
 

 

 

 

Nitrogen transformation processes in the 

coastal zones of the Baltic Sea 

- 

On the turnover, regulation and role 

of coastal nitrification 

 

 

 

 

Dissertation 

 

zur Erlangung des akademischen Grades 

doctor rerum naturalium 

(Dr. rer. nat.) 

 

vorgelegt der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der Universität Rostock 

 

 

von 

Ines Bartl 

geb. am 15.08.1988 in Dessau 

 

 

Rostock, 2017 

 

 

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2017-0103-3

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachter: 

1. Gutachterin:  

Prof. Dr. Maren Voss, 

Leibniz Institut für Ostseeforschung Warnemünde 

2. Gutachterin: 

Prof. Dr. Jane Caffrey 

Center for Environmental Diagnostics and Bioremediation 

University of West Florida 

 

Datum der Einreichung: 28. Juni 2017 

Datum der Verteidigung: 20. Oktober 2017 



 
 

 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



  Contents 
_______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

 
 

Contents 

Summary V 

1. Introduction 1 

1.1 The coastal zone: anthropogenic impacts and the role of rivers 1 

1.2 The coastal nitrogen cycle 3 

1.3 Nitrification 7 

1.4 Nitrification in specific coastal environments 9 

1.5 The Baltic Sea and its coastal zone 11 

1.6 Aim of the study 14 

2. Materials and Methods 16 

2.1 Study sites 16 

2.2 Environmental data in the water column 19 

2.3 Environmental data in the sediment 24 

2.4 Nitrification rates and ammonium assimilation rates 25 

2.5 Statistical analyses and calculations 27 

3. Results and Discussion 29 

3.1 Measurement and calculation of nitrification rates 29 

3.2 River plume and bottom boundary layer – Hotspots for nitrification in an 
open coastal bay? 32 

3.3. Is BBL-nitrification related to sediment properties? 53 

3.4 Do distinct riverine N-loads lead to different coastal nitrification rates? 67 

4. Final Conclusions and Perspectives 80 

5. References 85 

Acknowledgements VII 

Appendix IX 

Declaration XIX 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



  Summary 
_______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

V 
 

Summary 
The overall aim of this thesis was the quantification of nitrification and the investigation 

of its role in the coastal nitrogen turnover. Therefore, two estuaries in the Baltic Sea, 

the Vistula estuary, located in the Bay of Gdansk, and the Öre estuary were chosen. It 

was checked whether hotspots of nitrification exist in the specific coastal environments 

river plume and bottom boundary layer and how nitrification was regulated. Also, the 

influence of sediment properties and processes on nitrification in the sediment 

overlying BBL were studied. Finally, nitrification rates from the Vistula estuary and Öre 

estuary were compared with the focus on the role of nitrification in the respective 

coastal zones. This study was based on the measurement of nitrification rates by using 

the stable nitrogen isotope 15N in 15N-NH4+ tracer incubations. In the framework of the 

EU Bonus project COCOA, in which this thesis is integrated, three cruises and two field 

campaigns were conducted to the Bay of Gdansk and in Öre estuary, respectively. 

Information on environmental variables like salinity, temperature, and concentrations 

of oxygen, nutrients, organic matter and chlorophyll a were collected at both sites. A 

great focus lied in the sampling of water from the BBL close to the sediment surface and 

the river plume. Through the contribution and access to extensive data sets on 

environmental variables and processes from both water column and sediment, several 

intriguing results arose in this thesis. 

Specific coastal environments and nitrification regulation were investigated in the 

Vistula estuary, the coastal estuarine part of the Bay of Gdansk. Only the distinct BBL in 

summer could be characterized as hotspot for nitrification due to enhanced nitrification 

rates under conditions of stable thermal stratification and strong coupling to organic 

matter degradation, as indicated by the positive relationship of nitrification to PON and 

POC concentrations. The river plume and BBL in winter and spring were surprisingly 

no nitrification hotspots. The river plume was a transition zone with a shift in 

magnitude and regulation of nitrification rates suggesting a shift in the nitrifier 

community. The BBL was indifferent to the overlying water column and a lack of 

correlations between nitrification rates and measured environmental variables 

suggests other potential regulation mechanisms. The influence of the hydrodynamic 

regime and physiological adaptations were discussed and partly supported by results 

from a storm event. 

Nitrification rates in the sediment overlying BBL of the Vistula estuary are not related 

to sediment types. Also, the sedimentary NH4+ fluxes did not reflect different sediment 
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properties (e.g. permeability). Unexpectedly, also no direct correlation was found 

between BBL-nitrification rates and NH4+ fluxes. However, in winter and spring 

sedimentary NH4+ release is linked to BBL nitrification by refilling the ambient NH4+ 

pool at a slightly higher rate than NH4+ is consumed. Since NO3
- produced by BBL-

nitrification is hardly used by sedimentary denitrification, it remains in the BBL being 

subject to either resuspension and subsequent uptake by primary producers, or to 

transport by lateral bottom water currents. Due to the former process, NO3
- might re-

enter the coastal nitrogen cycle and by the latter process, NO3
- could be exported from 

the Vistula estuary. 

Compared to the eutrophied Vistula estuary in the southern Baltic Sea, which receives 

high DIN loads from the Vistula River, the Öre River discharges less nitrogen, dominated 

by DON, into the pristine Öre estuary in the northern Baltic Sea. Albeit these differences, 

nitrification rates surprisingly covered the same range in both estuaries. Similar 

environmental conditions during the sampling periods, not only physically (e.g. 

temperature) but also in similar concentrations of DIN, DON and PON, as well as the 

similar composition of the nitrifying community might be reflected in the indifferent 

nitrification rates. The difference between the two Baltic estuaries regarding 

nitrification evolved when the role of nitrification in the coastal N-turnover was studied. 

Nitrification rates in the BBL of the Öre estuary produce a significant amount of NO3
- 

(DIN) compared to the low riverine DIN load in summer. Thus, nitrification is a 

significant DIN source in the Öre estuary, compared to the Vistula estuary.  

The results of this thesis further show that coastal nitrification in the water column and 

especially in the BBL is recycling at least as much nitrogen as there is removed via 

sedimentary denitrification. Budgets derived from nitrification and NH4+ assimilation 

rates suggest a high contribution of N-recycling to N-retention. Benefits and risks of 

coastal N-retention dominated by N-recycling are discussed and suggestions for future 

research on coastal nitrogen cycling are given.
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1. Introduction 
This chapter includes passages from the “Introduction” of a submitted manuscript 

entitled: “River plume and bottom boundary layer – hotspots for nitrification in a 

coastal bay?” submitted to “Estuarine Coastal and Shelf Sciences” on January 12, 2017. 

Co-authors are Kirstin Schulz, Iris Liskow, Lars Umlauf and Maren Voss. The 

“Introduction” of the submission was entirely written by me.  

 

This PhD-thesis was integrated in the EU Bonus project “COCOA” (Nutrient cocktails in 

the coastal zones of the Baltic Sea), which studies the coastal filter function and 

biogeochemical processes in coastal zones around the Baltic Sea. The work done by the 

IOW was located mainly at two different sites, the Bay of Gdansk and the Öre estuary. 

The introduction of this thesis is intended to firstly provide information on the impact 

of rivers to coastal zones and the coastal N-cycle. Secondly, the nitrogen transformation 

process nitrification and its regulation as well as specific coastal environments like the 

river plume and bottom boundary layer are introduced. The potential influence of 

sediment properties and riverine N-loads on coastal nitrification is also addressed. At 

last, the two distinct Baltic coastal zones, Bay of Gdansk and Öre estuary, are described. 

 

1.1 The coastal zone: anthropogenic impacts and the role of rivers 

The population growth and increase in food demand strongly perturbs the 

biogeochemical cycles of carbon, nitrogen and phosphorus (Rockström, 2009; 

Seitzinger, 2008; Vitousek et al., 1997). Nitrogen is introduced through fossil fuel 

combustion, fertilizer use, and waste water discharge by industries and husbandries 

(Gruber and Galloway, 2008). Nowadays, the global production of reactive nitrogen is 

more than twice as the amount generated through natural sources (Seitzinger, 2008; 

Galloway et al., 2008). Rivers are primary and rapid exporters of land derived material 

to the coastal sea (Sharples et al., 2017; Smith et al., 1999). Thereby, they connect 

terrestrial catchments with the coastal zone and the adjacent open sea. The oceans 

receive essential nutrients and trace metals to sustain ocean productivity this way, e.g. 

the oceans silica supply mainly comes from the rivers (Conley, 1997). The 

anthropogenic impact led to an increase in nutrient and organic matter concentrations 

in the rivers and hence in the loads draining into coastal zones (Seitzinger et al., 2010). 

Only recently, Sharples et al. (2017) estimated from a global model that 75 % of the 

riverine and estuarine dissolved inorganic nitrogen (DIN) entering the shelf sea could 
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be further exported to the open ocean. A process severely affecting coastal zones due to 

high riverine discharge of nutrients and organic matter is eutrophication (Nixon, 1995; 

Richardson and Jørgensen, 2013). It primarily leads to an increase in primary 

production followed by an enhanced secondary production leading to increased oxygen 

consumption and a change in species composition. This is followed by severe secondary 

implications like increased turbidity, harmful alga blooms and hypoxia (Diaz and 

Rosenberg, 2008), as well as to a loss of biodiversity and an increased mortality of 

species (Richardson and Jørgensen, 2013). Thereby, eutrophication also has a strong 

impact on biogeochemical processes in coastal and estuarine systems (Kemp et al., 

2009; Middelburg and Levin, 2009). Nitrogen is known to be the main driver regarding 

coastal eutrophication (Howarth and Marino, 2006) and there are numerous studies 

dealing with nitrogen loading and nitrogen turnover in coastal zones (e.g. Almroth-

Rosell et al., 2016; Brion et al., 2008; Dähnke et al., 2008 and 2010; Middelburg and 

Nieuwenhuize 2001). In the last centuries, nitrogen loads remained constantly high, 

whereas anthropogenic phosphorus loads were successfully reduced (Pearl, 2009; 

Soetaert et al., 2006). This alters the ratio of bioavailable nitrogen and phosphorus to 

primary producers and could lead to a loss of the coastal retention capacity regarding 

nitrogen (Howarth et al., 2011).  

Coastal zones are defined as the interface of land and sea which experiences both 

terrestrial and marine influences (Alongi, 1998). Several types of coastal zones are 

categorized due to geographical and hydrological conditions: e.g. lagoons, archipelago, 

bays, embayments, and estuaries  (e.g. Jickells, 2014; Mann and Lazier 1991; Wolanski 

2007). The latter gains high attention in the coastal research, since they are primarily 

and directly affected by riverine nutrient and organic matter load. A classical estuary as 

a part of the coastal zone is a semi-enclosed body of water with a free connection to the 

open ocean and a measurable salinity gradient from freshwater to saltwater (Pritchard, 

1967). Modern definitions refer to estuaries as variably enclosed structures with part 

time closing, disturbed freshwater inflow and negligible tidal influence as influencing 

factors (Wolanski, 2007). The basic pattern of river estuaries is influenced by the depth 

and by the occurrence of tides (Mann and Lazier, 1991). One type of river estuaries is 

the salt wedge estuary. Missing tidal currents and a greater depth are main 

characteristics of such estuaries. Since riverine fresh water is lower in density than the 

salt water of the coastal zone, a river plume develops and vertical stratification is 

enhanced. The point of changing salinity in the bottom water layer is the so-called salt 

wedge. At this position, the changing salinity leads to flocculation and sinking of 
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particles and a turbidity maximum can develop. Since this salt wedge moves along the 

land-sea-continuum depending on the strength of the freshwater outflow and saltwater 

inflow, particles and organic matter will be distributed widely. The direction of the river 

outflow at the surface depends on the geostrophic balance and wind driven surface 

currents. Thus, changes in wind direction for example can change the direction of the 

river plume leading to a wide distribution of nutrients which are transported by the 

river outflow. Simpson (1997) describes an estuarine mixing zone which extends 

beyond the conventional estuary definition to a highly variable, stratified “Region of 

Freshwater Influence” (RoFI) in coastal zones and shelf seas. Such region can be 

visually described by the river plume, where intense biological, physical and chemical 

processing occurs (Statham, 2012). Estuaries are generally regarded as “coastal filters” 

since nutrient and organic matter concentrations are retained during the passage of the 

water along the land-sea continuum (Cloern 2001). This nutrient retention in the 

coastal system can be achieved for example by along shore coastal currents, which 

physically separate the coastal system from the open sea (Voss et al., 2005a). 

Biogeochemically, nutrients and organic matter can be retained through continuous 

recycling, by e.g. nitrification within or removal from the coastal system by e.g. 

denitrification or burial (Joye and Anderson, 2008). However, eutrophication induced 

changes in nutrient and organic matter cycling in a coastal system can severely and 

partially irreversibly alter the system functioning (Richardson and Jørgensen, 2013).  

 

1.2 The coastal nitrogen cycle 

The complex nature of the nitrogen cycle lies in the great number of oxidation states 

and various reduction- and oxidation processes, which are all microbially mediated 

(figure 1).  Figure 2 illustrates main processes in the coastal N-cycle which are 

described in the following. Dissolved inorganic nitrogen (DIN) as the sum of nitrate 

(NO3
-), nitrite (NO2

-) and ammonium (NH4+), particulate organic nitrogen (PON) and 

dissolved organic substances (DON) are imported into the coastal zone by rivers and 

will be assimilated or degraded by phytoplankton and heterotrophic bacteria (Brion et 

al., 2008; Ward et al., 1984). Via primary production biomass will be built up and 

secondary production follows. Thereby generated PON eventually sinks to the coastal 

seafloor through close benthic-pelagic coupling. Also, riverine particles (including 

PON) sink to the seafloor when confronted with coastal saltwater (Mann and Lazier, 

1991). When settled onto the sediment, PON from both sources, primary production 
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and river load, will be consumed, degraded or buried by the benthic community (micro- 

and macroorganisms). Through resuspension PON can be mixed back into the bottom 

water, where it is not only subject to degradation (Floderus et al., 1999) but also to 

transport (Emeis et al., 2002). Via ammonification, NH4+ is produced during the 

degradation of organic matter. Under oxic conditions, NH4+ undergoes nitrification both 

in the bottom water and in oxic sediment layers. Via nitrification NH4+ is first oxidized 

to NO2
- (ammonium oxidation) followed by nitrite oxidation to NO3

- (see chapter 1.3). 

