirely, the simultaneous decline in POC and DOC 
concentrations indicate that the DOC pool was diminished largely by 
biopolymers. 
 
 
 

 
 
Figure 4.1 | Sampling sites, enrichment, and relative abundance of phytoplankton in 
the upper 100 m during summer and fall. (A) Samples were taken onboard the RV 
Polarstern from July 16th to July 23rd, 2018 (orange) and the RV Maria S. Merian from 
September 16th to October 4th, 2018 (black). The stations (shape) are marked as follows: the 
northern stations (circles), the central HAUSGARTEN stations (squares), and the Svalbard 
stations (triangles). Arrows illustrate the main currents in the Fram Strait. (B) Enrichments in 
the upper 100 m towards summer (left) and fall (right). (C) Relative abundance of autotrophs 
measured using flow cytometry in the surface (5 or 10 m) to BDCM (<50 m) and 100 m. 
Abbreviations: EGC, East Greenland Current; RAC, Return Atlantic Current; SB, Svalbard 
Branch; WSC, West Spitsbergen Current; YB, Yermark Branch; Biogeochemical and 
ecological data from corresponding samples of von Jackowski et al. (2020). 
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PP decreased more than twofold in the PP-DOC and showed a significant 
three-fold decrease in the PP-POC from summer to fall (Wilcoxon Rank Sum 
Test p<0.05; Fig. 4.1 B). PP-DOC declined from 1.2 ± 0.1 µmol C L-1 d-1 in 
summer (n=6) to 0.6 ± 0.2 µmol C L-1 d-1 in fall (n=10). PP-POC declined from 
0.9 ± 0.1 µmol C L-1 d-1 in summer (n=6) to 0.3 ± 0.02 µmol C L-1 d-1 in the fall 
(n=10). Appropriately, the cell abundances of autotrophic microbes like 
cryptophytes and picoeukaryotes significantly decreased between summer 
and fall (Wilcoxon Rank Sum Test p<0.001; Table S 4.2). Cryptophyte 
abundances declined from 0.7 ± 0.4 cells L-1 in summer (n=32) to  
0.2 ± 0.2 cells L-1 in fall (n=32). We observed cryptophyte abundances 
decrease significantly between the BDCM and 100 m in summer and fall 
(ANOVA Season:Depth p<0.05, Multiple Contrast Test p<0.05 and p<0.01, 
respectively; Table S 4.2). Similarly, picoeukaryote abundances declined 
from 4.5 ± 3.8 × 106 cells L-1 in summer (n=32) to 2.3 ± 3.9 × 106 cells L-1 in 
fall (n=32). Converting picoeukaryote abundances into carbon, by assuming 
a carbon biomass conversion factor of 530 fg C L-1 (Worden et al., 2004), 
showed that picoeukaryotes contributed 2.4 ± 2.0 µg C L-1 or 1.1% POC to 
the carbon pool in summer (n=32) and 1.2 ± 2.1 µg C L-1 or 1.3%POC in fall 
(n=32; Fig. 4.1 B). Nanoeukaryotic abundance showed the least seasonal 
change and decreased from 5.1 ± 4.1 × 106 cells L-1 in summer (n=32) to  
4.9 ± 5.2 × 106 cells L-1 during fall (n=32). It is indeed likely that the PP-DOC 
fraction decreased as a result of declining cryptophyte, picoeukaryote, and 
nanoeukaryote cell numbers. In particular, picoeukaryotes might be less 
influenced by temperature and salinity but instead driven by the seasonal light 
intensity and duration within the WSC (Paulsen et al., 2016). All in all, our 
data support the observed decline in relative biovolume from summer to fall 
in the eastern Fram Strait (Lampe et al., 2021). 
 
In contrast to the autotrophic microbes, absolute and relative abundances of 
Synechococcus significantly increased from summer to fall in the flow 
cytometry and 16S rRNA dataset (Wilcoxon Rank Sum Test p<0.001;  
Table S 4.2). Synechococcus abundances increased 34-fold from  
0.4 ± 0.5 × 106 cells L-1 in summer (n=32) to 14.6 ± 22.5 × 106 cells L-1 in fall 
(n=32; Fig. 4.1 B-C). Converting the Synechococcus abundances into 
carbon, by assuming a biomass conversion factor of 109.5 fg C L-1 (Kana & 
Glibert, 1987), showed that Synechococcus contributed 0.05 ± 0.05 µg C L-1 
or 0.02%POC to the carbon pool in summer (n=32) and subsequently 
increased 117-fold to 1.6 ± 2.5 µg C L-1 or 2.2%POC in fall (n=32;  
Fig. 4.1 B-C). The seasonal shift in Synechococcus abundances might be as 
follows in the upper 100 m of the Fram Strait: 0.43 ± 0.45 × 106 cells L-1 in 
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July (this study), 3.02 ± 3.79 x 106 cells L-1 in August (Paulsen et al., 2016), 
14.60 ± 22.54 × 106 cells L-1 in September/October (this study), and  
0.48 ± 0.08 × 106 cells L-1 in November (Paulsen et al., 2016); assuming no 
inter-annual variation. If a four-fold inter-annual variability does occur, this 
could have far-reaching implications for the Arctic epipelagic carbon pool and 
the biopolymer pool. Cyanobacteria have the lowest carbon-to-nitrogen ratios 
among most autotrophic microbes (Finkel et al., 2016) and likely compete for 
bioavailable DOM with heterotrophic microbes due to their osmotrophy 
strategy (Yelton et al., 2016). Overall, there is a need for more continuous 
measurements through stationary or drift expeditions to verify the seasonal 
variability of Synechococcus entering the Arctic Ocean through the Fram 
Strait. 
 
