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ABSTRACT 

Biogeochemical processes in the marine biosphere are important in global element cycling 

and greatly influence the gas composition of the Earth’s atmosphere. The nitrogen cycle is a 

key component of marine biogeochemical cycles. Nitrogen is an essential constituent of living 

organisms, but bioavailable nitrogen is often short in supply thus limiting primary production. 

The largest input of nitrogen to the marine environment is by N2-fixation, the transformation 

of inert N2 gas into bioavailable ammonium by a distinct group of microbes. Hence, N2-

fixation bypasses nitrogen limitation and stimulates productivity in oligotrophic regions of the 

marine biosphere.  

Extensive blooms of N2-fixing cyanobacteria occur regularly during summer in the Baltic Sea. 

N2-fixation during these blooms adds several hundred kilotons of new nitrogen into the Baltic 

Proper, which is similar in magnitude to the annual nitrogen load by riverine discharge and 

more than twice the atmospheric nitrogen deposition in this area. N2-fixing cyanobacteria are 

therefore a critical constituent of nitrogen cycling in the Baltic Sea. In this thesis N2 fixation 

of common cyanobacteria in the Baltic Sea and the direct fate of newly fixed nitrogen in 

otherwise nitrogen-impoverished waters were investigated. Initially, the commonly used 15N-

stable isotope assay for N2-fixation measurements was evaluated and optimized in terms of 

reliability and practicality (Paper I), and later applied for N2-fixation assessments (Paper II–

IV). N2 fixation in surface waters of the Baltic Sea was restricted to large filamentous 

heterocystous cyanobacteria (Aphanizomenon sp., Nodularia spumigena, Dolichospermum 

spp.) and absent in smaller filamentous cyanobacteria such as Pseudanabaena sp., and 

unicellular and colonial picocyanobacteria (Paper II-III). Most of the N2-fixation in the 

Northern Baltic Proper was contributed by Aphanizomenon sp. due to its high abundance 

throughout the summer and similar rates of specific N2-fixation as Dolichospermum spp. and 

N. spumigena. Specific N2 fixation was substantially higher near the coast than in an offshore 

region (Paper II). Half of the fixed nitrogen was released as ammonium at the site near the 

coast and taken up by non-N2-fixing organisms including phototrophic and heterotrophic, 

prokaryotic and eukaryotic planktonic organisms. Newly fixed nitrogen was thereby rapidly 

turned-over in the nitrogen-depleted waters (Paper III). In colonies of N. spumigena even the 

potential for a complete nitrogen cycle condensed to a microcosm of a few millimeters could 

be demonstrated (Paper IV). Cyanobacterial colonies can therefore be hot-spots of nitrogen 

transformation processes potentially including nitrogen gain, recycling and loss processes. In 

conclusion, blooms of cyanobacteria are instrumental for productivity and CO2 sequestration 

in the Baltic Sea. These findings advance our understanding of biogeochemical cycles and 

ecosystem functioning in relation to cyanobacterial blooms in the Baltic Sea with relevance 

for both ecosystem-based management in the Baltic Sea, and N2-fixation and nitrogen cycling 

in the global ocean. 



SAMMANFATTNING 

Havets biogeokemiska processer påverkar de globala grundämnescyklerna och atmosfärens 

gas-sammansättning. Kvävets kretslopp är en viktig del av de marina biogeokemiska 

cyklerna. Kväve är en essentiell beståndsdel i levande organismer, men de biotillgängliga 

formerna är ofta limiterade, vilket begränsar primärproduktionen. Havets största kvävekälla är 

N2-fixering, omvandlingen av inert N2-gas till biotillgängligt ammonium, via en särskild 

grupp av mikrober. Genom N2-fixering kringgås  kvävebegränsningen och produktionen 

stimuleras i näringsfattiga områden i den marina biosfären. 

I Östersjön inträffar årligen omfattande sommar-blomningar av N2-fixerande cyanobakterier. 

Blomningarna tillför flera hundra kiloton nytt kväve per år, vilket är lika mycket som den 

årliga kvävetillförseln via floderna, och mer än dubbelt så mycket som det atmosfäriska 

nedfallet över Egentliga Östersjön. Cyanobakteriernas N2-fixering är därför en kritisk del av 

kvävecykeln och viktig för ekosystemens funktion i Östersjön. I denna avhandling studerades 

N2-fixeringen hos enskilda arter av cyanobakterier i Östersjön samt det nyligen fixerade 

kvävets direkta öde, i ett i övrigt kvävebegränsat vatten. Den vanligen använda metoden med 

stabila 15N-isotoper utvärderades och optimerades i fråga om tillförlitlighet och praktiska 

aspekter (Paper I), för att sedan användas i N2-fixeringsundersökningar (Paper II-IV). N2-

fixering i Östersjöns ytvatten utfördes uteslutande av de stora filamentösa cyanobakterierna 

(Aphanizomenon sp., Nodularia spumigena, Dolichospermum spp.) och kunde inte detekteras 

varken hos mindre fintrådiga cyanobakterier som Pseudanabaena sp., eller hos encelliga och 

koloniala picocyanobacterier (Paper II-III). Det största bidraget till N2-fixeringen i norra 

Egentliga Östersjön kunde tillskrivas Aphanizomenon sp., på grund av dess höga abundans 

under hela sommaren samt en specifik N2-fixering jämförbar med Dolichospermum spp. och 

N. spumigena. Den specifika N2-fixeringen var högre nära kusten än i utsjö-regionen (Paper 

II). Hälften av det fixerade kvävet släpptes ut som ammonium vid den kustnära stationen och 

överfördes till icke-N2-fixerande organismer, inklusive fototrofa och heterotrofa, prokaryota 

och eukaryota planktonorganismer. Nyligen fixerat kväve omsattes därigenom snabbt i 

kvävebegränsat vatten (Paper III). I kolonier av N. spumigena upptäcktes även potential för 

en komplett kvävecykel, kondenserad till en mikrokosm på några millimeter (Paper IV). 

Kolonier av cyanobakterier kan därför vara ”hot-spots” för kväveomvandlingsprocesser, 

potentiellt inkluderande kvävevinster, regenerering och förlustprocesser. Blomningar av 

cyanobakterier är således avgörande för produktivitet och CO2-upptag i Östersjön. Dessa 

upptäckter ökar förståelsen för hur biogeokemiska kretslopp och ekosystem fungerar, i 

förhållande till cyanobakterieblomningarna i Östersjön, och tillför relevanta aspekter för (a) 

ekosystembaserad förvaltning i Östersjön och (b) N2-fixering och kväveomsättning i 

världshaven. 
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INTRODUCTION AND OBJECTIVES 

This thesis is about marine ecology and biogeochemistry, nitrogen and nitrogen cycling, 

cyanobacteria and cyanobacterial nitrogen fixation, the fate of fixed nitrogen and its transfer 

in food webs, marine aggregates and micro-environments...and last but not least it is about the 

Baltic Sea. 