Under anoxic conditions NO3
- is reduced to dinitrogen (N2) which is not bioavailable 

and may escape to the atmosphere. This process, called denitrification, is the most 

important N-removal process in coastal zones. It is mediated by facultative 

heterotrophic, anaerobic denitrifiers which use NO3
- as electron acceptor for POC 

degradation (Devol et al., 2015). There are two other N-transformation processes 

occurring under anoxic conditions which are not further considered in this study: 

anaerobic ammonium oxidation (anammox) and dissimilatory nitrate reduction to 

ammonium (DNRA, Figure 1). Via anammox, NH4
+ is used together with NO2

- to 

produce N2, thereby being also a N-removal pathway (Dalsgaard et al., 2005). The 

reduction from NH4
+ to NO3

- occurs via DNRA which has only recently been recognized 

to be of significance in estuarine and coastal sediments especially under occurrence of 

free hydrogen sulfide (Bonaglia et al. 2014 and 2017; Jäntti et al., 2012). The 

regenerated NO3
-, NO2

- and NH4
+ are transported back from the sediment and the 

bottom water into the water column by resuspension events through physical mixing. 

In the euphotic zone, they are again bioavailable to primary producers and thus enter a 

new N cycle. 

The cycle of uptake, particle formation, sedimentation and remineralization or removal 

of nitrogen is influenced by several factors such as 1) eutrophication/oxygen 

concentration, 2) coastal morphology and 3) benthic macrofauna. High riverine N-loads 

to coastal systems promote eutrophication (Pearl and Piehler, 2008), which in turn 

impacts internal coastal N-cycling. The only N-removal process known to offset N-input 

in rivers and coastal zones is benthic denitrification. However, a study in freshwater 

streams revealed that increased NO3
- concentrations can lead to a decrease in the 

denitrification efficiency (Mulholland et al., 2008). Furthermore, Lunau et al. (2012) 

showed that nitrification rates are increasing with higher N:P ratios in growth 

experiments. Similar effects could evolve in coastal zones: increasing riverine NO3
- 
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loads, especially relative to PO43+, reduce the N-removal efficiency while N-recycling by 

nitrification could increase resulting in a positive feedback in eutrophication. 

 

 

 
Figure 1: The marine nitrogen cycle. The different N-species and assigned N-transformation processes 
are plotted against their oxidation state. Nitrate is the most oxidized N-species while ammonium and 
organic nitrogen display the most reduced N-species in the cycle. Processes shown in grey occur under 
anoxic conditions (modified from Gruber, 2008). 
 

 

 
Figure 2: Key nitrogen transformation processes in a coastal zone. Black arrows represent N 
transformation processes, whereby processes highlighted by bold arrows were measured in this study. 
Grey arrows represent transport pathways of the N-species. 
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In eutrophied systems the oxygen consumption (respiration and oxidation processes) 

increases as a result of high organic matter loads reaching the bottom water layers. 

When oxygen consumption exceeds oxygen supply, hypoxia is the consequence. Under 

hypoxic and anoxic conditions ammonium effluxes out of the sediment increase and 

reduction processes start to dominate (Jäntti and Hietanen, 2012). Especially 

denitrification is enhanced as long as there is supply of NO3
-. If the NO3

- supply from oxic 

water zones cannot compensate the NO3
- demand of denitrification in anoxic zones, 

denitrification will be mitigated (Middelburg and Levin, 2009). Hence, not only the 

increase in NO3
- concentrations (Mulholland et al., 2008) but also prolonged hypoxic to 

anoxic conditions potentially mitigate N-removal and support N-recycling (Jäntii, 2012; 

Middelburg and Levin, 2009). Geographical and hydrological characteristics of coastal 

zones can also have an impact on nitrogen cycling. Especially, the residence time was 

found to be a main driver for nitrogen removal (Jickells et al., 2014; Nixon et al., 1996). 

Calculations by Jickells et al. (2014) indicate, for example, that the area of an estuary 

and the flushing rate of the rivers are key controls on benthic denitrification. 

Furthermore, Voss et al. (2010) revealed that with duration of the residence time 

(average time a water molecule or particle stays in a system) more nitrogen is removed 

out of the system by denitrification. Due to the low depth of coastal zones, organic 

matter which sinks to the seafloor remains “fresh”, meaning it has not been degraded 

much during sedimentation. In this context, the lagoons (Voss et al., 2010) are more 

efficient sites of removal processes than estuaries and open bays. Macrofauna is directly 

influencing organic matter processing at the seafloor by the initial uptake and 

reworking (Josefson et al. 2012). Other effects on N-cycling by fauna are burial, 

bioturbation and deposition of POM, oxygenation of sediment and generating 

microhabitats for microorganisms (Hunter et al. 2012; Norkko et al. 2001). It has been 

shown that macrofauna enhances the coupling of nitrification and denitrification in the 

sediment, thus increasing N-removal (Devol, 2015; Stief, 2013). Through the 

ventilation of their burrows via bioirrigation, benthic macrofauna increase the surface 

area of the oxic-anoxic interface in the sediments where coupled nitrification-

denitrification occurs (Stief, 2013). Furthermore, macrofauna is known to increase the 

sedimentary nutrient release by several orders of magnitude compared to diffusive 

transport (Stief, 2013), which can enhance biogeochemical processes in the sediment 

overlying water. 
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1.3 Nitrification 

A key process in the coastal nitrogen cycle is nitrification, that is, the microbially 

mediated 2-step oxidation of ammonium (NH4
+) to nitrite (NO2

-) and subsequently to 

nitrate (NO3
-). Together with ammonification, nitrification is an important 

remineralisation pathway. Furthermore, it connects the ammonification with nitrogen 

removal processes (anammox, denitrification) and other nitrogen recycling processes 

(DNRA, or assimilation, Figure 1). Nitrification does not change the amount of nitrogen 

in a system but rather composition, distribution and fate of DIN (Carini et al., 2010). 

Especially the coupling of nitrification to sedimentary denitrification is an important 

component of the coastal filter function (Jäntti and Hietanen, 2012).  

The first step of nitrification is realized by ammonia oxidizing bacteria (AOB) and 

archaea (AOA), respectively, and produces NO2
-. The oxidation of NO2

- to NO3
-, the 

closely coupled second step of nitrification, is realized by nitrite oxidizing bacteria 

(NOB). Ammonium oxidation is considered to be the rate limiting process (Ward, 

2008). Recent studies found a nitrifying bacteria species which was capable of complete 

nitrification from NH4
+ directly to NO3

-, but its ecological relevance is not yet known 

(Daims et al., 2015; van Kessel et al., 2015). Nitrifiers (AOA, AOB and NOB) are mainly 

chemolithoautotrophic and gain energy via aerobic oxidation of NH4
+ or NO2

- while 

incorporating dissolved inorganic carbon. However, it has been found that many AOB 

and NOB as well as some AOA species are also able to use organic nitrogen, like urea, 

instead of ammonium (Alonso-Sàez et al., 2012; Koops and Pommerening-Röser, 2001). 

Furthermore, Qin et al. (2014) showed, that there exist mixotroph AOA which also grew 

with organic carbon instead of CO2 as carbon source. In general, nitrifiers are slow 

growing microorganisms (Koops et al., 2006; Mosier et al., 2012), and their affinity to 

the substrate NH4
+ is highly variable. AOB are generally less sensitive to NH4

+ than AOA 

(Horak et al., 2013; Martens-Habbena et al., 2009). Because of their high NH4
+ affinity 

and their high abundance AOA are considered to be the main driver for nitrification in 

the oligotrophic ocean (Bemann et al., 2008; Francis et al., 2005; Wuchter et al., 2006). 

In coastal zones, however, contradicting results were found regarding the dominance 

of AOA (Caffrey et al., 2007; Lipsewers et al., 2014; Mosier and Francis, 2008; Tolar et 

al., 2013) or AOB (Li et al., 2015; Magelhaes et al., 2009) in the nitrifier community.  

Additional to the physiological variability of nitrifiers, coastal zones are highly dynamic 

and variable systems regarding environmental variables that influence the nitrification 

activity, i.e. nitrification rates. The high variability in nitrification rates caused by 
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numerous environmental factors have not yet led to a consistent explanation of the 

rates encountered in coastal zones (Damashek et al. 2016). The main environmental 

variables influencing coastal nitrification are salinity, temperature, oxygen, NH4
+, and 

particulate suspended matter (SPM) which includes PON. Nitrification rates are usually 

highest at low salinities because riverine freshwater contains high concentrations of 

NH4
+ (Bianchi et al., 1999; Brion et al., 2008) and may be limited at higher salinities due 

to the slow growth rate and thus slow adaptation of nitrifiers (Damashek et al., 2016; 

Santoro and Casciotti, 2011). Regarding temperature some studies found positive 

relationships with nitrification rates (e.g. Bianchi et al. 1999; Dai et al. 2008; Iriarte et 

al. 1998). However, correlations are often weak and cannot be converted into a 

seasonal pattern (Damashek et al. 2016). In some estuaries or coastal zones 

nitrification rates are highest during summer or spring, in others highest nitrification 

rates are found in autumn or winter. Ward (2008) ascribes temperature to be of minor 

importance on the regulation of nitrification, since nitrifying populations are generally 

adapted to the ambient temperature of their environment. This is underlined by Horak 

et al. (2013) and Baer et al. (2014) who found no influence of temperature on 

nitrification rates in manipulation experiments. Nitrifiers need oxygen to gain energy 

via nitrification, but they are assumed to be microaerophilic, which means they are 

most active at lower oxygen concentrations (Park et al., 2010; Ward, 2008). Therefore, 

they could react sensitively to the oxic-anoxic interfaces typical of coastal waters 

(Ward, 2008). Indeed, some coastal studies have reported negative relationships 

between nitrification rates and oxygen concentrations (e.g. Bristow et al., 2015; Jäntti 

and Hietanen, 2012). While there is convincing evidence that NH4
+ concentrations 

enhance nitrification rates, suggesting a regulation by substrate availability (Bianchi et 

al., 1999; Damashek et al., 2016; Hsiao et al., 2014), such a correlation has not been 

consistently demonstrated (Grundle and Juniper, 2011; Heiss and Fulweiler, 2016). 

Instead, their relationship is attributed to an adaptation of nitrifiers to ambient NH4
+ 

concentrations (Peng et al., 2016) or to the tight coupling between ammonium 

production and oxidation (Bronk et al., 2014; Horrigan et al., 1990). Moreover, in a 

variety of coastal zones nitrification positively correlates with SPM (Damashek et al., 

2016; Feliatra and Bianchi, 1993) or PON (Hsiao et al., 2014). The association or 

attachment of nitrifiers to particles suggest that rapidly generated supplies of NH4
+ are 

growth promoting (Karl et al., 1984; Koops and Pommerening-Röser, 2001; Phillips et 

al., 1999; Stehr et al., 1995).  
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1.4 Nitrification in specific coastal environments 

Coastal zones comprise specific environments, such as river plumes and bottom waters. 

Yet, nitrification, its regulation and its ecological role in these different water bodies 

have rarely been compared, despite the inherent differences in their environmental 

conditions. For example, Heiss and Fulweiler (2016) found that the regulation of 

nitrification differed in surface and deep waters. In bottom water, concentrations of 

nutrients and particles may be higher than in surface water such that nitrification will 

be enhanced. In their study of the Scheldt estuary, Brion et al. (2008) modelled N-

budgets and identified a missing NH4
+ sink that was presumably balanced by 

nitrification in the particle-rich bottom water of the estuary. Korth et al. (2013) pointed 

out the important role of bottom water nitrification and its coupling with sedimentary 

denitrification in the outflow region of Szczecin lagoon (Baltic Sea) and recognized the 

need to distinguish between surface and bottom water processes in investigations of 

coastal N-cycling.   

In estuarine coastal zones, a river plume can develop in the surface water layer. This 

riverine fresh water in the plume transports the loads of DIN, DON and PON. 

Stratification due to the less dense river plume on top of the coastal water together with 

the riverine DIN fuels primary production. Riverine NH4
+ and NH4

+ remineralized from 

DON and PON could also be used for nitrification in the river plume (Figure 3). But in 

the photic surface water layer, nitrifiers have to compete for NH4
+ with phytoplankton 

(Smith et al., 2014) or might be light limited (Ward, 2008). On the other hand, high 

turbidity of the river plume water might support nitrification in the competition for the 

substrate, because primary production could be attenuated. Lunau et al. (2012) 

suggested that in eutrophied waters, where the N:P ratio is above 32:1, DON production 

by phytoplankton is enhanced which could fuel ammonification and nitrification. 

Indeed, Bianchi et al. (1999) found higher nitrification within the Rhône river plume 

than at the sea and linked it to higher NH4
+ concentrations found in the plume. Pakulski 

et al. (2000) suggest high nitrification activity also in the Mississippi river plume. But 

they also found indications of less nitrification activity in the Atchafalaya river plume 

and concluded, that different hydrology or different nutrient loading lead to different 

biogeochemical processes in river plumes (Pakulski et al., 2000). Hence, the specific 

coastal environment “river plume” has the potential for high nitrification rates, mainly 

due to high riverine NH4
+ loads. 
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In shallow coastal waters a tight benthic-pelagic coupling exists connecting the 

euphotic zone where nutrients are consumed and particulate organic matter (POM) is 

produced with the bottom water layer where POM is consumed and nutrients are 

produced (remineralisation). The bottom water layer includes the bottom boundary 

layer (BBL, also referred to as the benthic boundary layer or benthic mixed layer). The 

BBL is defined as a near-bottom region of very few to tens of meters thickness, 

characterized by turbulent boundary layer flow (Dade, et al., 2001), and by enhanced 

turbulence levels and reduced vertical density gradients compared to the overlying 

water column (Richards, 1990; Figure 3). Turbulence and mixing in this energetic 

region are typically fuelled by bottom friction and the interaction of internal waves with 

the sloping topography (Grant and Madsen, 1986; Thorpe, 2005). The vertical extent of 

the BBL is determined by the complex interplay of numerous factors, including near-

bottom shear and density stratification, that account for the large spatial and temporal 

variability (Lappe and Umlauf, 2016; Umlauf et al., 2011). Furthermore, the BBL not 

only modulates the exchange of particles and dissolved constituents between the sea 

bed and the overlying water, it also provides an energetic environment for 

biogeochemical processes (Floderus et al., 1999; Holtappels et al., 2011; Turnewitsch 

and Graf, 2003). Studies of aggregate formation and its variability over time in the BBL 

(Jähmlich et al., 1999; Turnewitsch and Graf, 2003) as well as microbial activity and 

organic matter utilization in this layer have demonstrated its prominent role in 

microbial nutrient cycling (Ritzrau, 1996; Ritzrau et al., 1997). Similarly, nitrification in 

the BBL may be of major importance because the high substrate availability, the 

absence of light limitation and reduced competition for NH4
+ provide favourable 

conditions for the nitrifying community (Figure 3).  