Quality of biopolymer pool 
 
To assess the carbohydrate content of the biopolymer pool, we differentiated 
DCCHO into neutral sugars, acidic sugars, and amino sugars. Neutral and 
acidic sugars showed significantly different concentrations between summer 
and fall (Wilcoxon Rank Sum Test p<0.001), particularly between the BDCM 
(30-52 m) and 100 m during summer (ANOVA Season:Depth p<0.01; Multiple 
Contrast Test p<0.05; Table S 4.2). Neutral sugars accounted for the largest 
biopolymer proportion to the dissolved organic carbon pool (DCCHO%DOC) 
and molecular composition of DCCHO pool (mol%DCCHO; Table 4.1). The 
dominance of hydrolyzed glucose and mannose/xylose in summer  
(29 ± 11 mol% and 31 ± 9 mol%, respectively) and fall (31 ± 8 and 37 ± 5, 
respectively) confirms that the North Atlantic transports relatively degraded 
DOC into the Arctic Ocean where DOC further loses bioavailability (Amon & 
Benner, 2003; Piontek et al., 2020; Rich et al., 1997). Furthermore, this study 
is among few others to report on the hydrolyzable acidic and amino sugar 
compositions in the North Atlantic (Engel et al., 2012; Grosse et al., 2021). 
Acidic sugars decreased in the concentration, DCCHO%DOC and 
mol%DCCHO (Table 4.1), again supporting the strong decline in freshly 
excreted DOC throughout the upper 100 m from summer to fall (Borchard & 
Engel, 2015). In contrast to acidic sugars, amino sugars showed minimal 
changes in their concentration and DCCHO%DOC but showed a two-fold 
increase of mol%DCCHO throughout the upper 100 m (Table 4.1). The 
relative increase in amino sugars contribution to DCCHO might be explained 
by the presence of galacturonic acid and glucuronic acid in bacteria-derived 
DOC (Benner & Kaiser, 2003). As bacterial numbers decline towards fall, cell 
depth or viral lysis releases cellular-derived amino sugars into the 
surrounding water. The low decay coefficients of amino sugars make them 
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resistant to decomposition and increase their residence time, which results in 
a two-fold increase of mol%DCCHO until fall (Kawasaki & Benner, 2006). 
 
To assess the protein content of the biopolymer pool, we differentiated DHAA 
into essential amino acids (EAA) and non-essential amino acids (NEAA). 
Concentrations of EAA and NEAA decreased significantly between summer 
and fall (Table 4.2; Wilcoxon Rank Sum Test p<0.001), particularly between 
the BDCM (30-52 m) and 100 m during summer (ANOVA Season:Depth 
p<0.001; Multiple Contrast Test p<0.05; Table S 4.2). The significant 
reduction in the amino acid reservoir is indicative of rapid utilization of 
nitrogen-rich compounds from summer to fall. Furthermore, the measured 
EAA and NEAA concentrations determined during fall appear to be 
representative for post-bloom conditions; i.e., EAA: 89.7 nmol L-1,  
0.5 DHAA%DOC, and 50.4 mol%DHAA; NEAA: 90.6 nmol L-1,  
0.5 DHAA%DOC, and 49.6 mol%DHAA in upper 100 m of the eastern Fram 
Strait in 2017 (Grosse et al., 2021). 
 
Microbial community composition in context of biopolymer pool 
 
Amplicon sequencing of the 16S rRNA V4-V5 hypervariable region resulted 
in 4,872,711 sequences assigned to 2960 amplicon sequence variants 
(ASVs). Alpha diversity analyses covered more than 80% of the sequence 
richness (Fig. S 4.2). Microbial species richness and evenness (Shannon-
Wiener index, inverse Simpson index) along with NMDS highlighted the 
significant differences by season and depth (Fig. 4.2, Wilcoxon Rank Sum 
Test p<0.001, ANOVA p<0.01; Table S 4.2). 
 
Around 81% ASVs were shared between summer and fall, suggesting a 
retention generalist taxa that cope with the shift of the biopolymer pool  
(Fig. S 4.3). Generalist taxa were defined as ASVs with at >3 counts and 3% 
sequence abundance in the entire dataset. Further significant differences 
were observed between the surface-to-BCDM and 100 m during summer and 
fall (ANOSIM p<0.01; Table S 4.2; Fig. S 4.3 B). Within the surface-to-BCDM, 
generalists including Planktomarina and SAR11 clades significantly 
correlated with hydrolyzed acidic sugars (+, summer), serine (+, fall), and 
glycine (-) during both seasons (Fig. 4.3, 4.4 A-B). At 100 m, generalists 
showed significant correlations with isoleucine (positive, both seasons) and 
glucose (negative, both seasons; Fig. 4.4 C-D).  
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Figure 4.2 | Ordination and diversity of microbial community during summer and fall. 
(A) NMDS plot based on Bray-Curtis dissimilarities of ASV counts, i.e., highest taxonomic 
resolution, with depth (surface, 5-10 m; DCM, 20-40 m; BDCM, ~50 m; 100 m) and station 
illustrated by colors and shapes respectively (stress: 0.08). (B) Box plot indicating species 
richness. (C) Box plot indicating Shannon-Wiener diversity index (SDI). (D) Box plot 
indicating the inverse Simpson diversity index. DCM, deep chlorophyll maximum; BDCM, 
below deep chlorophyll maximum. 
 
 
 
Labile biopolymers selected for a narrow microbial diversity and 3% unique 
ASVs during summer. Biopolymers including fucose (forward-selection, 
F=3.6, q<0.05) and rhamnose (forward-selection, F=4.5, q<0.01) significantly 
constrained the samples and ASVs in the ordination space of the RDA  
(Fig. 4.5). ASVs of significantly enriched taxa included SAR92 clade,  
OM43 clade, and unclassified groups among the top 30 (log2FC q<0.05; 
Fig. 4.3; Table S 4.2). Especially, SAR92 clade was significantly enriched in 
the surface-to-BDCM (log2FC=3.7 q<0.01). SAR92 clade has previously been 
associated with Phaeocystis colonies (Bertrand et al., 2015; Delmont et al., 
2014, 2015), which tend to be an abundant prymnesiophyte in the Fram Strait 
during summer (Lampe et al., 2021; Wietz et al., 2021). Alongside the  
SAR92 clade, we observed representatives of Flavobacteriaceae like 