 

THE ELEMENT NITROGEN 

—An element of many faces— 

Nitrogen is the chemical element with the symbol N and atomic number 7 in the periodic 

table. Antoine Lavoisier (1743–1794) referred to it as azote (Greek a, “without” + zōḗ, “life”) 

or mephitic air by considering it as the part of air that cannot sustain life and is noxious to 

human beings. The name azote is still used in many European languages, e.g. French, Russian 

and Italian and also finds its consideration in English for some N-compounds, e.g. ammonium 

azide or hydrazine. The modern English name nitrogen (Greek nitron, “sodium bicarbonate” 

+ French gene, “producing”) was introduced by Jean–Antoine Chaptal (1756–1832) in 1790. 

Nitron may have its origin in nether “carbonate of soda”, which for unclear reasons became 

associated with saltpeter (potassium nitrate) since the late Middle Ages. The terminology 

therefore appears somehow inopportune. Especially azote does not embrace the pivotal role of 

N in our biosphere. Nitrogen is an essential component in all organisms, primarily found in 

amino acids, nucleic acids and in adenine as part of adenosine triphosphate (ATP). It makes 

up 12% of the dry weight of all living cells and is the fourth most abundant element in the 

human body after oxygen, carbon and hydrogen. Capone et al. (2006) even proposed to 

“Follow the nitrogen” instead of “Follow the water” as slogan for search for life in the 

universe.  

The fascination and challenge for scientists to study nitrogen lies in the ubiquity of N in 

organisms but also in its diverse chemical forms and multiple oxidation states (from -III to 

+V). In the aquatic environment most N is present as (1) dinitrogen gas (N2), an inert N-

compound which can be utilized only by specialized microbes; (2) ammonium (NH4
+), the 

most reduced form of N; (3) nitrate (NO3
-), the most oxidized form; (4) particulate organic 

nitrogen (PON); (5) dissolved organic nitrogen (DON), both constituting a diverse mix of N-

compounds; and (6) to a lesser extent as nitrous oxide (N2O), which is of particular interest as 

a greenhouse gas (Brandes et al 2007). The multiplicity of N-compounds is re-cycled by a 
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diverse set of dissimilatory and assimilatory processes (Figure 1). These processes can be 

mediated by marine microbes which essentially control the bioavailability of N in the ocean. 

  

 

Figure 1 Chemical forms and transformation processes of nitrogen in the marine environment. 
Nitrogen forms are plotted against their oxidation state. Processes in red are N-gain processes, green 
are N-recycling processes and blue N-loss processes. Denitrification and anammox (anaerobic 
ammonium oxidation) are anaerobic processes. Source: modified after Gruber (2008). 

 

MARINE NITROGEN FIXATION 

—The process to begin with— 

Galloway et al. (2004) started their review on the nitrogen cycle with an excerpt of the poem 

The Rime of the Ancient Marine by Samuel Taylor Coleridge, 1834: 

Water, water, every where,  

And all the boards did shrink;  

Water, water, every where,  

Nor any drop to drink. 

This excerpt tells us about sailors who got stuck on their boat near the equator and were 

tormented by thirst. Similar to the sailors that are surrounded by water but cannot drink it, the 

vast majority of aquatic microbes is surrounded by dissolved N2 but cannot metabolize it. Our 

modern atmosphere consists to 78% of N2 gas, theoretically an inexhaustible source of N; 

however, N2 gas can only be utilized by a distinct group of Bacteria and Archaea. The 

transformation of N2 into reactive forms also occurs naturally by lightning and the process can 
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be catalyzed industrially, e.g. in the Haber–Bosch process (Cherkasov et al 2015). Biological 

N2-fixation, i.e. diazotrophy describes the ability to use two (di) N atoms (-azo) for 

nourishment (-troph). Inert N2 gas is thereby converted into biologically available NH4
+. The 

activation energy needed to break the strong triple bond in the N2 molecule (N≡N) is high. 

Eight electrons (e-) as reducing equivalents and 16 ATP are required to catalyze N2-fixation 

with the following stoichiometry: 

N2 + 8 H+ + 8 e- + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi 

where ATP/ADP is adenosine tri-/diphosphate and Pi is inorganic phosphate (Newton 2007). 

The reaction is catalyzed by the enzyme nitrogenase which is encoded by the nifH gene. 

Three decades ago, N2-fixation in the marine biosphere was estimated to 20 x 1012 g N per 

year (Carpenter 1983). Recent estimates are five to ten times as high, with 100–200 x 1012 g N 

per year (Codispoti et al 2001, Galloway et al 2004, Großkopf et al 2012, Gruber 2004). 

Pelagic N2-fixation is assessed to exceed benthic N2-fixation by a factor of seven and is thus 

the largest input of N to the oceans (Codispoti 2001, Galloway 2004, Gruber 2004). Regions 

of substantial N2 fixation are oligotrophic areas of the Atlantic, Pacific and Indian Ocean, and 

Baltic Sea (Figure 2). In these regions, N2 fixation bypasses N-limitation and thus promotes 

carbon sequestration in the marine biosphere by providing new N to the plankton community 

in the euphotic zone (Karl et al 2002, Mahaffey et al 2005, Sohm et al 2011). Primary 

production in marine environments is conceptually categorized into regenerated and new 

production (Dugdale and Goering 1967). Regenerated production is defined as primary 

production that is based on nutrients recycled from organic matter within the euphotic zone. 

Instead, new production is based on nutrients imported into the euphotic zone, e.g. N2 fixation 

or upwelling and diffusive transport of NO3
- from deep water (Figure 2). New production is 

often equated to export production, i.e. the export of organic matter from the euphotic zone to 

deep waters—a process commonly referred to as the oceans biological pump (Eppley and 

Peterson 1979).  

N2-fixation and nitrogenase genes are found in photolithotrophic, chemolithotrophic and 

chemoorganotrophic organisms. N2-fixing chemolithotrophs include, e.g. Clostridium sp. 