Since the BBL is the interface between sediment and overlying water, biogeochemical 

processes like nitrification might also depend on biogeochemical processing and 

transport of nutrients and organic matter in the sediment. Coastal sediments can be a 

source of NH4
+ to the overlying BBL depending on the sediment type  (e.g. Ehrenhauss 

et al., 2014; van Raaphorst et al.,1992) and could thus be a substrate source for BBL-

nitrification. Likewise, the benthic macrofauna community and their bioturbation 

activity influence the sedimentary NH4
+ release (Stief et al., 2013) and thus BBL-

nitrification. The produced NO3
- from BBL-nitrification could be a source for 

sedimentary denitrification. Especially when NO3
- concentrations are higher in the BBL 

than in the sediment, NO3
- will be transported into the sediment where it is denitrified 
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(Rysgaard, 1994). In permeable sediments, NO3
- from the BBL can be advectively 

transported into the sediment to be denitrified (Huettel et al., 2014) and is therefore 

considered by some authors to be the main source for denitrification in permeable 

sediments (e.g. Kessler et al., 2013; Rao et al., 2008). Furthermore, Huettel et al. (1998) 

showed, that sedimentary NH4
+ release in permeable sediments can be enhanced 

through advective porewater flow by the formation of “anoxic chimneys” directly 

connected to the overlying water. Such a direct input of NH4
+ into the BBL could also be 

a positive effect for nitrification. In contrast, coupled nitrification-denitrification and 

non-advective NH4
+ transport are dominating processes in muddy sediments. Hence, 

when investigating nitrification and the fate of the produced NO3
- in the BBL, sediment 

properties and processes, as well as the benthic macrofauna community have to be 

considered. 

 

 
Figure 3: The upper panel shows nitrification along a salinity gradient in the river plume with high 
nitrification rates at low salinities where the substrate concentration is high. The lower panel describes 
the BBL and nitrification in the BBL. The BBL is characterized by higher turbulence than in the overlying 
water and by a reduced density gradient. In the several meters thick BBL, the substrate NH4

+ can 
accumulate and promote nitrification. Additionally, the absence of light and less competition for the 
substrate (ammonium assimilation) lead to favourable conditions for nitrification in the BBL. 

 

1.5 The Baltic Sea and its coastal zone 

The Baltic Sea is a semi-enclosed, brackish sea in northern Europe with a single 

connection to the North Sea in the south-west and without tidal influence. Due to its 

geographical settings, high riverine fresh water input and restricted exchange of saline 

water with the North Sea, a permanent salinity gradient exists. High salinities are found 
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in the south-western part of the Baltic Sea and decreasing salinities exist towards the 

east and the north. Along with the salinity gradient there exists a gradient in terrestrial 

agriculture and population. The catchment of the rivers entering the southern and 

eastern Baltic Sea are highly populated (Lääne et al., 2005) and mainly consists of 

arable land with intense agriculture (Figure 4). The catchments of rivers discharging 

into the northern Baltic Sea, are much less populated (Lääne et al., 2005) and consist of 

boreal forests not affected by agriculture (Figure 4). Furthermore, the northern coastal 

zones/estuaries are considered to be pristine, whereas southern coastal zones, like the 

Bay of Gdansk (Vistula River) or Szczechin lagoon (Oder River) are clearly eutrophic 

(Humborg et al., 2003; HELCOM 2009). The riverine discharge into the coastal zones 

are an important nutrient source and accounts for approximately 75 % of the total 

nitrogen input to the Baltic Sea. Thereby, coastal zones in the southern Baltic Sea are 

highly affected by riverine N-loads originating from the cultivated catchments. Indeed, 

some coastal sites in the Baltic Sea experience hypoxia, a severe eutrophication effect 

(Conley et al., 2011). 

A closed circulation cell exists in the central Baltic Sea with little exchange with the 

coastal zone, and it had been suggested that there is limited transport of riverine 

nutrients to the Baltic proper (Voss et al., 2005a). Additionally, Voss et al. (2005b) 

described a transport parallel to the southern coast, which transports riverine nutrients 

alongshore, due to prevailing westerly and southerly winds, with little exchange with 

the open Baltic Sea. Furthermore, Voss et al. (2005a) suggests that the nitrogen is 

mainly processed and finally removed within the coastal rim of the Baltic Proper. 

However, still little is known about the internal nitrogen cycling in Baltic coastal zones 

and quantifications of N-recycling as well as N-removal processes are rare. Since the 

coastal zones are severely understudied compared to the basins, the selected study 

areas are the Bay of Gdansk in the southern Baltic Sea and the Öre Estuary in the 

northern Baltic Sea (Figure 4). At each site, a river, the Vistula River and the Öre River, 

respectively, enters the coastal system and is the main source of nutrients. The Bay of 

Gdansk is an open coastal bay which can be characterized as a “RoFI” (region of 

freshwater influence, see definitions in chapter 1.1) that receives high nutrient loads 

from the Vistula River, the largest single N-source entering the Baltic Sea (Witek et al., 

2003). The coastal area of the bay (< 50 m water depth) is directly affected by the 

riverine discharge (Thoms et al., unpublished) and has a saltwedge-like, estuarine 

character. Therefore, it will be named Vistula estuary (VE) in this thesis. The annual 

riverine N-load is ca. 98 kt yr-1, of which 63% is dissolved inorganic nitrogen (calculated 
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from data of Pastuzak and Witek 2012). Roughly 23% of the total nitrogen and as much 

as 80% of the dissolved inorganic nitrogen from Vistula River loads are estimated to be 

retained the Bay of Gdansk (Witek et al., 2003) during the mainly eastward transport 

of riverine waters along the coast (Radtke et al., 2011; Voss et al., 2005). While, previous 

studies showed that this river plume fuels primary production by both phytoplankton 

and bacteria (Ameryk et al., 2005; Wielgat-Rychert et al., 2013), it might also allow a 

high level of nitrification (Voss et al., 2005b). The Öre estuary is a semi-enclosed estuary 

and much smaller than the Bay of Gdansk. As many estuaries in the northern Balic Sea, 

the Öre estuary is a saltwedge estuary (Humborg et al., 2003). The N-loads from the Öre 

River are only 0.44 kt yr-1 (Wikner and Andersson, 2012) and hence this coastal zone 

can still be regarded as pristine (Humborg et al., 2003). However, most of the riverine 

N-load consists of organic N (85 %), which turns the Öre estuary to a net-heterotrophic 

system (Sandberg et al., 2004). The different riverine N-input of these two coastal 

systems could affect the N-cycle and might lead to different N-processing. 

 

  

Figure 4:  
Map of the Baltic Sea in 
northern Europe with land-
cover and catchment area 
(modified from Helcom, 
2013). The Bay of Gdansk is 
located in the southern Baltic 
Sea and the Öre estuary in 
the northern Baltic Sea 
(squares) with the Vistula 
River and the Öre River, 
respectively, discharging into 
these coastal zones (blue 
arrows). 
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1.6 Aim of the study 

Nitrification is a key process in the coastal N-cycle, since it 1) provides the substrate for 

N-removal by denitrification and 2) it is a feedback process regarding eutrophication, 

since it recycles N into a bioavailable form for primary production. Therefore, the 

overall aim of this PhD thesis is not only to quantify this process but also to expand our 

understanding of coastal water column nitrification and its role in the coastal nitrogen 

turnover. Specific coastal environments like the river plume and the BBL could play a 

crucial role for coastal nitrification providing favourable conditions for this process. To 

investigate whether nitrification is enhanced in the river plume or BBL, nitrification 

rates and their regulation were examined in the Bay of Gdansk. Since the BBL links 

sediments with the water column, favourable conditions for BBL-nitrification might 

originate from the sediment, e.g. in the form of sedimentary NH4
+ release, which in turn 

depends on sediment properties and the macrofauna community. Hence the second aim 

was to investigate the influence of sediment properties and nutrient fluxes on BBL-

nitrification. In the Baltic Sea both, eutrophied and oligotrophic coastal zones can be 

found which however differ in the composition of the N-compounds (DIN, DON, PON) 

entering the coastal zones via rivers. Nitrification might depend strongly on the 

magnitude and composition of the riverine nitrogen load. So, the third aim was to 

investigate the influence of magnitude and composition of riverine N-loads on coastal 

nitrification during time periods of high riverine outflow (winter/spring) and high 

coastal productivity (summer). In the following, the three main questions (Q) and 

hypotheses (H) are summarized: 

 

1. Q:  Are river plume and BBL hotspots for nitrification and how is this process 

 regulated? 

H:  River plume and BBL are hotspots for nitrification, because they provide 

 favourable conditions for nitrification like oxic conditions, high NH4
+ 

 concentrations. 

2. Q: Is nitrification in the BBL related to sediment properties and the 

 sedimentary NH4
+ release?  

 H: BBL-nitrification rates from the Vistula estuary are high above sandy 

 permeable sediment, which can have high remineralization activity as result 

 of advective porewater flow and can provide a high amount of NH4
+ to the 
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BBL. In turn NO3
- from BBL-nitrification is a substrate in sediment 

 denitrification (Dw: denitrification of water column nitrate). 

3. Q: Does the magnitude and compositions of the riverine N-load from two distinct 

 coastal zones lead to different nitrification rates? 

H:  Nitrification rates are higher in the eutrophic Vistula estuary than in the 

 oligotrophic Öre estuary. 



Chapter 2          Materials and Methods 

__________________________________________________________________________________________________________________________________________________________________________________________ 

16 
 

2. Materials and Methods 
This chapter contains parts of the “Materials and Methods” section of a submitted 

manuscript entitled: “River plume and bottom boundary layer – hotspots for 

nitrification in a coastal bay?”. The manuscript was submitted to “Estuarine Coastal and 

Shelf Sciences” on January 12, 2017. Co-authors are Kirstin Schulz, Iris Liskow, Lars 

Umlauf and Maren Voss. The writing of the “Materials and Methods” section of the 

manuscript was done by myself. Only for subchapter “Definitions of water layers”, 

Kirstin Schulz and Lars Umlauf participated in writing.  

 

2.1 Study sites 

2.1.1 The Bay of Gdansk 

The Bay of Gdansk is located in the southern Baltic Sea and covers both Polish and 

Russian coastal waters (Figure 5). Our studies were carried out in the Polish region, 

where the Vistula River drains into the bay with a mean river discharge of 1080 m3 s-1. 

The Bay of Gdansk encompasses an area of 4940 km2, with a corresponding volume of 

291 km3 and a maximum depth of 118 m in the Gdansk Deep (Cyberska and Krzyminski, 

1988). The Vistula plume can extend 4 - 30 km into the bay, with a vertical extension of 

0.5 - 12 m (Cyberska and Krzyminski, 1988). The outflow direction and the spread of 

the river plume depend on wind speed and direction (mostly from the southwest), the 

discharge rate, sea level, and the duration and interactions of these parameters. 

Three cruises to the Bay of Gdansk took place on July 4 - 17, 2014, with the R/V 

Elisabeth Mann-Borgese, from January 31 until February 13, 2015, with the R/V Alkor 

and from February 27 until March 12, 2016, again with the R/V Elisabeth Mann-

Borgese. During the second cruise, a storm event occurred on February 7 - 8, 2015, and 

station V02 was investigated before and after the storm (Figure 5). The three cruises 

cover the summer, winter (end phase) and spring (start phase) seasons, with the latter 

two coinciding with the main outflow period of the Vistula River. As in previous cruises 

(Voss et al., 2005), sampling stations were chosen from a highly-resolved station grid 

and were located close to the shore, separated from each other by a distance of 1 - 3 

nautical miles. Additionally, the south-north transect from the river mouth (VE04-

VE07) was elongated to include the Gdansk Deep (VE38-TF0233), with a distance of 

5.4 - 8.1 nautical miles between stations. The sampled stations in the coastal area of the 

Bay of Gdansk differed among the three cruises, because the choice of stations to be 
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sampled depended on the location of the river plume and transects were then set 

accordingly. 

 

2.1.2 The Öre estuary 

The Öre Estuary is located in Swedish coastal waters in the northern Baltic Sea at the 

Kvarken between Bothnian Sea and Bothnian Bay (Figure 4, Figure 6). The Öre River 

drains into the Öre estuary with a mean discharge of 35 m3 s-1 (Malmgren and Brydsten, 

1992; http://vattebwebb.smhi.se, monitoring data 2004 - 2016). The estuary 

comprises an area of 71.2 km2, a volume of 0.74 km3 and an average depth of 10 m 

(depth range of 3 - 38 m, Svenskt Vattenarkiv, SMHI, 2003). It is separated from the 

open Sea by an archipelago to the west and by a small sill at 30 m depth to the south. At 

this location, the origin of currents changes from wind-driven currents inside the 

estuary to the typical current field of the Bothnian Sea outside the estuary (Brydsten, 

1992). At the surface, the connection to the open sea is broad whereas in greater depth 

(> 20 m) the outlet becomes narrow (Malmgren and Brydsten, 1992). During peak 

discharge, the extension of the Öre River plume can be up to 10 km long and several km 

wide with a depth extension of 2 – 3 m (Forsgren and Jansson, 1992). As in the Bay of 

Gdansk, the spread of the river plume in the Öre Estuary depends on the discharge rate 

(Forsgren and Jansson, 1992) and the wind conditions, as all water movement and 

mixing is driven by wind induced waves and wind-driven currents (Brydsten and 

Jansson, 1989). 

Two field campaigns took place in the Öre estuary in April, 20 - 24, 2015, and in August 

3 - 8, 2015, covering the spring (start phase) and summer seasons. Samples were taken 

and partly processed during daily cruises to the estuary with the R/V Lotty from the 

Umea Marine Science Centre (UMF). The remaining processing of samples took place at 

the UMF after ≤ 3 hours. Sampling stations covered 1) a highly resolved transect from 

the river mouth to the estuary mouth with a distance between stations of 0.1 - 1 nautical 

miles and 2) stations chosen regarding the sediment type in order to compare muddy 

and sandy sediments in the Öre estuary. 
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Figure 5: The Bay of Gdansk in the southern Baltic Sea. The Vistula River discharges into the bay. The 
Vistula estuary is marked by the 50-m isobath (bold line) whereas the deepest area is the Gdansk Deep, 
around station TF0233, at the border to the Baltic Proper (dashed line). 
 