Aurantivirga, Formosa, Polaribacter, and Ulvibacter that are known for their 
abilities for polysaccharide degradation (Fig. 4.3 A; Buchan et al., 2014; 
Cottrell & Kirchman, 2000; Reintjes et al., 2019). Also, we observed the 
presence of Verrucomicrobiae like Luteolibacter and Lentimonas in the Fram 
Strait (Fig. 4.3 A; Cardman et al., 2014; Jain et al., 2020; Rapp et al., 2018). 
These taxa displayed significant positive correlations with fucose, amino 
sugars, threonine, and γ-aminobutyric acid (GABA; Fig. 4.4 A).  
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Figure 4.3 | Relative abundance with enrichments in the upper 100 m during summer 
and fall. (A) Relative abundance of top 30 genera in the surface – BDCM (5-50 m) were 
averaged due to the lack of significant differences between these depths (see text). (B) 
Relative abundance of top 30 genera in 100 m. The enrichments (colored bars) between the 
seasons were calculated using log2Fold-Change (orange = summer, black = fall, grey = no 
seasonal enrichment) with significant differences marked by an asterisk (p adj<0.05). 
Abbreviations: BDCM, below deep chlorophyll maximum. 
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Figure 4.4 | Spearman rank correlation matrix of genera and biopolymers in the upper 
100 m during summer and fall. (A) Correlations of top 30 genera in surface to BDCM (10-
50 m) due to lack of significant differences between these depths during summer. (B) 
Correlations of top 30 genera in surface to BDCM (5-50 m) due to lack of significant 
differences between these depths during fall. C Correlations of top 30 genera in 100 m during 
summer. D Correlations of top 30 genera in 100 m during fall. The clusters was performed 
using “complete” clusters analysis and the spearman correlation (blue to red) was performed 
and associated with adjusted p-values for multiple testing. Abbreviations: BDCM, below deep 
chlorophyll maximum. Corresponding biopolymer data retrieved from von Jackowski et al. 
(2020). Significance codes are shown by asterisks: ‘***’ <0.001,‘**’ <0.01,‘*’ <0.05 and  
‘ ’> 0.05. 
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Figure 4.5 | RDA based on Hellinger transformed samples. The continuous arrows 
correspond to the significant forward-selected variables, while the dashed arrows correspond 
to the remaining parameters included in this study. The samples are marked by depth (color) 
and station (shape), while the boxes were manually added to the figure to add the seasonal 
separation. Abbreviations: GABA, gamma-aminobutyric acid. Data for dissolved parameters 
and gel particle data from corresponding samples by von Jackowski et al. (2020). 
 
 
Particularly, the correlations to GABA can serve as an indicator for microbial 
activity. Measuring GABA concentrations could possibly portray amino acid 
turnover more accurately than the 3H-leucine bacterial production, which can 
at times substantially underestimates bacterial growth (Popendorf et al., 
2020). At 100 m, we observed a significant increase of Candidatus 
Nitrosopumilus, LS-NOB, and unclassified groups like Marine Group II  
(all log2FC, q<0.01; Fig. 4.3; Table S 4.2). The increase in taxa like 
Candidatus Nitrosopumilus in 100 m closely resembles the community in fall 
rather than the photic zone above, which suggests that the community in 100 
m is already specialized in refractory biopolymer assimilation (Fig. 4.4 C). 
 
In fall, the wider microbial diversity showed significant enrichments in 

Synechococcus and unclassified Marinimicrobia (SAR406 clade) in the upper 
100 m (log2FC q<0.05; Fig. 4.3; Table S 4.2). Biopolymers that significantly 
constrained the samples and ASVs in the ordination space of the RDA 
included aspartic acid, glucosamine, glucose, and glycine (Fig. 4.5). Yet, 
Synechococcus significantly negatively correlated with glucose and glycine 
(Fig. 4.4 B), which suggests that high-molecular-weight biopolymers cannot 
explain the substrate demand of the fall community. Nonetheless, rising 
relative abundances of microbes that scavenge for refractory substrates like 
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Candidatus Nitrosopelagicus, Candidatus Nitrosopumilus, and LS-NOB  
suggest ongoing nitrate replenishment in the fall (Fig. 4.4 C-D). This co-
occurrence of ammonia and nitrite oxidizers illustrates the initial recycling 
phase at the start of the polar night. 
 
Microbial communities are fundamentally linked with organic matter. Our in-
depth assessment of microbial communities, in the context of the organic 
matter pool, identified seasonality autotrophic and heterotrophic communities 
that are associated with different components of the biopolymer pool. The 
observed seasonality of autotrophic microbes was closely related to a decline 
in POC, production rates, and cell abundances. The most notable seasonal 
shift was observed in Synechococcus, which can use their osmotrophy 
strategy to compete for biopolymers with heterotrophic microbes. Amongst 
the heterotrophic community, the lower alpha-diversity suggests that 
specialized groups target labile biopolymers in summer, while a higher alpha-
diversity suggests that taxa, including ammonia and nitrite oxidizers, 
scavenge for refractory substrates in fall. This study highlights seasonally 
driven associations between substrate regimes and microbiome structure, 
providing a first step towards anticipating possible changes to the carbon 
source or sink capacities of the Arctic Ocean under climate change. 
 
 
 
Data Availability. Data are archived in the PANGAEA World Data Center and the European 
Nucleotide Archive (ENA) at EMBL-EBI under accession number PRJEB43926. 
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General Conclusion 
 
The Arctic is characterized by extreme seasonal differences in daylight and 
temperature that influence phytoplankton. Seasonal daylight ranges from all 
day in summer to darkness in winter and is the limiting factor for primary 
production. Meanwhile, phytoplankton-derived organic matter and 
temperatures co-limit microbes (Kirchman, Morán, et al., 2009; Piontek et al., 
2015). The multifactorial control on seasonal microbial dynamics is only 
beginning to be understood with a predominant focus on temperate and 
tropical waters (e.g., Gilbert et al., 2012; Cram et al., 2015; Lindh et al., 2015; 
Ward et al., 2017). Unfortunately, high-frequency seasonal observations are 
rare for the polar regions, although the Arctic is experiencing sea ice loss, 
Atlantification, and borealization. To close the gap in seasonal observations, 
the work presented in this thesis (a) quantified the DOC bioavailability and 
microbial turnover between summer and fall, (b) analyzed the microbe-
substrate relationships between summer and fall, and (c) assessed the inter-
annual variability of semi-labile DOC during the summers from 2009-2019. 
 