(Chen et al 2001), chemoorganotrophs are, e.g. Azotobacter (Kennedy and Toukdarian 1987) 

and photolithotrophs include multiple phototrophic cyanobacteria which are discussed in the 

following. Diazotrophic phototrophic cyanobacteria comprise heterocystous filamentous (e.g. 

Aphanizomenon, Dolichospermum, Nodularia), non-heterocystous filamentous 

(Trichodesmium, Oscillatoria, Pseudanabaena) and unicellular (Synechococcus, Gloeothece) 

genera (Zehr and Paerl 2008). The term heterocystous characterizes species with  
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Figure 2 (A) Global distribution of N2-fixing cyanobacteria, N2-fixation rates and prevailing nutrient 

limitation in the marine environment. Relative N2-fixation and the limiting nutrient are shown by the 

fill color and outline, respectively. The Baltic Sea as study area of this thesis is marked by the red 

arrow. DDA - diatom diazotroph association, EQ - equator. (B) Schematic overview of the importance 

of N2-fixation in the ocean. N2 fixation stimulates new production and thus export production, i.e. the 

export of organic matter from the surface water into deeper waters. Instead, primary productivity that 

is based on the regeneration of organic material to ammonia by bacteria and zooplankton in surface 

waters does not lead to net export of organic matter. PON - particulate organic nitrogen, POC – 

particulate organic carbon. Source: modified after Sohm et al. (2011). 
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differentiated thick-walled cells which are specialized in N2-fixation and lack photosynthetic 

O2 evolution (Adams and Duggan 1999). The O2-sensitive nitrogenase complex is thereby 

spatially separated from oxygenic photosynthesis to prevent the enzyme’s inactivation due to 

contact with O2. Non-heterocystous cyanobacteria may temporally separate O2-sensitive N2-

fixation form O2-evolving C-fixation, e.g. C-fixation can occur during day and N2-fixation 

during night (Bergman et al 1997, Finzi-Hart et al 2009). Alternatively, non-heterocystous 

species apply spatial-separation of both processes by less-apparent morphological features 

than heterocysts (Bergman et al 2013). N2-fixation in freshwater and brackish systems is 

commonly dominated by heterocystous species, whereas oceanic N2-fixation is predominantly 

processed by non-heterocystous species (Staal et al 2003) with exception of heterocystous 

cyanobacterial symbionts of some marine diatoms (Foster et al 2011, Villareal 1992). 

 

 

N2-FIXATION MEASUREMENTS 

—A standardized method under re-evaluation— 

The 15N2-tracer assay for N2-fixation assessments was described two decades ago (Montoya et 

al 1996) and has since become one of the standard methods for N2-fixation assessments in 

aquatic environments. The assay is based on the addition of 15N-labelled N2 gas and the 

incorporation of the tracer into diazotrophic organisms. In the original protocol of Montoya et 

al. (1996), 15-15N2 gas was added as a bubble to the incubation water and an instantaneous 

equilibrium between the added 15-15N2 gas bubble and the dissolved N2 pool in the water was 

assumed. However, the dissolution of a 15-15N2 gas bubble in water is not instantaneous but 

slow relative to incubation times (Mohr et al 2010). Thus, rates of N2 fixation are assumed to 

have been underestimated during previous studies (Großkopf et al 2012, Mohr et al 2010)—a 

methodological draw-back referred to as The trouble with the bubble (White 2012). To 

resolve the Trouble with the bubble, Mohr et al (2010) proposed the pre-preparation of 15-

15N2-enriched water before actual water incubations for N2-fixation assessments, to ensure a 

constant 15N-labelling percentage throughout the entire incubation period. In Paper I we 

conducted a rigorous assessment of different preparations of 15-15N2-enriched water used for 

N2 fixation measurements. Major criteria that were assessed were time required, practicality 

for applications during field campaigns and the risk of trace element contaminations.  
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N2-FIXATION IN THE BALTIC SEA 

The Baltic Sea is a semi-enclosed sea characterized by a restricted water exchange with the 

world’s ocean due to a narrow passage to the North Sea and two shallow sills (Drogden Sill, 7 

m deep; Darss Sill, 18 m deep) at the south-western entrance of the Baltic Sea (Döös et al 

2004). The catchment area is four times as large as the sea surface area and is inhabited by 85 

million people led by 14 countries. Thus, the Baltic Sea is under considerable anthropogenic 

pressure including overfishing, pollution with toxic contaminants, high nutrient loads leading 

to eutrophication and oxygen depletion in bottom waters (Elmgren 2001).  

One aspect of eutrophication are reoccurring blooms of N2-fixing cyanobacteria (Kahru et al 

1994, Kononen et al 1996, Wasmund and Uhlig 2003) (Figure 3). Cyanobacterial blooms in 

the Baltic Sea are thought to have increased since the beginning of the 20th century with an 

additional intensification during the last decades (Finni et al 2001, Kahru et al 1994, Kahru 

and Elmgren 2014, Wasmund and Uhlig 2003). Yet, cyanobacteria are a natural phenomenon 

in the Baltic Sea. Substantial cyanobacterial biomass can be dated as far back as ca 7000 B.P., 

soon after the former freshwater Ancyclus lake turned into the brackish Littorina Sea with a 

coinciding switch from phosphorous (P)- to N-limitation (Bianchi et al 2000). Nowadays, 

blooms of cyanobacteria develop during summer soon after the spring bloom of diatoms and 

dinoflagellates becomes N-limited. The mass formations are triggered by a low N:P ratio of 

available nutrients, high solar irradiance, water surface temperatures higher than 16°C and 

calm weather to ensure a stable stratification of the water column (Stal et al 2003). 

Cyanobacterial blooms in the Baltic Proper are estimated to constitute up to 70% of the total 

phytoplankton biomass during summer (Dahlgren et al 2010) and N2-fixation accounts for 

180–430 kilotons N per year, which is sufficient to meet up to 90% of the pelagic primary 

production (Larsson et al 2001). N2-fixation in surface waters of the Baltic Sea is thus a 

substantial source of new N which may enhance eutrophication and deteriorate water quality. 

OBJECTIVES PAPER I: 

Preparation of 
15-15

N2-enriched water for N2-fixation assays  

(1) How can the preparation of 15-15N2-enriched water be done rapidly, simply and 

reliably for N2 fixation assessments in the aquatic environment? 

(2) Is there a risk of contaminations of the water by trace elements during the 

preparation of 15-15N2-enriched water? 
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On the other hand, N2 fixation can stimulate CO2 sequestration (Karl et al 2002, Sohm et al 

2011) and secondary production, including fish production during periods of N-limitation 

(Karlson et al 2015).  