 
 
Figure 6: Station map of the Öre Estuary in the northern Baltic Sea. The Öre River discharges in to the 
semi-enclosed estuary, with a connection to the open Sea in the south. A small sill bounds the estuary 
(dashed line). 
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2.2 Environmental data in the water column 

2.2.1 CTD and inorganic nutrients 

In the Bay of Gdansk, water column measurements were performed with a Seabird 

CTD-system (Seabird 911plus) equipped with an oxygen sensor (SBE43), a 

fluorescence and turbidity sensor (Wetlab FLNTU), and a PAR sensor (Biospherical 

QCP 2300). The time resolution of these sensors was 24 Hz and the data were averaged 

into 25-cm bins. On the R/V Elisabeth Mann-Borgese, the CTD winch is equipped with 

a wave compensation system that allows CTD profiling, that is virtually unaffected by 

wave-induced ship motions, down to 0.5 m above the sea bed. Connected to the CTD 

was a rosette system containing 13 5-L water samplers. For measurements of 

environmental variables and the determination of nitrification rates, water samples 

were taken from the surface and the bottom water and occasionally at one or two water 

depths in between (mid water column). To examine the depth directly above the 

seafloor, we also collected water samples from the overlying water, 30 - 50 cm above 

an intact sediment core obtained with a Multi Corer (MUC). To ensure the integrity of 

the MUC samples, the measured concentrations of nutrients were compared to the 

values determined using a chamber lander system (30 cm above the sea floor, Thoms 

et al., unpublished data). Enhanced concentrations of nutrients, indicative of disturbed 

cores, were never detected. Concentration of the nutrients PO43-, NO2
-, NO3

-, and NH4
+ 

were measured on board. During the summer and first winter cruise, nutrient 

concentrations were measured with a continuous segmented flow analyser (QuAAtro, 

Seal Analytical). Colorimetric measurements were performed after Grasshoff et al. 

(1999) with minor modifications. The accuracy of the analyser was ± 5 %, except for 

NH4
+ measurements, which were slightly less sensitive (accuracy: ± 5 – 10 %). During 

the second winter cruise, in 2016, nutrients were measured using standard 

colorimetric analyses (Grasshoff et al., 1999). 

In the Öre Estuary, water column measurements were performed with seabird CTD 

systems (April: Seabird SBE19plus equipped with a PAR sensor, August: Seabird SBE 

19plus V2) and a Seaguard CTD (Aanderaa) which was equipped with an oxygen 

optode (4430, Aanderaa) and sensors for PAR, turbidity, chlorophyll a and cDOM. The 

time resolution of the seabird CTDs was 4 Hz and the data were averaged into 15 cm 

bins. The sampling interval and thus the time resolution of the seaguard sensors was 

0.5 Hz and the data were averaged into 45 cm bins. Water samples were taken with a 5 
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L or 10 L Niskin bottle which was not attached to the CTD. The water was sampled at 

two to three depths covering surface, mid, and bottom water. As in the Bay of Gdansk, 

samples from immediately above the seafloor (BBL) were taken from cores (20 to 

40 cm above sediment). Those cores were taken either by a Gemini-corer or a HAPS-

corer (KC Denmark). In April 2015, samples from the overlying core-water were 

collected for nutrients, DON, PON, and POC but not for nitrification rates. In August 

2015, samples for determining nitrification rates were additionally collected. During 

the cruise, samples were stored in the dark at in situ temperature, and were processed 

at the UMF two to four hours after sampling. Nutrient concentrations were measured 

at the UMF by Henrik Larsson. Inorganic nutrients (NH4
+, NO3

-, NO2
- and PO43-) were 

measured in whole water samples using a continuous segmented flow analyser 

(QuAAtro, Seal Analytical), following methods outlined in Grasshoff (1999) and 

HELCOM guidelines. Background subtraction of the colorimetric signals was also 

adapted to account for the color of the water caused be a relatively high DOM content. 

 

2.2.2 Chlorophyll a, DON, PON and POC 

For chlorophyll a (Chl.a) analyses of samples from the Bay of Gdansk, 0.25 - 1.5 L water 

was filtered onto GF/F filters (Whatman) and the filters were then frozen at -20 °C. For 

the determination of the Chl.a concentration (µg L-1) at the IOW, filters were transferred 

into 10 ml 96% ethanol for extraction (3 h). Measurements were then carried out with 

a Turner Fluorometer (10-AU-005) (Wasmund et al., 2006). Chl.a concentrations from 

the Öre Estuary were measured and kindly provided by Lumi Haraguchi (Aarhus 

University, Denmark, collaboration within COCOA). 

For particulate organic nitrogen (PON) and carbon (POC) determinations of samples 

from both study sites, up to 2 L of water was filtered through precombusted GF/F filters 

(Whatman, 3 h at 450 °C). All filters were frozen immediately at -20 °C. Concentrations 

of PON and POC were measured at the Leibniz Institute for Baltic Sea Research 

Warnemünde (IOW). The filters were dried at 60 °C overnight and packed into tin caps. 

Pellets were measured with an element analyser (Thermo Flash 2000).  Calibration for 

the PON and POC content was done with acetanilid (Merck; 10.36 % N; 71.09 % C). 

Also at both study sites, 40 ml of the filtrate was frozen in acid washed (10% HCl) and 

precombusted (3h at 450°C) 50-ml-glass vials for analysis of total dissolved nitrogen 

(TDN). TDN is needed to determine the concentrations of DON as the difference 

between TDN and DIN concentrations. TDN concentrations were measured at the IOW 
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with the persulfate oxidation method (Koroleff, 1983). The oxidation to nitrate was 

performed in a microwave (MarsXpress, CEM) at 180 °C for 50 min. EDTA standards 

were used to check for complete conversion to nitrate. Nitrate concentrations were 

determined with the spongy cadmium method (Jones, 1984). The oxidation efficiency 

ranged from 90 % to 110 %. The blank was always lower than 2.5 µmol L-1 and 

subtracted from the TDN concentration in the sample. When samples contained high 

NO3
- concentrations (e.g. river plume water), we found that they bias the DON-

determination. Therefore, such samples were diluted prior to the oxidation in the 

microwave. The accuracy of the spongy cadmium method was ± 2.9 % (0.32 µmol L-1). 

For the complete method of TDN-determination had an accuracy of ± 4.7 % (1.44 

µmol L-1), showing that the digestion of the samples with potassium persulfate 

introduces only slightly higher uncertainty. Nitrogen loss from the sample would 

increase the uncertainty in the measurement. In particular, NH4
+ could be lost from the 

water sample via filtration, freezing, thawing of the water sample. However, NH4
+ 

concentrations measured at the IOW from frozen filtrate after storage, were similar to 

the concentrations measured on board during the cruises. Therefore, we are certain 

that significant nitrogen loss was not a concern and was not introducing additional 

error into the TDN measurements. Since the DON concentration is determined by the 

difference of TDN and the inorganic N-compounds, not only the accuracy of the TDN 

measurement introduces uncertainty to the DON concentration, but also the accuracy 

of the measurements of NO3
- (± 5 %), NO2

- (± 5 %) and NH4
+ (up to ± 10 %). In turn, 

the uncertainty of the DON determination is larger with an error of ± 13 %.  

 

2.2.3 Definitions of water layers 

In the Bay of Gdansk and in the Öre estuary, the surface water layer was defined as the 

topmost water layer, where the river plume water occurred. It covered a depth range 

from 0 – 5 m in the Bay of Gdansk and 0 - 3 m in the Öre estuary, as derived from vertical 

profiles of density and dissolved silicate concentrations (proxy for river plume water). 

Environmental variables from these thin layers were obtained from samples of the first 

CTD-depth or by sampling with a clean bucket. The bottom boundary layer at the two 

sites was derived from vertical density stratification, based on CTD measurements 

(Figure 7). Measured temperature (T) and salinity (S) were used to calculate vertical 

profiles of the buoyancy frequency N2(z) 
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𝑁𝑁²(𝑧𝑧) =  −  𝑔𝑔
𝜌𝜌

 𝜕𝜕𝜌𝜌
𝜕𝜕𝑧𝑧

         (1) 

with g = 9.81 m s-2,  ρ is the density and the other quotient is the partial derivative of 

the density over depth. The thickness of the BBL was defined as the distance from the 

seafloor to the first local maximum of N2 above the bottom. To confirm the integrity of 

this method of estimation, BBL thickness was also estimated from the beginning of the 

invariable distribution of T, S and density in vertical profiles (Figure 7, Turnewitsch and 

Graf, 2003). Additionally, an increase in turbidity that coincided with the beginning of 

the BBL was frequently observed. In the winter of 2015 at four stations and the winter 

of 2016 at one station in the Bay of Gdansk the BBL thickness could not be determined 

because the CTD could not be lowered close enough to the seafloor. Thus, identification 

of the peak of N2 or the invariable distribution of T, S, or density was not possible. 

However, the MUC water samples taken at these stations were assumed to lie well 

within the BBL, as the extent of the BBL at all other stations exceeded this sampling 

depth. The deep water layer (DWL) at offshore stations of the Bay of Gdansk with a 

permanent halocline (stations VE38 to TF0233, Figure 11A) was defined as the water 

layer between the halocline (also a peak in N2) and the seafloor and thus included BBL 

samples (figure II in appendix). 

At the Öre estuary the BBL thickness was only determined for the stations where 

nitrification rates were measured and water samples from the overlying water of 

sediment cores were taken (figure I in appendix). This includes 4 stations along the 

transect in April 2015 and 8 stations in August 2015. The BBL was successfully sampled 

with the Niskin bottle at only two stations (both in April 2015). Otherwise only the 

samples from the overlying core water can be assigned to the BBL in the Öre estuary.  
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Figure 7: Depth profiles of temperature (black), salinity (red), density (blue), buoyancy frequency N2 
(green) and turbidity (orange) in the Bay of Gdansk: A and B) profiles of the coastal stations VE06 
(spring 2016) and VE09 (summer2014), respectively, to identify a river plume layer, the surface mixed 
layer (SML) and the bottom boundary layer (BBL); B and C) the same coastal stations in higher 
resolution. The upper boundary of the BBL was identified by the peak in N2 and the beginning of 
invariable distribution of temperature, salinity and density. Please note the different scaling of the 
variables. Distinct water layers are marked by the horizontal black line. 
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2.2.4 BBL profiles 

 On the cruise EMB123 in March 2016, it was possible to sample water from the BBL on 

a more highly resolved profile. Therefore, the Automated Mini Chamber Lander System 

(Unisense) was modified to sample water within the BBL from several heights above 

the sediment after deployment (Figure 8). The silicon tubes that are attached to the 

syringe sampler were mounted on a rod at several heights. For each height two silicon 

tubes and thus two syringes were used in order to sample 100 ml water in total from 

each depth. The rod itself is mounted onto the frame of the lander. The heights were 

tubes were attached at the rod were 5, 15, 30 and 45 cm from lander base i.e. above the 

sediment. Additionally, tubes were mounted at the lander frame at 60 cm and at 80 cm 

height, respectively. The lander was programmed to sample water from bottom to top 

after a delay-time of ≥ 30 minutes to allow disturbed sediment to resettle and to sample 

under in situ conditions. After retrieving the device, the water samples were filtered 

through GF/F filters (Whatman) and nutrient concentrations were analysed as 

described above (see section 2.2.1.).  
 

 
Figure 8: The Automated Mini Chamber Lander System (Unisense) modified to a bottom water sampler. 
By mounting the sampling tubes at different heights above the lander base, a profile within the BBL 
could be sampled from 5 to 80 cm above the seafloor after deploying the system. 
 

2.3 Environmental data in the sediment 

The sediment data shown in this thesis are from the Bay of Gdansk only. From the cruise 

EMB077 in summer 2014, the surface sediment characteristics water content and loss 

on ignition (LOI) are kindly provided from Urszula Janas from the University of Gdansk 

(collaboration in the EU Bonus project COCOA). Sediment samples from the other two 
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cruises were processed at the IOW and kindly provided by Franziska Thoms 

(framework of COCOA, Franziska Thoms, PhD-thesis). A short description of methods 

can be found in the appendix. 

 

2.4 Nitrification rates and ammonium assimilation rates 

Nitrification and NH4
+ assimilation rates were determined at both study sites using the 

15N-NH4
+ tracer method as described in previous studies (Damashek et al., 2016; 

Veuger et al., 2013; Ward, 2005). Six polycarbonate (PC) bottles were filled with the 

water samples via the overflow technique to avoid air in the sample. The bottles were 

sealed with a butyl septum and a drilled lid used to inject the label directly into the 

bottle. The water samples were amended with 50 – 200 nmol L-1 15N-NH4Cl (99 atom% 
15N) to yield an enrichment of < 30 %. The contents of three of the six PC bottles were 

filtered immediately to serve as the t0 and as control. The remaining triplicates were 

incubated for 3 - 7 h in a dark temperature-controlled room at the in situ temperature. 

The incubation was stopped by filtration (200 mbar) through precombusted GF/F 

filters (Whatman, 3 h at 450 °C). The filtrates (start and end of the incubation) were 

frozen at -20 °C for later use in the analysis of nutrient concentrations and the 15N 

content of NO2
− and NO3

− (in the following referred to as NOx
−) in order to calculate 

nitrification rates. Filters frozen at -20 °C were used to determine the PON 

concentration and in the isotopic analysis of δ15N-PON to calculate NH4
+ assimilation 

rates. The 15N content of NO2
− and NO3

− was measured at the IOW using the denitrifier 

method after Sigman et al. (2001) and Casciotti et al. (2002). The bacterium 

Pseudomonas chlororaphis (ATTC 13985), lacking N2O reductase activity, 

quantitatively converts NO2
− and NO3

− to nitrous oxide. The N2O was automatically 

extracted (PAL autosampler), purified in a Finnigan GasBench II, and analysed in a Delta 

V advantage (Thermo). Every 12th sample, two to three NO3
− isotope references (IAEA-

N3 and USGS 34) were analysed. After each set of labelled triplicates, one IAEA-N3 

standard was used as buffer to avoid the dragging of extremely high 15N signals from 

the previous to the next triplicate sample, although dragging rarely occurred. The 

accuracy of the isotope measurements was ± 0.14 ‰. Only in samples with a NOx
− 

concentration of ≥ 1 µmol L-1 could the isotopic composition of N be detected. Samples 

(n = 7) collected in the middle of the water column during the summer cruise had NOx
− 

concentrations < 1 µmol L-1. These were spiked before the measurements with the 

IAEA-N3 standard, which has a known concentration and a known isotopic signal (4.69 
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± 0.14 ‰). From the known NOx
− concentrations of the sample and IAEA-standard, and 

the known isotopic signal of IAEA-N3, the 15N content of the samples could be 

calculated. Tests with samples of known 15N-content resulted in recoveries of 97 ± 

19 % when measured by the spiking method. 