In the first research manuscript (Chapter 3), we were able to extend 
summertime microbial observations to fall in the Fram Strait. We observed a 
two- to threefold decline in the concentrations of chlorophyll-a, DCCHO, and 
DHAA between summer and fall. The SLDOC reservoir was highly dynamic 
with an elevated content of labile components (i.e., galactosamine, glutamic 
acid, leucine) in summer that was followed by a rapid utilization and more 
refractory components (i.e., glycine, alanine, threonine) in fall. Consequently, 
the rapid turnover rate of semi-labile DOC likely contributed to the fourfold 
decrease in bacterial production between summer and fall. Additionally, 
microbes can access the dynamic continuum of microgels, where we 
observed an uncoupled seasonal variability between carbohydrate-rich TEP 
and protein-rich CSP. Particle volume and carbon content of TEP decreased 
twofold, while CSP only showed a minor seasonal decrease that resulted in 
a relative increase of CSP to total microgel volume between summer and fall. 
Our publication highlights the seasonal controls on microbial dynamics in the 
Fram Strait and contributes to the baseline dependencies needed for higher-
resolution model applications. 
 
In Chapter 4, we extended our observations of seasonal microbial dynamics 
(described in chapter 3) by further exploring possible substate preferences 
within the microbial community. The presented manuscript explores the 
seasonal associations in the autotrophic community (<50 µm) and 
heterotrophic community to the DOM pool. The autotrophic community shifted 
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from picoeukaryotes in summer to a dominance of Synechococcus in fall, and 
a simultaneous decrease in primary production. This suggests that 
Synechococcus plays a minor role in the carbon fixation and possibly 
engages in an osmotrophic strategy to compete for bioavailable DOM with 
microbes. To fully understand microbe-substrate preferences has been 
difficult given the cultivation limitations of microbes. Nonetheless, we were 
able to identify a generalist taxa and seasonally-associated taxa that can be 
linked to biopolymers. SAR92 clade, OM43 clade, and representatives of 
Flavobacteriaceae could be linked to labile biopolymers during summer. In 
contrast, microbes that scavenge for refractory substrates like Candidatus 

Nitrosopelagicus, Candidatus Nitrosopumilus, and LS-NOB suggest ongoing 
nitrate replenishment in fall. Our study emphasizes the fundamental 
connection between the microbial community and substrate regimes towards 
understanding the carbon source and sink capacities of the Arctic Ocean. 
 
In the third research manuscript (Chapter 5), I used the gained knowledge 
(from chapters 3 and 4) to investigate the inter-annual dataset of semi-labile 
DOC across the Fram Strait from 2009 to 2019. To account for the spatial 
variability, I separated the dataset into the Atlantic and polar sectors. The 
sector-specific bloom dynamics were extremely useful to arrange the in situ 

biogeochemical and microbial data. My observations demonstrated that the 
terminating phytoplankton bloom releases DCCHO that rapidly stimulates 
bacterial abundances and production in the Atlantic sector. Simultaneously, 
the bacteria appear to have a high demand for nitrogen, with DHAA%DOC 
indicating a low DOM reactivity in the Atlantic sector. In the polar sector, the 
phytoplankton bloom peaks around May, which resulted in low concentrations 
DCCHO and DHAA. Still, DCCHO stimulated cellular abundances of HNA 
bacteria and bacterial production despite temperatures near the freezing 
point. Our study highlights the fast-paced changes and spatial controls of 
phytoplankton-SLDOC-microbe interactions across the Fram Strait during 
summer.  
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Perspectives 
 
The work presented in this thesis provides new insights into the seasonal 
dynamics of organic matter turnover and microbial community composition in 
the Fram Strait. The combination of biogeochemistry and ecology has 
contributed to our understanding of the microbial processes in the Arctic 
Ocean. However, our research has raised further research questions and 
ideas that need to be addressed in future studies: 
 
1. Identify taxa-specific substrate exudation and acquisition. Studies on 

the molecular and chemical composition of phytoplankton exudates are 
scarce and the necessary preliminary cataloging of organic biomarkers 
needs to be improved. Currently, the Redfield ratio of 106C:16N:1P is the 
key concept to link nutrient availability and macromolecular composition 
of phytoplankton (Falkowski, 2000; T. Weber & Deutsch, 2012; T. S. 
Weber & Deutsch, 2010). However, the concept of the Redfield ratio 
neglects species-specific deviations in C:N:P of phytoplankton and across 
environments (Finkel et al., 2016; Martiny et al., 2013; Quigg et al., 2003, 
2011). Future studies could resolve the macromolecular diversity of 
organic biomarkers and provide a taxa-specific DOM composition to 
understand the mechanisms of substrate recycling of microbes. This could 
be achieved by using emerging techniques such as fluorescently labeled 
polysaccharide incubations (Reintjes et al., 2017), dual-isotope stable 
isotope probing (SIP; Wegener et al., 2012, 2016), and implementing 
‘omics’ to further resolve spatial and temporal metabolic preferences 
towards either LMW or HMW hydrolysis products. 