 

 

Figure 3 (A) Geographical location and map of the Baltic Sea and neighboring countries. The boxes B 

and C depict the extents of satellite images as shown to the right. (B–C) Cyanobacterial blooms seen 

from space. (B) Picture B was acquired July 13, 2005 by the satellite MERIS (Medium Resolution 

Imaging Spectrometer). Picture C was acquired August 11, 2015 by Landsat 8 - OLI (Operational 

Land Imager). Sources: (A) www.wikipedia.org (B) European Space Agency, www.earth.eo.esa.int 

(C) National Aeronautics and Space Administration, www.earthobservatory.nasa.gov 

 

Filamentous, heterocystous and colony-forming cyanobacteria in the Baltic Sea are dominated 

by three genera: Nodularia, Aphanizomenon and Dolichospermum, formerly called Anabaena 

(Sivonen et al 2007, Stal et al 2003, Figure 4). These genera differ with respect to seasonal 

abundance and distribution in the pelagic zone (Hajdu et al 2007). Aphanizomenon sp. is often 

present both in the euphotic and sub-euphotic zone below 10 m, and it occurs throughout the 

year with a pronounced abundance peak in June–August. Nodularia spumigena and 

Dolichospermum spp. are absent from late autumn till late spring. N. spumigena occurs 

mainly during July–August and often forms extensive scums right at the water surface, 

whereas Dolichospermum spp. is often found between 0 to 10 m and least abundant in 

offshore regions but transiently dominates the N2-fixing biomass in coastal regions.  

In the Baltic Sea, N. spumigena, Aphanizomenon sp. and Dolichospermum spp., are well-

known N2-fixing organisms. Nonetheless, how their cell-specific fixation activity varies with 

abiotic factors (e.g. light, temperature and nutrients) and their genera-specific contribution to 

N2 fixation in natural communities has remained largely uncertain so far—mainly due to 

methodological limitations. Additional N2 fixation mediated by other Baltic Sea cyanobacteria 
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Figure 4 Photomicrographs of large, filamentous and heterocystous cyanobacteria of the Baltic Sea. 
The scale bar is 10 µm. Source: Pictures were kindly provided by Helena Höglander. 

 

has been suggested by molecular analyses for Pseudanabaena sp. (Farnelid et al 2009) and by 

the 15N-tracer assay for picocyanobacteria (Wasmund et al 2001), whereas in other studies N2-

fixation by unicellular picocyanobacteria was not confirmed (Ohlendieck et al 2007). 

In Paper II (and partly Paper III) we quantified rates of N2- and C-fixation at a single cell 

level of field-sampled Baltic Sea cyanobacteria, including N. spumigena, Aphanizomenon sp., 

Dolichospermum spp., Pseudanabaena sp., colony-forming and unicellular picocyanobacteria 

by means of secondary ion mass spectrometry (SIMS). Our objectives were: 

 

 

OBJECTIVES PAPER II (AND PARTLY PAPER III): 

 Cell-specific N2- and C-fixation of common cyanobacteria in the Baltic Sea 

(1) To which extent do cellular N2- and C-fixation rates of known N2-fixing 

species/genera (Nodularia spumigena, Aphanizomenon sp., and Dolichospermum 

spp.) vary under different in situ conditions such as 

a. different light regimes at day- and night-time, and at different water 

depths 

b. different months (June, July and August) 

c. different regions (coastal and offshore regions) 

(2) What is the contribution of single N2-fixing species/genera to total N2-fixation by 

the diazotrophic community?   

(3) Do non-heterocystous cyanobacteria, including Pseudanabaena sp., colony-

forming picocyanobacteria (Paper II) and unicellular picocyanobacteria (Paper 

III) process N2-fixation in the Baltic Sea?  
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THE FATE OF NEWLY FIXED NITROGEN 

Blooms of diazotrophic cyanobacteria deliver more N into the Baltic Sea than the riverine 

discharge and more than twice the atmospheric deposition. (Larsson et al 2001). Nevertheless, 

the direct fate of this newly fixed N in otherwise N-depleted water is largely unquantified. 

There are two options: new N can be utilized and regenerated in the euphotic zone or new N 

is lost from the euphotic zone to deeper water via sedimentation (Figure 2). In the following, I 

focus on the first option, i.e. the possible transfer of new N to non-N2-fixing organisms in the 

euphotic zone.  

The major transfer of newly fixed N to higher trophic levels may occur indirectly through 

extracellular release of N-compounds from N2-fixing cells. This is consistent with 

observations of enhanced NH4
+ concentrations and organic N in the surface water during 

cyanobacterial blooms (Glibert and Bronk 1994, Mulholland 2007, Stal et al 2003). About 

one third of newly fixed N is released as NH4
+ from both Aphanizomenon sp. and N. 

spumigena during light (Ploug et al 2010, Ploug et al 2011), and Wannicke et al. (2009) found 

a release of up to 89% of newly fixed N as dissolved nitrogen (DIN + DON) to the ambient 

water. Released N may be transferred to non-N2-fixing organisms in the water and thus 

stimulate primary and secondary production in the pelagic and benthic zone (Karlson et al 

2015).  

Data on direct grazing on cyanobacteria are contradictory. Several studies have reported 

dietary avoidance and reduced egg production of several mesozooplankton species when fed 

cyanobacteria (Engström et al 2001, Koski et al 1999, Sellner et al 1994, Sellner et al 1996), 

whereas other studies reported incorporation of cyanobacteria by pelagic zooplankton 

(Engström-Öst et al 2011, Koski et al 2002) and benthic fauna (Karlson et al 2008, 

Nascimento et al 2008). Low rates of ingestion are explained by toxicity of cyanobacteria, 

low nutritional value and difficult handling of filaments or colonies by grazers which may be 

of similar size as cyanobacterial colonies or even smaller. On the other hand, toxicity of 

cyanobacteria may decrease as cells age (Kankaanpää et al 2001, Sellner 1998) and 

decomposing cyanobacteria can be nutritionally upgraded due to colonization by bacteria 

(Engström-Öst et al 2002).  