Considering the accuracies of the concentration and isotopic measurements as well as 

variations in sample and standard injections (leading to dilution errors), the 

uncertainty of the spiking method was ± 20 %. Since the 15N-content of the nitrate-

depleted t0-samples was not detectable, the nitrification rates of those summer samples 

were calculated based on a mean of all measurable 15N-contents of the t0-samples from 

the summer cruise (0.370 ± 0.002 atom%). Since the error was high and the true t0-

value of the summer samples with nitrate concentrations at the detection limit were 

unknown, the nitrification rates were rough estimates and therefore excluded from the 

statistical analysis.  

PON concentrations were measured as described above. For additional measurement 

of the 15N content of PON, the element analyser (Thermo Flash 2000) was coupled to 

the CF-IRMS (Thermo Delta V advantage) via the interface Conflo IV. The reference gas 

was ultra-pure N2 from gas bottles and was calibrated by means of IAEA-N1, N2, and 

N3. The analytical precision was < 0.2 ‰. The calibration material for N analysis was 

acetanilide (Merck). Peptone (Merck Chemicals) served as the internal standard, which 

was run after every fifth sample. Nitrification rates (NR) were calculated after Veuger 

et al. (2013): 

 

NR = 
[15N-NOx-] × 

�NH4
+�

tot
�15N-NH4

+�add
∆t

       (2) 

 

where [15N- NOx
−] is the excess concentration of 15N in NOx

−, [NH4
+]tot is the sum of the 

ambient and added NH4
+-concentrations, [15N-NH4

+]add is the added 15N-NH4
+ 

concentration, and ∆t is the incubation time. The excess concentration of 15N in NOx
−, 

was calculated as the difference in 15N-content (in atom%) of the tend and t0 sample: 

 

[15N-NOx-] = (15N-NOx-
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠− 15N-NOx-

𝑒𝑒𝑒𝑒𝑒𝑒)
100

 × [NOx −]    (3) 
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whereby 15N- NOx
−

start is the 15N content of the t0 sample and 15N- NOx
−

end is the 15N 

content at the end of the incubation, and [NOx
−] is the mean concentration of triplicate 

NOx
− measurements from t0 and tend. The concentration average of all six samples (t0 and 

tend) was used for NH4
+ and NOx

−, because concentration differences were minor. NH4
+-

assimilation rates (AAR) were calculated after Dugdale and Wilkerson (1986): 

 

AAR = 𝑉𝑉𝑚𝑚  × [𝑃𝑃𝑃𝑃𝑁𝑁𝑚𝑚]        (4) 

 

where Vm is the mean specific 15N uptake rate and [PONm] the mean of the beginning 

and final PON concentrations. The calculation of Vm also includes both the 15N-PON 

content of the t0 and the tend sample. 

Instead of a NH4
+ concentration ratio as used in the calculation above, Damashek et al. 

(2016) calculated the nitrification rate based on the estimated atomic ratio of 15N-NH4
+. 

However, an estimated δ15N-NH4
+ value could lead to overestimations, if the ambient 

natural δ15N-NH4
+ content is high. In recalculations using high natural δ15N-NH4

+ values 

(up to 50 ‰) Damashek et al. (2016) showed only a marginal change in nitrification 

rates (second and third decimal places). Since this change is negligible and the rates 

calculated using the two formulas are the same, we used the equation of Veuger et al. 

(2013). Mean nitrification rates were averaged from the triplicates and used in the 

statistical analyses.  

  

2.5 Statistical analyses and calculations 

2.5.1 Statistical analyses 

Due to variation in samples size and not meeting the prerequisites for parametric tests 

(normal distribution and homogeneity of variances), non-parametric tests were used 

to explore significant differences among the data. To check for significant differences 

between samples the Mann-Whitney-U-test (U-test) and the Kruskal-Wallis-test (1-

way ANOVA) were performed with SPSS (version 22). Only datasets with a sample size 

of n ≥ 4 were used for comparison analyses. Relationships between nitrification rates 

and environmental variables were identified in correlation analyses (Pearson 

correlation coefficient, R) using SAS (version 9.4). Only datasets with a sample size of n 

≥ 5 were included in the correlation analyses.   
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2.5.2 Calculation of riverine N-loads 

River samples, from the Vistula River and the Öre River, were taken during all cruises, 

except for the EMB077 in the Bay of Gdansk in summer 2014. All Environmental 

variables were determined as described above. Based on the dates of river sampling the 

river discharge could be extracted from monitoring data 

(Bay of Gdansk: Polish national monitoring by Institute of Meteorology 

and Water Management National Research Institute, Öre estuary: 

http://vattenwebb.smhi.se). With these data, I calculated the riverine nitrogen loads by 

multiplying the concentration of the N-compound and the river discharge. The 

sampling stations were further upstream at both rivers (Table 1), so the calculated N-

loads are not the exact loads at the river mouth. However, they are still valuable to see 

differences in the magnitude of loads and the riverine composition of the nitrogen 

species between seasons and sites. 

 
Table 1: Sampling and monitoring sites at the Vistula River and Öre River and their distance from the 
river mouth. 

 station 
water sampling 

distance 
(km) 

station 
river discharge 

distance 
(km) 

Öre River 
63.5625N, 
19.6979E 

5.6 
63.7044N, 
19.5982E 

(Torrböle 2) 
25 

Vistula River 
54.2568N, 
18.9470E 

(Kiezmark) 
12 

54.0927N, 
18.0861E 
(Tczew) 

35 

 

http://vattenwebb.smhi.se/station
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3. Results and Discussion 
 

3.1 Measurement and calculation of nitrification rates 

There are several methods for the quantification of nitrification which are well 

summarized by Ward (2011) or Damashek (2016). A widely applied method uses the 

stable nitrogen isotope by adding a 15N-labelled nitrogen compound and tracing its 

enrichment or dilution in another nitrogen compound via mass spectrometry. The 

stable nitrogen isotope techniques have the advantage of short incubation times, small 

amendments of 15N and high sensibility of mass spectrometry to measure 15N 

concentrations. Most important, the signal of transfer from 15N in the substrate to 15N 

in the product can be detected irrespective of other biogeochemical processes. To 

quantify nitrification, there are two stable N isotope techniques currently applied. The 

heavy isotope 15N can either be used in the substrate NH4
+ (tracer method; Ward, 2011) 

or in the product NO3
- (dilution method; Carini et al., 2010). In the dilution method, 15N-

NO3
- is added to the water sample prior to incubation in a higher concentration than 

natural NO3
- concentrations. Thereby, the product of nitrification is enriched in 15N and 

dilution by the production of 14N due to nitrification will be measured. This rate of 

dilution equals the rate of nitrification (Carini et al., 2010). With this dilution method, 

the substrate pool will not be influenced, however the product pool is enriched in 

nitrate which could stimulate other biogeochemical processes and indirectly influence 

nitrification. Furthermore, the detection limit in the HPLC-method described by Carini 

et al. (2010) is rather high resulting in a lowest measurable nitrification rate of 192 

nmol L-1 d-1, but rates can be lower in the Baltic Sea (Enoksson, 1986; Hietanen et al., 

2012). In the tracer method, small concentrations of 15N-NH4
+ are added to water 

samples (as much as 10 % of the ambient NH4
+-concentrations) prior to incubation. In 

the end, the 15N in the product NO3
- can be detected by different techniques, e.g. 

denitrifier method (Ward, 2011). The advantage of the tracer method is the addition of 

the substrate in very low concentrations which should not influence in situ nitrification 

rates. However, the process of ammonification can dilute the substrate pool biasing rate 

calculations. Therefore, short incubation times (1 – 3 hours; Ward, 2011) are to be 

preferred to avoid this dilution effect. An additional advantage of using the tracer 

technique is the simultaneous possibility to measure NH4
+-assimilation by measuring 

the 15N concentrations in the particles which are caught on the filter, after terminating 
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the incubation experiments by filtration (Ward, 2011). Therefore, in this PhD-thesis, 

the tracer method was applied to measure in situ nitrification and NH4
+ assimilation 

rates (see section 2.4). I did not differentiate between ammonium oxidation and nitrite 

oxidation, but determined the bulk nitrification rate from NH4
+ to NO2

- and NO3
- (in the 

following referred to as NOx
−). However, in spring 2016, I removed NO2

- from samples 

at the end of the incubation (Granger et al., 2009) and results showed, that most of the 

15N was recovered in NO2
- (82%, n=6) and not in NO3

- when NO2
- was removed (table 

II in the appendix). So it is likely, that nitrification rates from this study mainly reflect 

NH4
+ oxidation rates. 

Due to unknown ambient NH4
+ concentrations in the Bay of Gdansk and the Öre 

estuary, a low amount of tracer was added (0.05 – 0.2 µmol L-1 d-1). However, some 

samples experienced strong enrichment in NH4
+ when the ambient NH4

+ concentration 

was very low. When the 15N-NH4
+ enrichment exceeded 40 % of the ambient NH4

+ 

concentration, measured nitrification rates were considered potential and excluded 

from the data set. The method applied here (after Veuger et al., 2013) only uses a start 

and end point of the incubation for the calculation of the nitrification rate. This method 

presumes a linear increase in the 15N content of the product NOx
− and is applied in 

several studies (e.g. Heiss and Fulweiler, 2016; Peng et al., 2016, Small et al., 2013, Ward 

et al., 2005). This “start/end” method could potentially over- or underestimate 

nitrification when nitrate (preferentially 14N-NO3
-) is consumed or NH4

+ is produced 

during the time of incubation, respectively. To prevent a strong influence of these 

effects, my samples were incubated 1) under dark conditions to prevent NO3
- uptake by 

primary producers and 2) during short time scales of 2 -7 hours to prevent dilution of 

the NH4
+ pool. Nevertheless, I cannot completely rule out any effect of substrate dilution 

which could have occurred at the same rate as nitrification. Especially during summer, 

nitrification rates in the Bay of Gdansk and in the Öre estuary might be underestimated 

due to degradation of organic nitrogen to NH4
+, leading to dilution of the substrate pool 

during incubation. However, incubation times in summer were not longer than 3 hours. 

If I assume NH4
+ production twice as high as the calculated nitrification rates, e.g. 227 

nmol L-1 d-1 nitrification and 454 nmol L-1 d-1 NH4
+ production, this would lead to 0.4 

µmol L-1 additional NH4
+ after two hours of incubation. Correction of the rate 

calculation by this additional NH4
+ source would result in a nitrification rate of 230 

nmol L-1 d-1, only 1 % higher than the actual measured nitrification rate. Only, when 
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increasing the NH4
+ production by a factor of 10 or 100, this would have a strong effect 

on the calculation of nitrification rates. It is, however more likely, that nitrification and 

ammonification occur at similar rates in coastal zones, as it was shown by Brion et al. 

(2008). Another possibility to determine nitrification rates is to obtain a time series and 

calculate the rate via the linear increase of 15N in the product NOx
− (e.g. Bristow et al., 

2015; Hsiao et al., 2014). However, time series are not applicable on short cruises, when 

1 – 2 stations were sampled in triplicates at several water depths as it was the case in 

this study. As discussed above, I am confident that the use of the 15N-tracer method , 

with a calculation using start and end values, quantifies nitrification as they are 

naturally present in coastal waters of the Baltic Sea. 
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3.2 River plume and bottom boundary layer – Hotspots for nitrification in an 

open coastal bay? 

This chapter is closely related to the results and discussion of a submitted manuscript 

entitled: “River plume and bottom boundary layer – hotspots for nitrification in a 

coastal bay?” submitted to “Estuarine Coastal and Shelf Sciences” on January 12, 2017. 

Co-authors are Kirstin Schulz, Iris Liskow, Lars Umlauf and Maren Voss. My 

contribution to these chapters of the manuscript were 90 % and included all data 

analyses and most of the writing. 

 

River plume and BBL, can provide favourable conditions for nitrification and thus be 

hotspots for nitrification in a coastal zone (see section 1.4.). A hotspot is defined in this 

thesis as a location or time point of enhanced nitrogen turnover rates, in this case 

nitrification rates. To investigate whether river plume or BBL are nitrification hotspots, 

nitrification rates and its regulation were examined in the Vistula estuary of the Bay of 

Gdansk (southern Baltic Sea). 

 

3.2.1 Environmental variables and nitrification rates in the Bay of Gdansk 

The environmental data from the Bay of Gdansk showed both seasonal and spatial 

differences (Table 2, Figure 9), with the latter detected not only between Vistula 

estuary and offshore sites but also between different coastal water layers. The Vistula 

estuary and the offshore area of the Bay of Gdansk are separated at 50 m depth (Figure 

5) and could be distinguished 1) by the existence of a permanent halocline at the 

offshore sites, 2) by higher δ15N-PON values in the coastal sediment (Thoms et al., 

unpublished), and 3) via EOF-analyses of the BBL water showing a significant change 

in environmental variables at 50 m depth (Voss et al. EGU Geophys. Res. abstracts 

2017). These results suggest a close sediment – water coupling to a depth of 

approximately 50 m.  

From the halocline to the seafloor, a 10 to 36 m thick deep water layer (DWL) extended, 

and there was no light penetration at these depths. In the Vistula estuary, no permanent 

halocline was observed, but a stable thermal stratification was found at all coastal 

stations during the summer cruise (Figure 11A). Instead, in winter and spring, the 

water column was well mixed and only the fresh water from the river plume created 

stratification in the surface water (Figure 7). However, the BBL formed a distinct water 

layer with a mean thickness of 3.2 ± 1.5 m in summer 2014 and 5.7 ± 1.2 m and 4.7 ± 
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1.3 m in winter 2015 and spring 2016, respectively. The BBL was significantly thicker 

in winter 2015 and spring 2016 compared to summer 2014 (Kruskall-Wallis Test, 

p = 0.02). During all cruises at all stations, ≤ 0.1 % of the surface radiation reached the 

seafloor in the Vistula estuary.  

Offshore, no clear seasonal differences in the DWL were measured, except for minor 

differences in DIN concentrations (Table 2). High salinity, low temperature and low 

oxygen concentrations were characteristic for the DWL compared to the Vistula 

estuary. However, concentrations ranges of the N-species were similar (Figure 9, Table 

2). Within the Vistula estuary, there was a general increase in salinity and a decrease in 

oxygen concentration from the surface water to the BBL (Figure 9A and C) and PON 

concentrations were highly variable (Figure 9F). Seasonal differences in the Vistula 

estuary were reflected in the distribution of temperature and DIN concentrations (c). 