 
 
2. Sources and fate of DOM in the meso- and bathypelagic zones. This 

thesis predominately focused on organic matter cycling in the euphotic 
zone, although ocean basins are on average 1000 m deep. The meso-
and bathypelagic zones are typically characterized by low temperatures 
and refractory DOC but an unexpected rise in apparent oxygen utilization 
that provides evidence for microbial carbon turnover. Nonetheless, 
despite the microbial genetic and metabolic diversity in the deep sea (e.g., 
Acinas et al., 2021), the microbial cycling of the DOC pool is largely 
unexplored. Microbes must be supported by the dissolution of sinking 
particles (Cherrier et al., 1999; Hansman et al., 2009) and/or fixation of 
inorganic carbon through energy sources like ammonium and hydrogen 
sulfide (Hansman et al., 2009; Ingalls et al., 2006). Future studies could 
measure carbon assimilation using dark 14C fixation in combination with 
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N1-guanyl-1,7-diaminoheptane (GC7) to discriminate between archaeal 
and bacterial carbon fixation (Jansson et al., 2000). 

 
3. Expanding the FRAM Ocean Observing System. Researchers at the 

Alfred Wegener Institute Helmholtz Centre for Polar and Marine 
Research, Bremerhaven, Germany have collected seawater samples for 
chlorophyll-a and POC in the Arctic Ocean since 1991 (Nöthig et al., 
2020). These efforts were used to establish the PEBCAO group that built 
a microbial observatory that ranges from biogeochemical parameters to 
microscopical methods and is one-of-a-kind for the Arctic. The data 
collection of PEBCAO occurs on an annual frequency, which is 
comparable to many time series stations around the world (Buttigieg et 
al., 2018). 
 
Simultaneous to the in situ sampling efforts, the AWI has maintained the 
mooring array Hybrid Arctic/Antarctic Float Observing System (HAFOS) 
at LTER observatory HAUSGARTEN since 1997. The HAFOS moorings 
were expanded as part of the FRontiers in Arctic marine Monitoring 
(FRAM) Ocean Observing System in 2014 (Soltwedel et al., 2013). The 
HAFOS and FRAM moorings include classical tools (e.g., sediment traps) 
and cutting-edge technologies (e.g., Remote Access water Samplers) that 
allow for year-round microscopic and molecular-based observations of the 
plankton and microbial community (e.g., Wietz et al., 2021). 
 
Currently, the majority of HAUSGARTEN microbial parameters are solely 
collected on the annual expeditions to the Fram Strait. In the future, the 
PEBCAO microbial observatory could be expanded in the framework of 
FRAM. Merging PEBCAO and FRAM will allow for annual data collection 
and contextualizing current data snapshots that instantaneously serve as 
a quality control. Ecological and biogeochemical parameters that could be 
integrated onto mooring arrays include microbial cell abundances, DOC, 
and CDOM optical sensors. Innovative solutions will continually improve 
our understanding of seasonal microbial dynamics in the Arctic Ocean and 
on a global scale. 

 
 
4. Microbial turnover of DOM in the “new” Arctic Ocean. Around 300 

years ago, the Arctic probably had a sea ice cover and frozen permafrost 
to the edges of the polar circle. Today, industrialization has triggered 
climate change that is rapidly melting the sea ice, promoting 
Atlantification, and accelerating permafrost thaw. Particularly permafrost 
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thaw is unlocking terrestrial DOM and induces a “browning” of the coastal 
waters. The changing pelagic conditions come with many uncertainties 
with regard to the light attenuation in the water column, DOM 
bioavailability, and microbial activity (Cavicchioli et al., 2019; Sipler et al., 
2017; Wauthy et al., 2018). To assess whether an influx of terrestrial DOM 
has an effect and the extent to which it affects microbial dynamics, it is 
once again critical to determine a baseline. Future studies could focus on 
the DOM composition, degradation state, and bioavailability from the shelf 
regions to the oligotrophic central Arctic Ocean. Furthermore, the in situ 
measurements can be complemented by incubation experiments that 
simulate climate-driven effects of the future Arctic. 
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Supplementary Figures and Tables for 
Chapter 3 
 
Dynamics of organic matter and bacterial 
activity in the Fram Strait during summer 
and autumn 
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Figure S 3.1 | Relative composition (mol%) of dissolved combined 
carbohydrates (dCCHO) to determine a change in quality within the 
upper 100 m of the Fram Strait between summer and autumn. The 
summer samples were collected from July 16th to July 23rd, 2018 and 
autumn samples from September 16th to October 4th, 2018. The colour 
shows the two seasons: summer in blue and autumn in black. The shapes 
show the five depths: Surface (circle), above DCM (square), DCM (rhombus), 
below DCM (triangle faced up) and 100m (triangle faced down). 
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Figure S 3.2 | Relative composition (mol%) of dissolved hydrolysable 
amino acids (dHAA) to determine a change in quality within the upper 
100 m of the Fram Strait between summer and autumn. The summer 
samples were collected from July 16th to July 23rd, 2018 and autumn 
samples from September 16th to October 4th, 2018. The colour shows the 
two seasons: summer in blue and autumn in black. The shapes show the five 
depths: Surface (circle), above DCM (square), DCM (rhombus), below DCM 
(triangle faced up) and 100m (triangle faced down). 
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Table S 3.1 | Stations within LTER HAUSGARTEN observatory and the 
associated CTD cast sampled in the upper 100m of the Fram Strait in 
the summer and autumn. The summer samples were collected with the RV 
Polarstern (PS114) from July 16th to July 23rd, 2018 and autumn samples 
with the RV Maria S. Merian (MSM77) from September 16th to October 4th, 
2018. CTD dataset is available doi.pangaea.de/10.1594/PANGAEA.907467 
and discrete samples are available: doi.org/10.1594/PANGAEA.915751 
 
Season Station Sampling Date 

(dd.mm.yyyy) 
CTD ID Latitude 

(degrees) 
Longitude 
(degrees) 

Summer HG1/2 19.07.2018 PS114_20-1 79.0244 5.6254 
HG4 16.07.2018 PS114_4-1 79.0237 4.3322 
N3 23.07.2018 PS114_33-1 79.5986 5.1662 
N4 22.07.2018 PS114_32-2 79.7410 4.5226 
N5 22.07.2018 PS114_31-1 79.9451 3.2006 
R1 19.07.2018 PS114_23-1 78.1874 -0.0080 
R2 20.07.2018 PS114_25-2 78.8313 -0.0545 
S3 17.07.2018 PS114_9-1 78.6165 5.0680 
SV2 19.07.2018 PS114_16-1 78.9803 9.2990 
SV3 18.07.2018 PS114_13-2 79.0190 8.0078 
SV4 18.07.2018 PS114_12-1 79.0118 7.0351 