The N-transfer has been implicated in previous studies (Larsson et al 2001, Ohlendieck et al 

2000, Stal et al 2003) but hardly traced directly in natural plankton communities. In Paper III 

we investigated the transfer of newly fixed N from N2-fixing Aphanizomenon sp. to non-N2-

fixing organisms, including heterotrophic and autotrophic bacteria, diatoms and copepods.  
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CYANOBACTERIAL COLONIES AND AGGREGATES 

—Microenvironments in the sea— 

From a distant view, the ocean appears as a homogeneous fluid, where it seems intuitive to 

assume that organisms and nutrients are evenly distributed. Nevertheless, there exist 

microscale heterogeneities in the distribution of nutrients, e.g. around phytoplankton colonies, 

zooplankton and “marine snow” (Alldredge and Silver 1988, Paerl and Kuparinen 2003, 

Simon et al 2002). Aggregates of phytoplankton colonies, detritus or fecal pellets are 

important for energy and nutrient cycling in aquatic environments. They represent 

microhabitats with physical, chemical and biological characteristics that are distinct from the 

ambient water (Alldredge and Silver 1988, Paerl and Kuparinen 2003, Simon et al 2002). For 

instance, O2 air-saturation can decline abruptly from 100% in the ambient water to 0% in the 

aggregates’ center over a distance of a less than 1 mm due to high O2 respiration rates of 

microbial communities within the aggregates (Alldredge and Cohen 1987, Ploug et al 1997). 

Aggregates are also microzones with elevated nutrient concentrations, e.g. cyanobacterial 

colonies and diatom aggregates have been shown to be enriched in NH4
+ compared to the 

NH4
+-impoverished water in the surrounding (Ploug et al 2010, Ploug et al 2011, Ploug and 

Bergkvist 2015). 

Large filamentous cyanobacteria are often arranged in millimeter-sized colonies that are 

visible to the naked eye (Figure 5). Colonies of Aphanizomenon sp. and Nodularia spumigena 

are characterized by high concentrations of NH4
+ compared to the ambient water (Ploug et al 

2010, Ploug et al 2011). Microbes are attracted by such nutrient oases and attach in 

abundances that are orders of magnitude higher than those of free-living bacteria in the 

ambient water (Caron et al 1986, Turley and Mackie 1994). Furthermore, colonies of 

OBJECTIVE PAPER III: 

The transfer of new N from the diazotrophic Aphanizomenon sp. to the non-diazotrophic 

community in the Baltic Sea 

(1) How much of newly fixed N is released from diazotrophic Aphanizomenon sp. to 

the ambient water? 

(2) Is released NH4
+ efficiently transferred to non-diazotrophic members of the 

plankton community? 

(3) How fast is the turn-over of released NH4
+ in the ambient water? 
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filamentous cyanobacteria feature steep gradients of pH and oxygen from the colony center 

towards the surrounding water (Ploug 2008). These colonies are thus microenvironments with 

physical–chemical characteristics that are different from the surrounding water. The small-

scale heterogeneity within cyanobacterial colonies may favor the colonization and metabolism 

of diverse microbes. We therefore proposed that colonies of filamentous bacteria are hot-spots 

of N-cycling with colonizing bacteria being able to utilize recently fixed N through a diverse 

set of N-transformation processes.  

 

 

Figure 5 (A) Aggregates of Nodularia in the surface water during a cyanobacterial bloom in the 

Stockholm Archipelago. (B) Colonies of Aphanizomenon (elongated colonies) and Nodularia 

(spherical colonies). Sources: (A) Photo by Silvia Fedrizzi, August 2012 (B) Photo provided by 

Brigitta Bergman. 

 

In Paper IV we determined microbially mediated N-transformation processes within 

aggregates of Nodularia spumigena. N-transformation processes included N-gain (N2 

fixation), N-recycling (ammonification, nitrate reduction to ammonium) and N-loss processes 

(denitrification, anammox). We further characterized the distribution-field of dissolved 

oxygen (O2) and potential nitrous oxide (N2O) within and around such aggregates. Oxygen is 

a terminal electron acceptor and its availability largely governs microbially mediated 

processes. Nitrous oxide is an intermediate of nitrification and denitrification, and is of 

especial interest due to its role as potent greenhouse gas. 

 

 

OBJECTIVE PAPER IV: 

Diverse N-transformation processes in aggregates of N2-fixing N. spumigena  

(1) Do aerobic and anaerobic N-transformation processes potentially co-occur in 

aggregates of N. spumigena? 

(2) What is the distribution of O2 and potential N2O concentration within and around 

N. spumigena aggregates during darkness?   
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EXPERIMENTAL APPROACH AND METHODS 

STABLE ISOTOPE ANALYSES   

—with focus on 
15

N-tracer incubations— 

Water incubations using dual labelling with 
15

N-labelled N-compounds and 
13

C-labelled 

bicarbonate, and mass spectrometry analyses were the main approaches to study N2- and C-

fixation (Paper I-IV), N-recycling and N-transfer (Paper III, IV), and N-loss processes 

(Paper IV) during cyanobacterial blooms in the Baltic Sea. 

Isotopes are variations of one element which take the same (greek iso) position (greek topos) 

in the periodic table. The difference between isotopes is the number of neutrons. Neutrons 

have no electric charge but their mass is similar to the mass of protons, whereas the mass of 

electrons is vanishing low (less than 1/1800 that of neutrons and protons). The mass of atoms 

is thus defined by the sum of protons and neutrons in the nucleus. All known elements on 

Earth have sister isotopes. For instance, N can have atomic masses of 10.04–25.06 with 

neutron numbers of 3–18, but most of these isotopes, except 
14

N and 
15

N, are radioactive with 

half-life times of minutes to nanoseconds. The isotopes 
14

N (mass 14.00) and 
15

N (mass 

15.00) are stable, with natural abundances of 99.636% 
14

N and 0.3663% 
15

N. The mass 

difference is given by one extra neutron in 
15

N compared to 
14

N; 
15

N is therefore called the 

heavier isotope and 
14

N the lighter isotope (Figure 6). 

 

Figure 6 Stable isotopes of nitrogen. Nitrogen-14 differs from the nitrogen-15 in its number of 

neutrons and thus in its atomic mass (both highlighted in red). 

  

In natural sciences 
15

N-labelled N-compounds are widely used to study N-cycling due to the 

low natural abundance, the chemical stability and the higher mass but identical chemical 

properties of 
15

N-isotopes compared to 
14

N-isotopes. Stable N-isotopes are thereby used either 

at their natural abundances to study long-term trends (weeks to geological times) of N-cycling 

(Montoya et al 2002) or additions of 
15

N-tracers are used for short-term incubation 
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experiments (hours to days) to elucidate specific pathways in the N-cycle as applied in this 

thesis.  

Isotope analyses, i.e. the identification and quantification of elements or molecules of 

particular masses, are done by mass spectrometry. Briefly, molecules are ionized and 

thereafter separated and deflected according to their masses in a magnetic field to a detector. 