In summer, temperatures were overall higher than in winter and spring, and they 

decreased from the surface to the BBL (Figure 9). Highest concentrations of NOx
− and 

NH4
+ were measured in the BBL in summer and in the river plume in winter and spring. 

Distinct physical and biogeochemical BBL-characteristics could only be detected in 

summer, while environmental variables of the BBL in winter and spring were similar to 

the mid water column (Figure 9). High riverine discharge in winter and spring led to a 

strong river plume signal which was reflected in low salinity and high nutrient 

concentrations in the surface water (Figure 9, Table 2). Thus, in these seasons, the river 

plume displayed distinct physical and biogeochemical characteristics. 
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Figure 9: Distribution of environmental variables in the surface water (surf./plume), mid water column 
(mid) and the bottom boundary layer (BBL) of the Vistula estuary as well as the deep water layer (DWL) 
of the offshore area in the Bay of Gdansk during cruises in summer 2014 (su’14), winter 2015 (wi’15) 
and spring 2016 (spr’16). The DWL covers data from all cruises. The error bars cover the 10th and 90th 
percentiles, the black points show 5th and 95th percentiles. 
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High discharge of the Vistula River occurred with 1100 m3 s-1 and 1500 m3 s-1 in winter 

2015 and spring 2016, respectively, creating a strong river plume signal in the surface 

water. Silicate concentrations (winter 2015) and turbidity (spring 2016) clearly 

distinguished the river plume from coastal surface water. I found significantly higher 

silicate concentrations (winter 2015, U-test, p < 0.001) and turbidity values (spring 

2016, U-test, p = 0.006) in surface waters with a salinity lower than 6 (Figure 10). 

Those surface waters were defined as river plume water. The typical surface salinity in 

the Bay of Gdansk without river influence was around 7. During both cruises, the river 

plume was directed to the east, but it spread further into the bay in spring 2016 (Figure 

10). We observed significantly higher NOx
−, NH4

+, and PON concentrations in the river 

plume water compared to the non-influenced surface water, except for PON in spring 

2016 (U-test, p < 0.05, Table 3). 

 

 
Figure 10: The distribution of salinity in the Bay of Gdansk in winter 2015 (A) and spring 2016 (B). 
Salinities < 6 indicate the river plume which is directed eastward during both seasons, but is more widely 
spread in spring 2016. Significant higher concentrations of silicate in winter 2015 (C) and turbidity values 
in spring 2016 (D) reveal a riverine fresh water influence up to a salinity of 6.  

 

A B 

C D 
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Table 3: Comparison of the concentration of N-species between river plume water (salinity < 6) and 
coastal surface water (salinity > 6). The river plume water contains significantly higher concentrations 
than the coastal surface water, except for PON concentrations in spring 2016. Mean concentrations (m) 
and standard deviation (s) are given. 

  NOx
− NH4

+ PON   
µmol L-1 µmol L-1 µmol L-1   
m s m s m s 

winter 2015 
river plume 
(S < 6) 78.34** 27.97 3.84** 1.89 2.33* 1.30 

coastal surface 
(S > 6) 5.25 1.99 0.38 0.16 1.17 0.20 

spring 2016 
river plume 
(S < 6) 182.10* 78.70 2.90* 2.24 6.94 2.15 

coastal surface 
 (S > 6) 13.24 20.70 0.37 0.17 4.56 2.24 

siginificant differences: *p<0.05; **p<0.001 
 

 

During a storm event on February 7 – 8, 2015, wind speeds peaked at 21 m s−1 and the 

wind direction shifted from 270° west to 0° north (www.wunderground.com). The 

profiles of salinity, temperature, and nutrient and PON concentrations perfectly 

mirrored the complete loss of stratification during the storm event (Figure 11B). PON 

concentrations were significantly higher throughout the water column after the storm.  

 

 
Figure 11: A) Profiles of temperature, oxygen, NH4

+, PON and NO3
− (upper x-axis) as well as the 

nitrification rates (NR, bars) at the Gdansk Deep (station TF0233) in winter 2015. Below 90 m depth the 
oxygen concentration increases slightly due to a Major Baltic Inflow. B) Profiles of salinity (line), NH4

+ 

(circles), POM (squares) and nitrification rates (bars) at station VE02 before and after the storm event 
in the Bay of Gdansk in winter 2015. 



Chapter 3                                                                   Results and Discussion 
__________________________________________________________________________________________________________________________________________________________________________________________ 

38 
 

Overall, nitrification rates did not differ between seasons, neither in the coastal nor in 

the offshore area. Large ranges of 3 – 525 nmol L-1 d-1 (mean: 73 nmol L−1 d−1) in the 

coastal area and 18 – 1544 nmol L-1 d-1 (mean: 282 nmol L-1 d-1) in the offshore area 

were determined (Figure 12A). Nitrification rates also did not differ between the 

offshore DWL and the coastal BBL, both “dark” water layers. Although the nitrification 

rates in the mid water column in summer were estimated via spiking (see section 2.4.), 

they seemed generally lower than the nitrification rates in the BBL (Figure 12A). In 

winter 2015, nitrification rates in the BBL were slightly but significantly higher than in 

the surface water (U-test, p < 0.001), while nitrification rates covered the same ranges 

in all water layers in spring 2016 (Figure 12A). The highest rates among the coastal 

sites were measured in the BBL in summer 2014 (VE53, 525 nmol L−1 d−1), after a storm 

event in winter 2015 (130 – 173 nmol L−1 d−1), and in the Vistula River in spring 2016 

(River: 397 nmol L−1 d−1). In the DWL, highest rates of 1544 nmol L−1 d−1 at TF0233 and 

420 nmol L−1 d−1 at VE39 in winter 2015 were measured at depths characterized by the 

lowest oxygen concentrations (1.19 ml L−1 and 1.92 ml L−1) and high temperatures 

(7.6°C and 6.8°C), accompanied by elevated POM and NH4
+ concentrations (Figure 

11A). The storm event in winter 2015 induced a significant increase in the nitrification 

rates of the surface water and mid water column (t-test, p = 0.003; Figure 11B). The 

depth integrated nitrification rate increased by a factor of 1.7, from 104 ± 31 nmol L-

1 d-1 before the storm to 173 ± 34 nmol L−1 d−1 after the storm. The relative contribution 

of nitrification to the total NH4
+ consumption (sum of nitrification rates and NH4

+ 

assimilation rates) in the coastal area of the Bay of Gdansk is shown in Figure 12B. 

Compared to the overlying, water nitrification in the BBL contributed more to the total 

NH4
+ consumption in summer, but NH4

+ assimilation was the dominating process. In 

winter and spring, the contributions of nitrification in these water layers were 

comparable while surface water NH4
+ assimilation consumed more NH4

+ than 

nitrification. Nitrification consumed a significant amount of NH4
+ in winter and spring 

in the mid water and BBL. Although the sample size of nitrification rates in the coastal 

surface water was too small to perform a statistical test, Figure 13 shows that there is 

no difference in nitrification rates of the two water types.  
 



Chapter 3                                                                   Results and Discussion 
 __________________________________________________________________________________________________________________________________________________________________________________________ 

 

39 
 

 
 

 

           

 

Figure 12:  
A) Mean nitrification rates (NR) 
in the surface water (surface), 
the mid water column (mid) and 
the bottom boundary layer (BBL) 
of the Vistula estuary as well as 
in the deep water layer (DWL) in 
the offshore Bay of Gdansk in 
summer 2014 (su’14), winter 
2015 (wi’15) and spring 2016 
(spr’16). Nitrification rates in the 
surface water in summer 2014 
were not measured (n.a.). 
Standard deviations from 
triplicate samples are not shown 
here. B) Relative contribution of 
nitrification rates (see colour 
coding in panel A) to the total 
NH4

+ consumption, which is the 
sum of nitrification rates and 
NH4

+ assimilation rates (shaded 
bars). 

 

Figure 13:  
Comparison of nitrification rates 
in river plume water (salinity < 6) 
and coastal surface water 
(salinity > 6). Data were 
collected during cruises in winter 
2015 (wi’15) and spring 2016 
(spr’16), respectively). 
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Correlations between nitrification rates and environmental variables could not be 

established for the coastal area (all cruises merged), or from single seasons/cruises. 

However, within the surface water and the BBL significant correlations were identified 

(Table 4). Relationships between environmental variables and nitrification rates in the 

surface waters from winter and spring showed different patterns. In winter 2015, the 

river plume was smaller than in spring 2016 and nitrification rates increased with 

increasing salinity and decreased with increasing NH4
+, PON, POC, and Chl.a 

concentrations as well as NH4
+ assimilation rates (Table 4). In spring 2016, when the 

river plume was widely spread, correlations of nitrification rates with NH4
+ and NH4

+ 

assimilation rates were positive, while no relationships were found with the remaining 

environmental variables (Table 4). Yet, when plotting nitrification rates along the 

salinity gradient including the Vistula River as fresh water endmember, a more 

consistent picture of nitrification regulation evolved (Figure 14). Nitrification rates first 

decreased with increasing salinity up to a salinity of 3 followed by a subtle but 

significant increase of nitrification rates at higher salinities (Figure 14A). The exact 

converse pattern was found between nitrification rates and PON concentrations, with 

a positive relationship for the low salinity nitrification rates and a significant negative 

correlation, i.e. increasing nitrification rates with decreasing PON concentrations for 

the nitrification rates at higher salinities (Figure14C). NH4
+ concentrations led to 

increasing nitrification rates at low salinity (0-3), whereas no relationship was found at 

higher salinities (Figure 14B). NH4
+ assimilation rates co-occurred with the highest 

nitrification rates, but otherwise no correlation was found (Figure 14D). In the BBL, no 

relationship between nitrification rates and the environmental variables salinity, 

temperature, oxygen, and NH4
+ and Chl.a concentrations was found, neither for the 

complete data set (all seasons merged, data not shown) nor for the single seasons 

(Table 4, Figure 15A and B). In summer, nitrification rates were significantly positively 

correlated to PON concentrations (Figure 15C, Table 4), whereas in winter and spring 

no relationship was found. NH4
+ assimilation rates were positively correlated with 

nitrification rates in the BBL in summer 2014 and winter 2015 (Figure 15D). In the 

offshore DWL, nitrification rates were positively correlated to temperature while a 

negative trend with oxygen concentration was found (Table 4). 

 

 



Chapter 3                                                                   Results and Discussion 
 __________________________________________________________________________________________________________________________________________________________________________________________ 

 

41 
 

Table 4: Correlation analyses (Pearson correlation coefficient, R) between nitrification rates and 
environmental variables. Significant correlations (p < 0.05) are highlighted in bold. Strong but not 
significant correlations (R > 0.5) are also shown, results of no correlations are denoted as ‘n.c.’. The 
results are structured as Pearson correlation coefficient R in the first line, the significance value p in the 
second line, and the sample number n in the third line for each location and environmental variable. The 
Vistula River was excluded in the analysis of the surface water layer in spring 2016.  

cruise/ 
season 

water 
layer 

temp. 
(°C) sal. O2 

(ml L-1) 
NH4

+ 
(µmol L-1) 

PON 
(µmol L-1) 

POC 
(µmol L-1) 

Chl.a 
 (µg L-1) AAR 

all 
cruises 

DWL 
0.89 n.c. -0.57 n.c. n.c. n.c. n.c. n.c. 
0.02 n.c. 0.14 n.c. n.c. n.c. n.c. n.c. 

6 9 9 11 11 11 7 10 

winter 
2015 

surface 
water 

0.78 0.83 n.c. -0.94 -0.75 -0.72 -0.96 -0.71 
0.11 0.09 n.c. 0.001 0.05 0.07 0.01 0.08 

5 5 5 7 7 7 5 7 

spring 
2016 

surface 
water 

n.c. n.c. n.c. 0.71 n.c. n.c. n.c. 0.89 
n.c. n.c. n.c. 0.05 n.c. n.c. n.c. 0.003 

8 8 8 8 8 8 8 8 

summer 
2014 

coastal 
BBL 

n.c. n.c. n.c. n.c. 0.78 0.79 n.c. 0.74 
n.c. n.c. n.c. n.c. 0.02 0.02 n.c. 0.06 

8 8 8 8 8 8 8 7 

winter 
2015 

coastal 
BBL 

n.c. n.c. n.c. n.c. -0.54 -0.62 n.c. 0.60 
n.c. n.c. n.c. n.c. 0.21 0.13 n.c. 0.16 

7 7 7 7 7 7 7 7 

spring 
2016 

coastal 
BBL 

n.c. n.c. n.c. n.c. -0.52 -0.56 n.c. n.c. 
n.c. n.c. n.c. n.c. 0.09 0.06 n.c. n.c. 
12 12 11 11 12 12 12 12 

all 
cruises DWL 

0.89 n.c. -0.57 n.c. n.c. n.c. n.c. n.c. 
0.02 n.c. 0.14 n.c. n.c. n.c. n.c. n.c. 

6 9 9 11 11 11 7 10 
DWL-deep water layer, BBL-bottom boundary layer; AAR - ammonium assimilation rate in nmol L-1 d-1  
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Figure 14: Relationships between nitrification rates (NR) and the environmental variables salinity (A), 
NH4

+ concentration (B), PON concentration (C), and NH4
+ assimilation rate (AAR, panel D) in the 

surface water/river plume in winter 2015 and spring 2016 in the Bay of Gdansk. 
 

 
Figure 15: Relationships between nitrification rates (NR) and the environmental variables salinity (A), 
NH4

+ concentration (B), PON concentration (C), and NH4
+ assimilation rate (AAR, panel D) in the BBL 

in summer 2014, winter 2015, and spring 2016 in the Bay of Gdansk. Significant correlations (Pearson, 
p < 0.05) are indicated by a regression line. 
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3.2.2 Nitrification rates in the Bay of Gdansk 

Nitrification rates in coastal zones range widely, between rates as low as in the open 

ocean (e.g. Heiss and Fulweiler, 2016; Newell et al., 2011; Peng et al., 2016) and rates 

extremely high in eutrophied estuaries (e.g. Brion et al., 2008). The nitrification rates 

that characterize the Bay of Gdansk are in the lower range of those measured in other 

coastal areas, but similar to San Francisco Bay, the coastal Gulf of Mexico and the open 

Baltic Sea (see references in Table 5).  