Autumn D1 30.09.2018 MSM77_44-1 78.9997 1.5012 
D2 02.10.2018 MSM77_48-1 78.8825 0.3007 
D3 02.10.2018 MSM77_47-1 78.7498 -0.8832 
D4_2 01.10.2018 MSM77_46-4 78.5492 -1.8368 
HG1 20.09.2018 MSM77_13-1 79.1330 6.0942 
HG2 20.09.2018 MSM77_12-1 79.1302 4.9025 
HG3 19.09.2018 MSM77_8-1 79.1080 4.6005 
HG4 17.09.2018 MSM77_4-3 79.0592 4.2002 
HG5 28.09.2018 MSM77_36-1 79.0632 3.6595 
HG6 18.09.2018 MSM77_6-1 79.0600 3.5825 
HG7 28.09.2018 MSM77_37-1 79.0602 3.4772 
HG8 29.09.2018 MSM77_40-1 79.0643 3.3373 

 HG9 29.09.2018 MSM77_41-1 79.1337 2.8372 
N3 04.10.2018 MSM77_54-1 79.6035 5.1730 
N4 04.10.2018 MSM77_53-3 79.7363 4.4850 
N5 03.10.2018 MSM77_52-1 79.9380 3.1948 
NSB_1 24.09.2018 MSM77_29-1 80.3000 13.9990 
S3 16.09.2018 MSM77_3-1 78.616 5.0675 
SV1 23.09.2018 MSM77_24-1 79.0283 11.086 
SV2 23.09.2018 MSM77_22-1 78.9800 9.5140 
SV3 22.09.2018 MSM77_19-1 78.9998 8.2500 
SV4 21.09.2018 MSM77_17-1 79.0298 6.9945 
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(Table S 3.2. continued) 
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(Table S 3.2. continued) 
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(Table S 3.2. continued) 
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(Table S 3.2. continued) 
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(Table S 3.2. continued) 
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(Table S 3.2. continued) 
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Supplementary Figures and Tables for 
Chapter 4 
 
Contrasting microbial communities and 
substrate regimes in the eastern Fram 
Strait between summer and fall 
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Figure S 4.2| Rarefaction curves of samples between summer and fall 
in the Fram Strait. The colors represent the season. 
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Figure S 4.3 | Venn diagrams of shared ASVs between the microbial 
community. A Summer compared to fall. B-H All the depths sampled in the 
upper 100 m. 
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(Table S 4.2 continued) 
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(Table S 4.2 continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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(Table S 4.2. continued) 
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Supplementary Figures and Tables for 
Chapter 5 
 
Summertime trends of semi-labile DOC 
across the Fram Strait 
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Table S 5.1 | Dates and coordinates of sample collections. SST cluster denotes 
whether the sample was categorized into the Atlantic or Polar sector.  
Expedition HAUSGARTEN 

Station 
Date 
(DD.MM.YYYY) 

Lat 
(DD) 

Long 
(DD) 