In this thesis I used several different types of mass spectrometers to cover analyses of various 

N-compounds in the dissolved or particulate phase (Table 1). 

 

Table 1 Different types of mass spectrometry and their application in this thesis. 

Mass spectrometry design Sample N-species 

Comments/ 

preservation Paper References 

Elemental Analysis - 

Isotope Ratio Mass 

Spectrometry 

EA-

IRMS 

solid 13C-POC, 
15N-PON 

13C- and 15N-incorporation 

into biomass/preserved on 

glass-fiber filters 

I-IV Montoya et al (1996) 

Membrane-Inlet Mass 

Spectrometry 

MIMS liquid 14-15N2,  
15-15N2 

Concentrations and isotope 

ratios of N2 gas dissolved 

in water/preserved in gas-

tight glass vials 

I-III Kana et al (1994) 

Gas Chromatography 

Isotope Ratio Mass 

Spectrometry (or 

Trace gas-IRMS) 

GC-

IRMS 

liquid 14-15N2,  
15-15N2, 
15NH4

+, 
15NO3

-, 
15NO2

- 

Concentration of 14-15N2  

and 15-15N2, 
15NH4

+, 15NO3
- 

and 15NO2
- (15NH4

+, 15NO3
- 

and 15NO2
- were converted 

to N2 before analyses) 

/preserved in gas-tight 

glass vials 

II-IV Set-up GC-IRMS and Isotope-

pairing Technique: Bonaglia 

(2015), Holtappels et al (2011), 

Nielsen (1992)  

NH4
+ conversion to N2: 

Warembourg (1993) 

NO3
-/NO2

- conversion to N2: 

Füssel et al (2012) 

Secondary Ion Mass 

Spectrometry 

SIMS solid  13C- and 15N-incorporation 

into single cells/preserved 

on polycarbonate filters 

II-III Hoppe et al (2013), Lechene et 

al (2006), Musat et al (2012) 

 

During the last decade EA-IRMS and to a lesser extent MIMS and GC-IRMS analyses have 

become more common methods mainly due to advanced designs of mass spectrometers, 

automated systems and lower costs for analyses. GC-IRMS combines conventional GC with 

IRMS for highly sensitive analyses of stable isotope compositions of N-compounds in trace 

amounts (Bonaglia 2015, Holtappels et al 2011). GC-IRMS is used to discriminated processes 

of the N-cycle after incubations with different combinations of 15N- and 14N-isotopes of NO3
-, 

NO2
- and NH4

+, a method referred to as the Isotope Pairing Technique (Holtappels et al 2011, 
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Nielsen 1992). SIMS is a technique that has recently been introduced in aquatic microbiology 

and is presented in more detail in the next section. 

 

SECONDARY ION MASS SPECTROMETRY 

 —A novel technology in aquatic microbiology— 

Secondary Ion Mass Spectrometry (SIMS) is an exciting development that makes it possible 

to detect the incorporation of isotope tracers in single cells of aquatic microbes. Thus, the 

SIMS technique allows microbiologists to study metabolic activities within single cells in 

natural, mixed microbial communities.  

For the studies presented in this thesis, we used two different types of SIMS: IMS 1280-HR 

and NanoSIMS 50L (both CAMECA, Gennevilliers, France). Both have the same measuring 

principle, but the NanoSIMS 50L has a higher spatial resolution than the IMS 1280-HR. The 

measuring principle is mass spectrometry of secondary ions. A thin layer including atoms and 

small molecules is sputtered away from a solid sample (e.g. cells on a polycarbonate filter) 

that is bombarded with primary ions (e.g. Cs+). Some of the atoms or molecules are ionized 

and these secondary ions are accelerated into a magnetic field where they are separated 

according to their mass and counted at the detector (Hoppe et al 2013). By scanning the 

sample with the primary ion beam, ions are counted for each pixel and an image of isotope 

and element distributions is created. NanoSIMS has a thinner primary ion beam than the IMS 

1280-HR. Thus, nanoSIMS has a higher spatial resolution (50 nm) on the image and small 

cells or even cell structures <<1 µm are detectable, whereas the IMS 1280-HR is preferably 

used for rather large cells >1 µm. The IMS 1280-HR offers a higher sensitivity due to higher 

primary ion currents and thus higher secondary ion intensities (Hoppe et al 2013). Moreover, 

the number of large cells >1 µm which can be measured per unit time is several times higher 

when using the IMS 1280-HR instead of NanoSIMS 50L.  

We used a IMS 1280-HR and NanoSIMS 50L to quantify rates of N2- and C-fixation in cells 

of common Baltic Sea cyanobacteria (Paper II and III). We further directly traced the 

transfer of newly fixed N as released NH4
+ to non-N2-fixing organisms after water incubations 

with 15N2 and 15NH4
+. Plankton organisms in the water were filtered onto polycarbonate filters 

after incubations and the incorporation of the tracer into single cells was later analyzed on an 

IMS 1280-HR and NanoSIMS 50L.     
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MICROSENSORS 

 —Real-time recording on a micrometer scale— 

Microelectrodes are used in aquatic biogeochemistry to analyze physicochemical parameters 

in and around microbial communities, such as microbial colonies and aggregates in the water 

column, or microbial mats on the sediment surface (Revsbech and Jørgensen 1986). Thereby, 

steep gradients of analytes (e.g. O2, N2O, H2S, pH and diffusivity) are resolved with a high 

spatial (micrometers) and temporal (seconds) resolution in close vicinity to the microbial 

communities. Microsensors as used in Paper IV rely on an electrochemical sensing principle. 

Briefly, the solute—here O2 or N2O— diffuses from the water through a micrometer thin 

membrane at the sensor tip and is reduced at a micrometer-sized cathode behind the 

membrane. The reduction at the cathode is converted by a picoammeter into a current signal 

from which the solute concentration is calculated (Revsbech 2005). We used Clark-type O2 

and N2O microsensors (Andersen et al 2001, Revsbech 1989) to quantify the two-dimensional 

distribution of O2 and N2O concentrations around and within N. spumigena aggregates. 

Millimeter-sized aggregates of N- spumigena were fixed in a flow-through chamber with flow 

regimes as found in nature (Ploug and Jørgensen 1999) and the sensor tip was moved in 100 

µm increments from the ambient water towards the aggregate’s center (Figure 7). 

Concentrations of O2 and N2O around and within aggregates of N. spumigena were thus 

measured in an almost non-destructive manner, in real time and with a high spatial resolution.       