The first surprising result of nitrification rates in the Bay of Gdansk was the lack of a 

seasonal difference (Figure 12A). I expected much higher rates in summer, when 

temperature and NH4
+ availability was high in the BBL. However, there seems to be no 

general seasonal pattern of nitrification rates in temperate coastal zones as for example 

found by Andersson et al. in the Scheldt estuary (2006). Other studies measured highest 

nitrification rates either in winter (Veuger et al., 2013), in summer (Bianchi et al., 1999) 

or in spring and autumn (Brion et al., 2008). Furthermore, nitrification rates from the 

shallow Vistula estuary were not correlated to temperature (Table 4), a finding 

supported by temperature manipulation experiments, in which nitrification rates were 

not higher at higher temperatures (Baer et al., 2014). The lack of seasonality and 

influence of temperature, suggests other factors, like NH4
+ availability, concentrations 

of particles or oxygen concentrations, to affect nitrification.  

A second surprising result is the same range of nitrification rates in the Vistula estuary 

and the offshore DWL (Figure 12A). This indicates that nitrification is not enhanced in 

the shallow coastal zone, which is fuelled with nitrogen by the Vistula River. 

Furthermore, the highest nitrification rates measured during the three cruises were 

found in the DWL at lowest oxygen concentrations and elevated temperatures (Table 

4). The usually anoxic deep water in the area of the Gdansk deep received oxygenated 

North Sea water during a Major Baltic Inflow in 2014 and 2015 (Mohrholz et al., 2015). 

Thus, hypoxic conditions were present during the cruises in 2014 and 2015 (Figure 

11A), which must have enhanced nitrification. Similar results are shown by Hietanen et 

al. (2012), who studied nitrification rates at the oxic-anoxic interface in the Baltic 

Proper and found the same relationship with oxygen. Together these findings suggest 

that nitrifiers are very active under low oxygen conditions supporting the assumption 

of nitrifiers being microaerophilic (Ward, 2008). Hypoxic conditions were not present 

in the Vistula estuary and nitrification was not correlated with ambient oxygen 
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concentrations. Thus, oxygen is not regulating nitrification in the shallow Vistula 

estuary. 
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3.2.3 Is the Vistula river plume a hotspot for nitrification? 

As described for a number of other coastal zones, I expected increased nitrification 

rates in the river-impacted, low-salinity waters of the Bay of Gdansk (Damashek et al., 

2016, see Table 2 therein). But contrary to our expectations, nitrification rates did not 

differ between river plume water and the coastal surface water (Figure 13), although 

substrate availability was higher in the river plume (Table 3). Hence, the river plume in 

the Bay of Gdansk is no hotspot for nitrification. This is underlined by the results of the 

correlation analyses between nitrification rates and environmental variables. The 

magnitude and the relationships of nitrification rates to salinity, NH4
+ and PON 

concentrations shifted already at a salinity of 3, while riverine influence was found up 

to a salinity of 6 (Figure 14A). Nitrification activity was high only in the freshwater of 

the Vistula River and in very fresh river plume water (stations VE07, salinity of 1). The 

positive trend of nitrification rates with NH4
+ and PON concentration (Figure 14D, E) 

suggests that nitrification in freshwater and river plume water of very low salinity is 

substrate driven and that nitrifiers are attached to the organic particles transported by 

the river (Hsiao et al., 2014; Karl et al., 1984; Stehr et al., 1995). However, this was not 

the case in the surface water of the remaining sites, where the rates, while lower in 

magnitude, increased with increasing salinity and decreasing PON concentrations 

(Figure 14). So, the river plume seems to be a transition zone where not only the 

magnitude of nitrification rates, but also its regulation changes. To our knowledge, this 

is the first report of such a shift in magnitude and regulation of nitrification along a river 

plume salinity gradient. Reasons for the transition of nitrification rates in the river 

plume could be 1) the sedimentation of riverine particles, 2) a change in the nitrifier 

community, and 3) competition for the substrate with phytoplankton or NH4
+ 

assimilating bacteria.  

Nitrifiers form strong associations with particles (Phillips et al., 1999; Stehr et al., 1995) 

which were most abundant in the Vistula River. When mixing with saline water, the 

riverine particles (PON and POC) can flocculate and sink to the seafloor (Mann and 

Lazier, 1991) and thus particle-associated nitrifiers may become entrained. In our 

study, this may explain the very low nitrification rates at intermediate PON 

concentrations (Figure 14E), a finding supported by the strong non-linear decline of 

Nitrifiers form strong associations with particles (Phillips et al., 1999; Stehr et al., 1995) 

which were most abundant in the Vistula River. When mixing with saline water, the 

riverine particles (PON and POC) can flocculate and sink to the seafloor (Mann and 
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Lazier, 1991) and thus particle-associated nitrifiers may become entrained. In our 

study, this may explain the very low nitrification rates at intermediate PON 

concentrations (Figure 14E), a finding supported by the strong non-linear decline of 

PON with increasing salinity. The steepest slope until a salinity of 3 coincides with the 

lowest nitrification rate (Figure 16). With further decreasing PON concentration, 

nitrification rates increased again (Figure 14E), possibly reflecting a community 

composition containing other nitrifying organisms, either free-living (Hsaio et al., 

2014) or associated with planktonic particles (Phillips et al., 1999). Such a change in 

the nitrifying community may have occurred along the Vistula river plume salinity 

gradient. Stehr et al. (1995) reported a decline in the number of ammonium-oxidizing 

bacteria (AOB) from freshwater to brackish water in the Elbe estuary. Niche separation 

between AOB and AOA has also been described, with AOB dominating at lower and AOA 

at higher salinities (Bouskill et al., 2012; Mosier and Francis, 2008; Tolar et al., 2013). 

Unfortunately, none of these studies measured nitrification rates at the same time. In 

the Vistula river plume, a decline in the abundance of freshwater nitrifying species with 

increasing salinity may have led to the decrease in nitrification rates at the transition 

zone (salinity of 3), where freshwater and brackish water mix. The subsequent increase 

in nitrification rates with increasing salinity suggests a shift to nitrifying species which 

are adapted to brackish conditions. 

Phytoplankton and NH4
+ assimilating bacteria are known to successfully compete with 

nitrifiers for the substrate NH4
+ (Santoro and Casciotti, 2011; Smith et al., 2014). 

Ameryk et al. (2005) and Wielgat-Rychert et al., (2013) showed that the Vistula River 

plume fuels primary production by both phytoplankton and bacteria in the Vistula 

estuary. Indeed, in spring2016, the highest Chl.a concentrations as well as the highest 

phytoplankton abundance (Figure III in appendix) were measured at the salinity of 3, 

where the nitrification rates were lowest (Figure 14). This clearly indicates that 

phytoplankton was competing for NH4
+ and nitrifiers came short.  

In summary, the river plume is not a hotspot but a transition zone for nitrification in the 

Vistula estuary. Along the salinity gradient, nitrifiers may experience a combination of 

regulation mechanisms which are entrainment with sinking particles, the competition 

for the substrate NH4
+, and increasing salinity leading to a change in the abundance, 

composition, and activity of the nitrifiying community. 
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Figure 16: Salinity mixing plot with concentrations of PON and POC. The exponential decline indicates 
sedimentation of organic particle. 
 

3.2.4 Is the BBL a hotspot for nitrification and what are the regulating mechanisms? 

I expected that favourable environmental conditions such as high NH4
+ and POM 

concentrations, the lack of light limitation and reduced competition for the substrate 

would result in high nitrification rates in the coastal BBL of the Bay of Gdansk. But the 

similarity of coastal BBL-nitrification rates with rates from the offshore DWL indicate 

that the coastal BBL is not a general hotspot for nitrification. However, within the 

Vistula estuary, the BBL in summer was clearly a hotspot for nitrification with higher 

rates than in the overlying water. Due to stable thermal stratification, the BBL displayed 

distinct physical and biogeochemical characteristics, like low oxygen concentration, 

and high PON and nutrient concentrations which suggest intense remineralization and 

accumulation of the latter (Figure 7, Figure 9). Ritzrau et al. (1997) denoted the BBL to 

be a layer of high bacterial activity and rapid organic matter modification. Especially in 

the warm summer, the degradation of organic matter is enhanced in coastal zones 

(Davis and Benner, 2005; Lonborg et al., 2009) and the supply of NH4
+ from organic 

matter degradation (ammonification) to nitrification could be high. Indeed, the positive 

correlation of nitrification rates and PON not only suggests particle association of the 

nitrifiers (see above) but also a strong coupling of nitrification to ammonification 

(Bronk et al., 2014; Pakulski et al., 2000). This is further supported by the missing 
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positive correlation between nitrification rates and the high ambient NH4
+ 

concentrations in the BBL in summer, indicating that nitrifiers are either well adapted 

to ambient concentrations or other sources than dissolved NH4
+ are important. In a 

recent study, NH4
+ fluxes out of sinking diatom aggregates were detected, even under 

oxic conditions (Ploug and Bergkvist, 2015), which underline the importance of 

particulate organic matter as a NH4
+ source for associated microorganisms, like 

nitrifiers. Positive relationships of nitrification rates with suspended particulate matter 

(Feliatra and Bianchi, 1993) or PON (Hsaio et al., 2014) were found in several coastal 

zones (summarized in Damashek et al., 2016) suggesting that particles play a key role 

as substrate supplier for coastal nitrification. 

In winter and spring, the BBL was not a hotspot for nitrification, since rates from the 

overlying mid water and even partly from the surface water (spring) cover the same 

range (Figure 12A). Interestingly, rates from the winter and spring season are as high 

as in the BBL in summer, which I declared as nitrification hotspot. Concluding, all water 

layers, BBL as well as mid water and surface water (only in spring) are nitrification 

hotspots in winter and spring. Furthermore, there is a lack of correlations between 

nitrification rates and environmental variables in the BBL (Table 4) or other 

combinations of water layers (e.g. in mid + BBL). For example, particulate organic 

matter concentrations (PON and POC) which drove nitrification in summer, were lower 

and did not correlate with nitrification rates in winter and spring (Table 4). Organic 

matter degradation is usually lower in winter (Davis and Benner, 2005; Lonborg et al., 

2009) and the organic material in the Vistula estuary was in a degraded state with C/N 

ratios of 11.4 in and 10.6 in spring, compared to 8.8 in summer. Thus, ammonification 

might be reduced and may not be a significant NH4
+ source for nitrifiers. This leads to 

the conclusion, that other factors than the measured environmental variables must 

drive nitrification. So, what causes to equally high rates of nitrification in winter and 

spring compared to the BBL in summer?  

In contrast to summer, when the water column was warmer and strongly stratified, in 

winter and spring the water column was colder and well-mixed indicating stronger 

currents and more turbulence which continuously mix the water. A turbulent 

hydrodynamic regime can improve the accessibility of particle associated 

microorganisms to their substrates, if the particle host is large enough (Ritzrau et al., 

1997 and cites therein). Ritzrau (1996) calculated an increased diffusive flux of 

dissolved amino acids to particles of 40 to 400 µm due to increased shear in the 
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turbulent hydrodynamic regime (current velocities of 0.05 to 0.3 m s-1) in an Antarctic 

BBL. He used this mechanism as an explanation for the increased bacterial activity in 

the BBL, since this bacterial activity was not correlated to organic matter 

concentrations. Unfortunately, there is no data about the size of particles in the Vistula 

estuary, but particles with the size of 505 – 605 µm and 211 – 523 µm were found in 

the Mecklenburg Bight and the Pomeranian Bight (southern coastal Baltic Sea), 

respectively (Jähmlich et al. 1999 and 2003). It is very likely, that a similar range of 

particle size exists in the Vistula estuary, which is also located in the coastal southern 

Baltic Sea, only a few 100 nautical miles to the east. Current velocities in the Vistula 

estuary were measured with an ADCP and were 0.05 – 0.2 m s-1. Hence, the situation 

described by Ritzrau (1996) can be well compared to the situation in the Vistula estuary 

in winter and spring. Nitrifiers in aquatic systems are generally living associated to 

particles and AOB are able to attach to particles within 30 min after introduction 

(Hagopian and Riley, 1998 and cites therein). So, it is likely that in a turbulent 

hydrodynamic regime like in winter and spring in the Vistula estuary leads to increased 

diffusive fluxes of NH4
+ to particles. The thereby increased accessibility of NH4

+ to the 

particle associated nitrifiers might be a factor which sustains the high nitrification rates 

in winter and spring, when organic matter degradation is low and ammonification is 

decoupled from nitrification. 

Another possibility of the high nitrification rates in winter and spring, is the reduced 

competition for the substrate NH4
+ with NH4

+ assimilating microorganisms. Smith et al. 

(2014) showed that nitrification in the surface water is driven more by the competition 

for NH4
+ than by light inhibition, which highlights the importance to also check NH4

+ 

assimilation rates as an influencing factor for nitrification. NH4
+ assimilation rates 

measured in the Vistula estuary are derived from dark incubation and exclude NH4
+ 

uptake by primary producers. Nevertheless, NH4
+ is taken up by a vast number of 

microorganisms (e.g. heterotroph bacteria), who compete for the substrate with 

nitrifiers. The relative contribution of NH4
+ assimilation to total NH4

+ consumption was 

much lower in winter and spring than in summer (Figure 12B) indicating less activity 

of NH4
+ assimilating microorganisms which leaves relatively more substrate in the 

water column for the nitrifiers.  

Also, a physiological adaptation could sustain nitrification rates in Vistula estuary at the 

same level in winter and spring. Schmidt et al. (2004) showed that cultured Nitrosomas 

eutropha and other AOB are able to accumulate NH4
+ and hydroxylamine, both 
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compounds in the NH4
+ oxidation pathway, to yield energy. The accumulation of these 

compounds is suggested to be mediated by active transport of NH4
+ and 

hydroxylamine. Indeed, molecular and genetic studies state the existence of NH4
+ or 

NH3 transporters in both AOB and AOA (Offre et al., 2014; Weidinger et al., 2007) and 

NH4
+ accumulation has also recently been suggested for an acidophilic AOA species 

(Lehtovirta-Morley et al., 2016). Furthermore, the existence of such transporters might 

be important at low ambient substrate concentrations and may explain the high affinity 

of AOA to NH4
+ (Offre et al., 2014). In the Vistula estuary in winter and spring, low 

ambient NH4
+ concentrations of 0.4 µmol L-1 (Table 2), might stimulate the active 

accumulation of NH4
+ by ammonium oxidiziers, to sustain their energy supply via NH4

+ 

oxidation. Thereby higher accessibility of NH4
+ due to the hydrodynamic regime 

(Ritzrau, 1996; see above) and less competition for NH4
+ could support NH4

+ 

accumulation and the combination of the three mechanisms may finally lead to 

nitrification rates as high as in summer.  