SST 
Sector 

ARK24/2 HG4 10.07.2009 79.0700 4.2000 Atlantic 
ARK24/2 HG6 11.07.2009 79.0700 3.5800 Atlantic 
ARK24/2 HG7 13.07.2009 79.0600 3.4900 Polar 
ARK24/2 N4 14.07.2009 79.7400 4.4900 Atlantic 
ARK24/2 N1 15.07.2009 79.2900 4.3400 Atlantic 
ARK24/2 S1 16.07.2009 78.9200 5.0000 Atlantic 
ARK24/2 S2 17.07.2009 78.7900 5.3400 Atlantic 
ARK25/2 HG1 06.07.2010 79.1300 6.1000 Atlantic 
ARK25/2 SV2 06.07.2010 78.9800 9.5200 Atlantic 
ARK25/2 HG2 07.07.2010 79.1300 4.9000 Atlantic 
ARK25/2 #166-1 11.07.2010 78.8300 4.0000 Atlantic 
ARK25/2 HG9 12.07.2010 79.1400 2.7600 Polar 
ARK25/2 HG4 12.07.2010 79.0000 4.3000 Atlantic 
ARK25/2 HG4 12.07.2010 79.0000 4.3000 Atlantic 
ARK25/2 HG5 12.07.2010 79.0500 3.7400 Atlantic 
ARK25/2 HG6 12.07.2010 79.0500 3.5900 Atlantic 
ARK25/2 HG7 13.07.2010 79.0600 3.4800 Atlantic 
ARK25/2 HG8 13.07.2010 79.0600 3.3100 Atlantic 
ARK25/2 N4 14.07.2010 79.7400 4.4800 Atlantic 
ARK25/2 N4 14.07.2010 79.7400 4.4800 Atlantic 
ARK25/2 N3 15.07.2010 79.5900 5.2100 Atlantic 
ARK25/2 N2 15.07.2010 79.4300 4.7500 Atlantic 
ARK25/2 N1 16.07.2010 79.2800 4.3300 Atlantic 
ARK25/2 S2 04.07.2010 78.7800 5.3300 Atlantic 
ARK25/2 S1 05.07.2010 78.9200 5.0000 Atlantic 
ARK25/2 #194-1 17.07.2010 78.8300 0.3900 Polar 
ARK25/2 #210-2 20.07.2010 78.8300 -2.1200 Polar 
ARK25/2 #220-1 21.07.2010 78.8300 -3.9000 Polar 
ARK26/2 HG2 15.07.2011 79.1411 4.8939 Atlantic 
ARK26/2 HG3 20.07.2011 79.1139 4.6092 Polar 
ARK26/2 HG4 29.07.2011 79.0067 4.3375 Polar 
ARK26/2 HG6 21.07.2011 79.0547 3.6025 Polar 
ARK26/2 HG6 21.07.2011 79.0547 3.6025 Polar 
ARK26/2 HG7 21.07.2011 79.0611 3.4703 Polar 
ARK26/2 HG8 21.07.2011 79.0703 3.3261 Polar 
ARK26/2 HG9 17.07.2011 79.1189 2.7647 Polar 
ARK26/2 HG9 17.07.2011 79.1189 2.7647 Polar 
ARK26/2 N5 26.07.2011 79.9501 3.1411 Polar 
ARK26/2 N4 23.07.2011 79.7294 4.4669 Polar 
ARK26/2 N3 27.07.2011 79.6056 5.2394 Polar 
ARK26/2 S3 27.07.2011 78.6001 5.0514 Atlantic 
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ARK26/2 S2 29.07.2011 78.7894 5.3283 Atlantic 
ARK26/2 S1 29.07.2011 78.9197 5.0033 Atlantic 
ARK26/2 SV4 20.07.2011 79.0522 7.0161 Atlantic 
PS80 HG1 17.07.2012 79.1352 6.1052 Atlantic 
PS80 HG1 17.07.2012 79.1352 6.1052 Atlantic 
PS80 HG2 17.07.2012 79.1302 4.9373 Atlantic 
PS80 HG3 16.07.2012 79.1080 4.6020 Atlantic 
PS80 HG4 16.07.2012 79.0077 4.3315 Atlantic 
PS80 HG5 21.07.2012 79.0637 3.6457 Atlantic 
PS80 HG6 22.07.2012 79.0608 3.5798 Atlantic 
PS80 HG7 22.07.2012 79.0603 3.4762 Atlantic 
PS80 HG8 22.07.2012 79.0643 3.3328 Atlantic 
PS80 HG9 22.07.2012 79.1338 2.8410 Atlantic 
PS80 S1 21.07.2012 78.9168 5.0023 Atlantic 
PS80 S2 19.07.2012 78.7802 5.3308 Atlantic 
PS80 S3 20.07.2012 78.6102 5.0680 Atlantic 
PS80 N1 26.07.2012 79.2832 4.3280 Atlantic 
PS80 N2 25.07.2012 79.4098 4.6978 Atlantic 
PS80 N3 24.07.2012 79.6037 5.1713 Atlantic 
PS80 N4 23.07.2012 79.7403 4.5037 Atlantic 
PS80 N5 24.07.2012 79.9332 3.1797 Atlantic 
PS80 SV4 18.07.2012 79.0295 6.9978 Atlantic 
PS80 SV1 18.07.2012 79.0280 11.0757 Atlantic 
PS85 HG1 24.06.2014 79.1350 6.0895 Atlantic 
PS85 HG2 24.06.2014 79.1305 4.8952 Atlantic 
PS85 HG4 22.06.2014 79.0650 4.1788 Atlantic 
PS85 HG9 23.06.2014 79.1487 2.7908 Polar 
PS85 N4 25.06.2014 79.7588 4.2762 Polar 
PS85 F9 26.06.2014 78.8347 -0.9150 Polar 
PS85 411 14.06.2014 77.7177 -15.4782 Polar 
PS85 424 15.06.2014 77.9940 -14.2767 Polar 
PS85 426 16.06.2014 78.8052 -9.9307 Polar 
PS85 429 16.06.2014 78.8313 -8.5648 Polar 
PS85 437 17.06.2014 78.8328 -5.4975 Polar 
PS85 437 17.06.2014 78.8328 -5.4975 Polar 
PS85 444 18.06.2014 78.8312 -3.9803 Polar 
PS85 444 18.06.2014 78.8312 -3.9803 Polar 
PS85 455 21.06.2014 78.4533 -2.8328 Polar 
PS85 455 21.06.2014 78.4533 -2.8328 Polar 
PS93 HG1 10.08.2015 79.1330 6.1010 Atlantic 
PS93 HG1 10.08.2015 79.1330 6.1010 Atlantic 
PS93 HG2 09.08.2015 79.1303 4.9043 Atlantic 
PS93 HG3 08.08.2015 79.1083 4.6000 Atlantic 
PS93 HG4 26.07.2015 79.0652 4.1790 Atlantic 
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PS93 HG5 28.07.2015 79.0630 3.6600 Atlantic 
PS93 HG5 28.07.2015 79.0630 3.6600 Atlantic 
PS93 HG6 28.07.2015 79.0600 3.5830 Atlantic 
PS93 HG6 28.07.2015 79.0600 3.5830 Atlantic 
PS93 HG8 29.07.2015 79.0642 3.3363 Atlantic 
PS93 HG9 12.08.2015 79.1337 2.8423 Atlantic 