    

 

Figure 7 Micro-profiling on aggregates of N. spumigena. (A) Aggregates were fixed in a chamber and 
the sensor was moved along the central plane of the aggregate to resolve the distribution field of O2 or 
N2O. (B) Aggregate of N. spumigena with the sensor tip approaching from above. (C) Isopleths of O2 
around/within an aggregate of N. spumigena during darkness. Spatial resolution of measuring points 
was 100 x 500 µm (shown as crosses). Sources: (A and B) I. Klawonn, (C) Figure 1 in Paper IV. 
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CENTRAL RESULTS AND DISCUSSION 

N2-FIXATION MEASUREMENTS 

—Preparation of 
15-15

N2-enriched water— 

Paper I offers guidelines for the preparation of 15-15N2-enriched water used for N2-fixation 

measurements. Our major criteria were the practicality, time efficiency and reliability of the 

overall protocol. Briefly, we recommend enriching sterile-filtered sea water with 15-15N2 gas in 

amounts exceeding the standard solubility of N2 in water. The pre-dissolution is preferably 

done in borosilicate bottles, in which the 15-15N2 bubble can be rapidly dissolved after a few 

minutes of vortex-mixing. The preparation of 15-15N2-enriched water, however, carries the risk 

of trace element contaminations which may bias N2-fixation rate measurements in regions 

where N2-fixation is limited by iron or phosphorous (Figure 2). In these regions, we 

recommend to combine the approach of Montoya et al. (1996) and Mohr et al. (2010). The 

combined approach includes the injection of 15-15N2 gas as a bubble directly to the incubation 

volume, followed by gentle shaking and immediately thereafter the bubble is replaced with 

water to terminate the 15-15N2 equilibration. Essentially, the tests in Paper I are valuable to 

circumvent methodological draw-backs for future N2-fixation assessments. 

In Paper II and IV we pre-dissolved the 15-15N2 gas in water as described in Paper I while in 

Paper III we used both, the procedure as shown in Paper I and the procedure in Montoya et 

al. (1996). 

 

NITROGEN FIXATION IN THE BALTIC SEA AND THE FATE OF FIXED NITROGEN 

—Who is fixing most and where does newly fixed nitrogen go?— 

We used stable isotope tracer experiments (15N2 and 13C-DIC) and secondary ion mass 

spectrometry to measure N2- and C-fixation in single cells of cyanobacteria in natural 

plankton communities of the Baltic Sea. Specific N2- and C-fixation were higher in cells of 

Dolichospermum spp. than in cells of Nodularia spumigena and Aphanizomenon sp. (Figure 4 

Paper II). The cyanobacterial biomass, however, is commonly dominated by Aphanizomenon 

sp. which therefore contributed to the major part of phototrophic N2 fixation in the Northern 

Baltic Proper. By using cyanobacterial abundances from 2000–2014 (Swedish National 

Marine Monitoring Program) and the measured cell-specific rates of N2 fixation, we estimated 

that three-fourths of the N2-fixation is attributed to Aphanizomenon sp., approx. one fifths to 

N. spumigena and less than one tenth to Dolichospermum spp. during summer in the Northern 

Baltic Proper (Figure 8 Paper II). N2-fixation in the euphotic zone of the Baltic Sea was fully 
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explained by Aphanizomenon sp., Dolichospermum spp. and Nodularia spumigena. Cells of 

Pseudanabaena sp., colonial picocyanobacteria (Aphanothece sp., Cyanodictyon sp.) and 

autotrophic unicellular cells cf. Synechococcus did not fix N2 (Paper II and III) although at 

least Pseudanabaena sp. has been shown to express the nifH gene (Muenster Happel 2014).  

Intriguingly, specific N2-fixation of Aphanizomenon sp. and Dolichospermum sp. was highest 

in June when temperature was still low with ≤14°C. The difference in N2-fixation by 

diazotrophic species/genera was most pronounced between our sampling stations, one located 

in the archipelago and the other offshore. Cell-specific rates of Aphanizomenon sp., 

Dolichospermum spp. and N. spumigena at the coastal station were seven times as high as 

rates at the offshore station (Figure 4 and Table 3 Paper II), presumably due to severe P-

limitation in the upper mixed layer at the offshore station. Often it is assumed that N2 fixation 

in temperate coastal areas is low partly because of elevated DIN concentrations in these 

regions compared to offshore regions. Baltic Sea diazotrophs, however, have a low affinity to 

DIN such as NH4
+, at least when P-availability seems sufficient (Paper III, Klawonn et al, in 

prep.). Coastal zones with sufficient P-fluxes may therefore be zones with substantially higher 

N2-fixation than commonly anticipated (Bentzon-Tilia et al 2015, Paper II).  

Diazotrophic cyanobacteria can fix N2 in excess of their own N-demand and cells leak a 

substantial percentage of newly fixed N into the ambient water as shown in cultures 

(Mulholland and Capone 2001, Wannicke et al 2009) and on field-sampled cyanobacterial 

colonies (Ploug et al 2010, Ploug et al 2011, Paper III). Aphanizomenon sp. is suggested to 

account for more than half of the N2 fixation in wide regions of the Baltic Sea (Paper II) and 

up to 35–50% of newly fixed N may be directly released as NH4
+ from Aphanizomenon sp. 

(Ploug et al 2010, Paper III). Using stable isotope incubations with 15N2 we traced the direct 

transfer of diazotrophic N from N2-fixing Aphanizomenon sp. to non-N2-fixing members of 

the plankton community. Ammonium released from Aphanizomenon sp. was effectively 

transferred to other phyto- and bacterioplankton. The turn-over time of dissolved NH4
+ in the 

water was short, 5 hours or even shorter (Paper III, Klawonn et al., in prep.) while rates of 

NH4
+ uptake and regeneration were balanced, keeping the ambient NH4

+ concentrations 

steady at <250 nM. Heterotrophic and autotrophic bacteria could sustain theoretical N-

doubling times of less than two days based on NH4
+ uptake (Table 2, Paper III). Also 

diatoms and copepods benefited from diazotrophy as shown by 15N-enrichments in non-N2-

fixing diatoms and copepods after 15N2 incubations of natural seawater. N2-fixing 

cyanobacteria may therefore stimulate both ecosystem productivity and export production on 

a shorter time scale (hours to days) than previously assumed (weeks to months). 
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AGGREGATES OF NODULARIA AS HOT-SPOTS FOR N-CYCLING 

In Paper IV, we hypothesized that aggregates of Nodularia spumigena provide biological, 

chemical and physical conditions that facilitate the co-occurrence of diverse N-transformation 

processes within the aggregates. Indeed, we could demonstrate that N2-fixation, 

ammonification, nitrification, nitrate reduction to ammonium and denitrification potentially 

co-occur within aggregates of N. spumigena (Table 3 and Figure 4 Paper IV). The co-

occurrence of aerobic and anaerobic N-transformation processes was possible in N. 

spumigena aggregates because of high rates of dark O2 respiration in the aggregates, resulting 

in O2 depletion in the aggregate’s center, although aggregates were suspended in aerated 

water (Figure 1 Paper IV). Anoxia in marine aggregates, however, is predicted to occur only 

in aggregates larger than 1 mm when suspended in aerated water, whereas anoxia in smaller 

aggregates of <1 mm is expected only when these are suspended in low-oxygenated waters 

(Figure 6 Paper IV), such as Oxygen Minimum Zones (Lam and Kuypers 2011). We 

concluded that the potential for N-cycling within cyanobacterial colonies and aggregates is 

limited by low nitrification activity and low nitrate concentrations in the photic zone. Yet, 

marine aggregates may significantly contribute to N-cycling processes in aphotic, low-

oxygenated and nitrate/nitrite-enriched zones in the deep-water as recently suggested by 

Kalvelage et al. (2013, 2015) and Ploug & Bergkvist (2015).   

 

SYNTHESIS 

Cyanobacterial blooms are commonly seen as a nuisance because of their detrimental effects 

on the perceived water quality and intensifying eutrophication by N2-fixation in the Baltic 

Sea. This thesis presents new insights in nitrogen cycling during cyanobacterial blooms in the 

Baltic Sea. By comparing cellular rates of N2-fixation and abundances with total N2-fixation 

of the plankton community we could demonstrate that Aphanizomenon sp., Dolichospermum 

spp. and N. spumigena are indeed the exclusive N2-fixing organisms within the euphotic zone 

of the Baltic Sea. Importantly, similar abundances of diazotrophic cyanobacteria do not 

necessarily equate to similar N2-fixation as shown be substantial differences in cell-specific 

N2-fixation between a coastal and an offshore site. A large fraction of new N was released 

from N2-fixing cyanobacteria and rapidly assimilated by other members of the microbial and 

classical food web. In aggregates of N. spumigena, new nitrogen was potentially transformed 

by a diverse set of nitrogen-cycling processes, but this potential was limited by low rates of 

nitrification or low availability of nitrate/nitrite. In conclusion, large, heterocystous 
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cyanobacteria promote productivity on both a small-scale, e.g. due to the transfer of NH4
+ to 

bacteria which colonize diazotroph cyanobacteria and on a larger scale, e.g. due to the NH4
+ 

transfer to fast-sinking diatoms and potential grazers such as zooplankton which eventually 

may export new N from the euphotic to the benthic zone. Diazotroph cyanobacteria are thus a 

fundamental part of the food web during summer, and instrumental for productivity and 

carbon sequestration in the Baltic Sea.  

 

FUTURE RESEARCH 

Historically, studies of microbial activities at a single-cell level were exclusively done on 

cultured isolates which represent only a small percentage of the real diversity of 

microorganisms (Joint et al 2010). The SIMS technique now enables us to study the eco-

physiology of cells and individual populations in mixed plankton communities without having 

to isolate the cells and grow them under artificial conditions (Musat et al 2012). Given the 

ubiquity of microbes in the biosphere and their crucial role in biogeochemical cycles on Earth, 

the application of SIMS has substantially improved our understanding of microbial ecology 

and will surely continue in doing so. 

I would suggest two research topics for the application of SIMS. 

i. N2-fixation benefits the growth of non-N2-fixing members of the plankton community 

due to a direct transfer of newly fixed N within marine food webs (Paper III). Still, 

given the high energetic costs of N2 fixation it remains puzzling why diazotrophic 

cyanobacteria leak or release almost half of their newly fixed N to the ambient water 

(Ploug et al 2010, Ploug et al 2011, Paper III, partly Paper II). It is therefore of 

interest to study the drivers of NH4
+ release and potential mutual benefits between 

diazotrophic and non-diazotrophic microbes to predict the stimulation of primary 

production due to N2-fixation. Presumably, elevated P-availability stimulates N2-

fixation to rates exceeding the cellular N-demand as indicated by high N2-fixation and 

NH4
+ release in a coastal area where P-concentrations were elevated compared to 

offshore regions (Paper II). Using SIMS N2-fixation, potential NH4
+ release, and P-

uptake and -storage can be studied in single cells of cyanobacteria to elucidate the link 

of N- and P-dynamics at a single-cell level.  

ii. The spectrum of aquatic N2-fixing organisms has been greatly expanded during the 

last decade. Nevertheless, the contribution of recently discovered N2 fixers (e.g. free-

living or symbiotic unicellular cyanobacteria) to global N2 fixation is largely 

unquantified. We used SIMS and microscopy to test N2-fixation activity in putative 
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N2-fixing cyanobacteria. Moreover, we quantified the contribution of single 

cyanobacterial genera to N2 fixation in the Baltic Proper (Paper II). This approach 

may also be applied in the oligotrophic ocean to firstly check N2-fixation activity in 

microbes with nifH gene expression and secondly to quantify the importance of single 

cyanobacterial genera for global N2-fixation. 

We demonstrated that cyanobacterial aggregates have the potential to simultaneously contain 

processes of N-gain, -recycling and -loss (Paper IV). However, the potential for a complete 

N-cycle in millimeter-sized aggregates is limited by low rates of nitrification and/or low 

nitrate availability in illuminated, NO3
--depleted surface waters. In contrast, marine 

aggregates may substantially contribute to N-transformation processes in, e.g. oxygen 

minimum zones (OMZ) which are characterized by hypoxia or anoxia and abundant NO2
- 

and/or NO3
- (Kuypers et al 2005, Ulloa et al 2012). OMZs harbor diverse microbial 

communities that influence the N-economy of the oceans (Lam and Kuypers 2011) and 

contribute to 30–50% of N2-loss in the global ocean (Codispoti et al 2001). It is therefore of 

interest to investigate different N-cycling processes within marine aggregates and to entangle 

to which extent rates of N-gain, -recycling and -loss processes within individual aggregate 

relate to the N-cycling in OMZs. Studying small-scale processes in natural marine aggregates, 

however, is often intricate. For instance, particulate material or “marine snow” is fragile and 

we still lack reliable methods for sampling natural aggregates in high numbers for incubation 

experiments.  
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