PS93 EG4 30.07.2015 78.8615 -2.7093 Polar 
PS93 EG4 30.07.2015 78.8615 -2.7093 Polar 
PS93 N5 02.08.2015 79.9383 3.1912 Atlantic 
PS93 N4 04.08.2015 79.8217 4.2537 Atlantic 
PS93 N3 11.08.2015 79.6040 5.1712 Atlantic 
PS93 S3 24.07.2015 78.5990 5.0683 Atlantic 
PS93 SV1 06.08.2015 79.0285 11.0878 Atlantic 
PS93 SV3 07.08.2015 79.0007 8.2502 Atlantic 
PS93 SV4 08.08.2015 79.0297 6.9990 Atlantic 
PS99 HG1 09.07.2016 79.1392 6.0885 Atlantic 
PS99 HG2 06.07.2016 79.1300 4.9067 Atlantic 
PS99 HG3 10.07.2016 79.1077 4.5967 Polar 
PS99 HG4 27.06.2016 79.0652 4.1728 Polar 
PS99 HG5 28.06.2016 79.0672 3.6653 Polar 
PS99 HG6 28.06.2016 79.0600 3.5702 Polar 
PS99 HG8 29.06.2016 79.0722 3.3448 Polar 
PS99 HG9 06.07.2016 79.1348 2.8458 Polar 
PS99 EG4 30.06.2016 78.8160 -2.7288 Polar 
PS99 EG3 01.07.2016 78.8622 -3.9733 Polar 
PS99 EG2 01.07.2016 78.9367 -4.6503 Polar 
PS99 EG1 02.07.2016 78.9908 -5.4093 Polar 
PS99 S3 25.06.2016 78.6078 5.0468 Polar 
PS99 N4 05.07.2016 79.7415 4.5035 Polar 
PS99 N3 04.07.2016 79.5867 5.1700 Atlantic 
PS99 SV1 09.07.2016 79.0263 11.0925 Atlantic 
PS99 SV2 09.07.2016 78.9810 9.5125 Atlantic 
PS99 SV3 09.07.2016 79.0027 8.3628 Atlantic 
PS99 SV4 08.07.2016 79.0348 6.9740 Atlantic 
PS107 HG1 12.08.2017 79.1398 6.0896 Atlantic 
PS107 HG2 11.08.2017 79.1308 4.9029 Polar 
PS107 HG3 11.08.2017 79.1082 4.5994 Polar 
PS107 HG4 28.07.2017 79.0644 4.1811 Polar 
PS107 HG5 28.07.2017 79.0533 3.7497 Polar 
PS107 HG6 29.07.2017 79.0465 3.6059 Polar 
PS107 HG6 29.07.2017 79.0465 3.6059 Polar 
PS107 HG7 31.07.2017 79.0593 3.4820 Polar 
PS107 HG9 01.08.2017 79.1234 2.8189 Polar 
PS107 EG4 02.08.2017 78.8167 -2.8007 Polar 
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PS107 EG3 03.08.2017 78.8558 -3.9416 Polar 
PS107 EG2 05.08.2017 78.9336 -4.6348 Polar 
PS107 EG1 05.08.2017 78.9949 -5.4735 Polar 
PS107 S3 25.07.2017 78.6084 5.0566 Atlantic 
PS107 N5 09.08.2017 80.0003 2.9402 Polar 
PS107 N4 08.08.2017 79.7272 4.5029 Polar 
PS107 N3 10.08.2017 79.5881 5.1740 Polar 
PS107 SV1 14.08.2017 79.0293 11.1017 Atlantic 
PS107 SV2 14.08.2017 78.9829 9.5081 Atlantic 
PS107 SV3 14.08.2017 79.0045 8.3636 Atlantic 
PS107 SV4 13.08.2017 79.0341 7.0019 Atlantic 
PS107 Station 0 02.08.2017 78.9643 0.0038 Polar 
PS107 Transect 1 06.08.2017 79.3015 -1.9963 Polar 
PS107 Transect 2 07.08.2017 79.4339 0.0027 Polar 
PS114 HG4 16.07.2018 79.0237 4.3322 Atlantic 
PS114 S3 17.07.2018 79.0241 4.3341 Atlantic 
PS114 SV4 18.07.2018 79.0118 7.0351 Atlantic 
PS114 SV3 18.07.2018 79.0190 8.0078 Atlantic 
PS114 SV2 19.07.2018 78.9803 9.2990 Atlantic 
PS114 HG1_2 19.07.2018 79.0244 5.6254 Atlantic 
PS114 R1 19.07.2018 78.1874 -0.0080 Atlantic 
PS114 R2 20.07.2018 78.8313 -0.0545 Atlantic 
PS114 N5 22.07.2018 79.9452 3.2006 Polar 
PS114 N4 22.07.2018 79.7410 4.5226 Polar 
PS114 N3 23.07.2018 79.5986 5.1662 Polar 
PS114 R3 21.07.2018 79.4887 -0.1063 Polar 
PS114 R5 24.07.2018 80.8527 -0.1307 Polar 
PS114 R4 25.07.2018 80.1579 0.1534 Polar 
PS114 EG4 26.07.2018 78.8180 -2.7687 Polar 
PS114 EG1 27.07.2018 79.0123 -5.2879 Polar 
PS114 EG1 27.07.2018 79.0123 -5.2879 Polar 
PS114 79N8-1 28.07.2018 79.6154 -16.5252 Polar 
PS121 S3 17.08.2019 78.6165 5.0680 Atlantic 
PS121 HG1 17.08.2019 79.1348 6.0858 Atlantic 
PS121 HG4 19.08.2019 79.0637 4.1867 Atlantic 
PS121 HG3 21.08.2019 79.1072 4.6274 Atlantic 
PS121 HG5 23.08.2019 79.0568 3.6731 Atlantic 
PS121 HG2 23.08.2019 79.1269 4.9090 Atlantic 
PS121 HG6 25.08.2019 79.0632 3.5872 Atlantic 
PS121 HG7 25.08.2019 79.0614 3.4832 Atlantic 
PS121 HG8 26.08.2019 79.0658 3.3284 Atlantic 
PS121 HG9 27.08.2019 79.0658 3.3284 Atlantic 
PS121 Transit 0 28.08.2019 78.9594 0.0384 Polar 
PS121 EG4 29.08.2019 78.8344 -2.7984 Polar 
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PS121 EG3 31.08.2019 78.8356 -4.0103 Polar 
PS121 EG2 01.09.2019 78.9341 -4.6786 Polar 
PS121 EG1 01.09.2019 78.9814 -5.3665 Polar 
PS121 SV1 02.09.2019 79.0306 10.7728 Atlantic 
PS121 SV2 03.09.2019 78.9861 9.4223 Atlantic 
PS121 SV3 03.09.2019 78.9999 8.2423 Atlantic 
PS121 N4 06.09.2019 79.7326 4.4681 Polar 
PS121 N5 06.09.2019 79.9581 3.0657 Polar 
PS121 N3 07.09.2019 79.5973 5.2084 Atlantic 
PS121 SV4 09.09.2019 79.0187 6.9684 Atlantic 
PS121 F4 10.09.2019 79.0237 6.9979 Atlantic 
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