In summary, the BBL is a hotspot for nitrification in the Vistula estuary in summer and 

nitrification rates are most likely driven by the strong coupling of POM degradation to 

NH4
+ via ammonification and particle associated nitrification. In winter and spring, 

however, the BBL is not a single hotspot and equally high nitrification rates were 

measured in the whole water column. Furthermore, correlation analyses indicate that 

nitrification is differently regulated than in summer and by other factors than the 

environmental variables measured. The turbulent hydrodynamic regime in winter and 

spring, could lead to a higher accessibility of particle associated nitrifiers to their 

substrate NH4
+, which they may accumulate via active transport. These two 

mechanisms can be supported by overall less competition for NH4
+ as indicated by low 

NH4
+ assimilation rates in winter and spring.  
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3.2.5 A storm event as example for the influence of the hydrodynamic regime on 

nitrification 

The storm that passed over the entire southern and central Baltic Sea on February 7 – 8, 

2015 allowed us to obtain samples before and after the storm, from a station close to 

the river mouth (VE02). The complete loss of stratification and the significant higher 

PON concentrations after the storm clearly reflect intense mixing of the water column 

and resuspension from the sediment. The water depth affected by the storm was at least 

that of station VE02 (22 m), such that a large area of the coastal Bay of Gdansk was 

certainly affected by a significant increase of nitrification activity by a factor of 1.7 

(Figure 11B). A similar result was found by Horrigan et al. (1990) after a storm event 

in the Chesapeake Bay, with NH4
+ oxidation rates even increasing by an order of 

magnitude. The increased nitrification rates after a storm event are likely due to the 

resuspension of active sediment nitrifiers into the water column (Horrigan et al., 1990). 

This can be underlined by results of the nitrifier community composition in the Vistula 

estuary. The community composition of AOA and AOB which was found only in the BBL 

before the storm was distributed over the whole water column after the storm 

(Münster-Happel et al., unpublished). NH4
+ was also released from the sediment during 

the storm (Thoms et al., unpublished) and may have triggered nitrification, although an 

increase in the NH4
+ concentration in the water column was no longer detectable 24 h 

after the storm (Figure 11B). More importantly, turbulences in the water column 

during and after the storm most likely have improved the accessibility of NH4
+ to 

particle associated nitrifiers (Ritzrau, 1996). Two days after the storm, re-sampling of 

the BBL at station VE02 showed that the nitrification rate was similar to that measured 

in the BBL prior to the storm (43 ± 1 nmol L-1 d-1 and 59 ± 6 nmol L−1 d−1, respectively). 

These results well demonstrate how significant storm events can rapidly but 

transiently change environmental conditions, leading to enhanced nitrification over 

short time-scales (Horrigan et al., 1990). Finally, the storm event perfectly illustrated 

enhancement of nitrification due to the hydrodynamic regime by 1) resuspending 

active particle associated nitrifiers from the BBL and the sediment and 2) better 

accessibility of NH4
+ to these nitrifiers due to increased turbulences in the water 

column.  
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3.2.6 Summary and Conclusion  

The results revealed by the extensive amount of data acquired in this study included 

the following:  

1) Surprisingly, there was no seasonal difference in the magnitude of the nitrification 

rates. However, the relative contribution of nitrification to total NH4
+ consumption was 

much higher in winter than in summer, suggesting that N-recycling is dominated by 

NH4
+ uptake into biomass in summer and by NOx

− production in winter.  

2) The Vistula river plume is not a hotspot but a transition zone with a significant shift 

magnitude and regulation of nitrification due to particle sedimentation and/or a change 

in the nitrifier community composition and activity.  

3) The role of the BBL in determining nitrification rates has seldom been addressed 

and, unexpectedly, this layer was not an overall hotspot for coastal nitrification. Only in 

summer, when the stratification of the water column was pronounced and 

remineralization activity was high, nitrification rates were increased and most likely 

driven by a close coupling of ammonification and nitrification. 

4) In winter and spring, high nitrification rates were found in the whole water column, 

where nitrification rates may be driven by the hydrodynamic regime, less competition 

for the substrate and physiological adaptation of the nitrifiers. 

5) The effect of the hydrodynamic regime on nitrification rates were nicely reflected in 

a storm event in winter 2015 which briefly increased nitrification rates in the Vistula 

estuary.  

The absence of nitrification hotspots in river plume and BBL of the Vistula estuary in 

winter and spring as well as the lack of relationships to environmental variables could 

be related to a complex hydrodynamic regime in this open coastal bay which should be 

included in further biogeochemical studies in open coastal zones like the Vistula estuary 

in the Bay of Gdansk. 
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3.3. Is BBL-nitrification related to sediment properties? 

Since the BBL links sediments with the water column, favourable conditions for BBL-

nitrification might originate from the sediment, e.g. in the form of sedimentary NH4
+ 

release, which in turn depends on sediment properties and the macrofauna community. 

In this chapter, results on the influence of sediment properties and nutrient fluxes on 

BBL-nitrification will be presented and discussed.  

 

3.3.1 Sediment types and their relationship to BBL-nitrification rates 

Results on basic sediment properties (Thoms et al., unpublished) are shortly described 

in the appendix. A categorization of the sediments in the Bay of Gdansk according to 

grain size alone would not be sufficient to investigate the connection between the 

sediment and the overlying water (BBL). Also, sediment permeability and the presence 

of macrofauna play a crucial role for biogeochemical processes in the sediment (Huettel 

et al., 2003, Stief, 2013). Hence, I grouped the sediment according to permeability 

(Forster et al., 2003; Huettel et al., 2003) and the presence of macrofauna (Thoms et al., 

unpublished; pers comm. Halina Kendzierska, Table 6). Permeability data were 

provided by Dana Hellemann (University of Helsinki) for those sediments that were 

visually determined on board as fine, medium or coarse sands. Muddy sediments (silts) 

were defined as non-permeable, and low grain size, high water content and high 

porosity underline the decisions. At a permeability threshold of Km ≥ 2.5 10-12 m2 

sediments were assumed permeable enough for advective porewater flow with 

significant effects on sediment biogeochemistry (Forster et al., 2003). Macrofauna was 

present in all estuarine sediments, while in the offshore sediments, only very few or no 

macrofauna was found. Differences among the stations regarding species composition 

and abundances existed, but will not be further considered in this study. I distinguished 

three types of sediments according to permeability and macrofauna: non-permeable 

sediment without macrofauna (N-M), non-permeable sediment inhabited by 

macrofauna (N+M), and permeable sediment inhabited by macrofauna (P+M) (Table 

6). 

When basic sediment properties, ammonium fluxes and BBL nitrification rates are 

plotted over the sediment types some intriguing patterns emerge (sample sizes of the 

variables are shown in table III in the appendix). Significant differences in grain size, 

water content, LOI and PON content (only winter and spring cruise) existed between 

the sediment types (Kruskal-Wallis ANOVA on ranks, p < 0.05). The sedimentary NH4
+ 
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pool in the upper 3 cm also differed (Kruskal-Wallis ANOVA on ranks, p < 0.05), while 

the deep NH4
+ pool was similar in N+M and P+M (U-test, p = 0.056). This shows, that 

also below the permeable surface sediment in P+M, a relatively large NH4
+ pool is 

providing substrate for mineralization processes. The lowest grain size, and 

accordingly highest water, organic matter contents (LOI and PON), and highest NH4
+ 

contents were found in N-M (Figure 18). The opposite was the case in P+M, whereas 

N+M had a high variability of sediment properties consisting of both, silty sediments 

and non-permeable fine sands (Figure 18). The NH4
+ fluxes could only be compared 

between the N-M and P+M sediment types, since for N+M only one value exists. Fluxes 

from the N-M sediment type were diffusive fluxes calculated from pore water profiles. 

Fluxes from the P+M sediment type were total fluxes derived from in situ incubations 

with a chamber lander system. The total fluxes were kindly provided by Franziska 

Thoms (Thoms et al., unpublished). The diffusive fluxes of N-M were in the same range 

as the total fluxes of P+M (U-test, p = 0.286). BBL-nitrification rates covered the same 

range above the two non-permeable sediment types with mean rates of 106 nmol L-1 d-1 

and 104 nmol L-1d-1 above N-M and N+M, respectively (Figure 18).  

In contrast, rates above P+M with a mean of 42 nmol L-1 d-1 were significantly lower 

compared to the two non-permeable sediment types (N-M: U-test, p = 0.019, N+M: U-

test, p = 0.037). The highest variability regarding nitrification rates was found at N+M 

(Figure 18) and although, there is a statistical significant difference, 4 of the 6 

nitrification rates in N+M covered the same range as rates in P+M. The N-M sediment 

type solely consisted of samples from the deep offshore stations, where conditions in 

the BBL strongly differed to the BBL in the Vistula estuary, i.e. above N+M and P+M 

(see chapter 3.2.2.). Correlation analyses to check for relationships between BBL-

nitrification rates and the properties of the different sediment types, were conducted 

for the complete data set, as well as for three the sediment categories, and for the three 

seasons. No significant correlations were found between nitrification rates and the 

basic sediment properties (PEARSON, p > 0.05). Furthermore, no positive correlation 

existed between BBL-nitrification rates or BBL-NH4
+ concentrations and NH4+ fluxes, 

irrespective of the sediment type (PEARSON, R = 0.10). This means that at sites with 

high NH4
+ fluxes, I did not simultaneously measure high nitrification rates or high NH4

+ 

concentrations in the BBL (Figure 17). 

In summary, although sediment types based on permeability and presence/absence of 

macrofauna differed significantly in basic sediment properties, the sedimentary NH4
+ 
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fluxes in organic-poor, permeable sediments (P+M) were as high as diffusive fluxes in 

organic-rich, non-permeable sediment (N-M). BBL-nitrification rates above the 

permeable sediment type were not enhanced.  
 
Table 6: Sediment types based on their permeability, presence/absence of benthic macrofauna, and 
their main transport mechanisms according to Huettel et al. (2003). Ranges of measured permeabilities 
from the Bay of Gdansk are shown (provided by Dana Hellemann, University of Helsinki). 

sediment type main transport 
mechanism 

measured 
permeability (m²) 

non-permeable, no macrofauna  
(N-M) diffusion - 

non-permeable, macrofauna  
(N+M) bioturbation 8.4 10-13 - 2.4 10-12 

permeable, macrofauna  
(P+M) bioturbation + advection 2.5 10-12 - 2.0 10-11 

 

 

 
Figure 17:  NH4

+ concentrations (left) and nitrification rates (right) plotted over NH4
+ fluxes of all sediment 

types. Total NH4
+ fluxes were kindly provided by Franziska Thoms (IOW; Thoms et al., unpublished).   
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Figure 18: Basic sediment properties (grain size, water content, LOI, PON, NH4

+ pools), NH4
+ fluxes out 

of the sediment, and BBL-nitrification rates plotted for the three sediment types: non-permeable 
sediment without macrofauna (N-M), non-permeable sediment with macrofauna (N+M), permeable 
sediments with macrofauna (P+M). The NH4

+ pools are separated into surface NH4
+ from 0-3 cm and 

deep NH4
+ from 3-11 cm sediment depth. NH4

+ fluxes from N-M are diffusive fluxes derived from pore 
water profiles, while NH4

+ fluxes from N+M and P+M are total fluxes determined via in situ incubations 
with a chamber lander (total flux data kindly provided by Franziska Thoms, IOW; Thoms et al., 
unpublished).  
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3.3.2 NO3
- and NH4

+ concentrations in the BBL and in the pore water  

Nutrient concentration profiles in the BBL could be measured during the spring cruise 

in 2016, using the modified chamber lander system (see section 2.2.4., discussion in the 

appendix). NO3
- and NH4

+ profiles from the BBL (P+M: station VE13 and VE10, N+M: 

station VE07) did not show any gradient towards the sediment surface (Figure 19). 

Only at station VE07 (water depth: 50 m) the NH4
+ concentrations were slightly 

elevated in the last 30 cm above the sediment, compared to the BBL water above. NO3
- 

concentrations were slightly higher in the last meter above the sediment, but do not 

show a clear gradient of increasing concentrations towards the sediment surface. At 

station VE13, NO3
- concentrations increased down to 30 cm above the sediment but 

decreased again further towards the seafloor. NO3
- concentrations at station VE07 

indicated an increase of NO3
- towards 30 cm above the sediment.  

At station VE05, there was no increase in NH4
+ concentration within the BBL neither in 

spring nor in winter (Figure 20). In summer however, the NH4
+ concentrations 

increased within the last 50 cm above the sediment from 0.19 to 7.48 µmol L-1 (Figure 

20). Similarly, the NO3
- concentration increased in summer from 0.16 µmol L-1 at 55 cm 

above the sediment to 1.49 µmol L-1 at 1 cm above the sediment. In contrast, winter 

concentrations in the BBL remained the same and concentrations in spring were 

slightly increased within the last meter above the seafloor (Figure 20). So, the sediment 

overlying BBL water differed seasonally by 1) overall higher NH4
+ concentrations in 

summer than in winter and spring, and 2) by an increase in nutrient concentrations 

towards the sediment in summer. slightly increased within the last meter above the 

seafloor (Figure 20). So, the sediment overlying BBL water differs seasonally by 1) 

overall higher NH4
+ concentrations in summer than in winter and spring, and 2) by an 

increase in nutrient concentrations towards the sediment in summer. There was a clear 

increase of NH4
+ concentrations within the first centimeters of the pore waters in the 

sediments in all seasons (Figure 20). Overall, pore water NH4
+ concentrations were 

several orders of magnitudes higher in the surface sediment than in the BBL (Table 7).   
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Figure 19: Profiles of NH4

+ and NO3
- in the BBL at three estuarine stations in the Bay of Gdansk. BBL-

samples (white symbols) were taken within 1 m above the sediment during the spring cruise in 2016 
with a modified chamber lander system. Black symbols represent concentrations from the deepest CTD-
samples. The thickness of the BBL is marked in grey.  

 

 
Figure 20: BBL and pore water concentrations of NH4

+ and NO3
- at station VE05 in summer (A), winter 

(B) and spring (C). Black symbols are concentrations derived from CTD-samples. In summer and winter, 
BBL samples are derived from the CTD sampling rosette at lowest sampling depth, the overlying core 
water and water 1 cm above the sediment from the pore water sampling. In spring, BBL profiles were 
taken with the modified chamber lander. 
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Yet, the three seasons differed from each other in sedimentary NH4
+ and NO3

- 

concentrations (Figure 20, Table 7). Comparing the pore water NH4
+ concentration 

integrated over the first 3 cm of the sediment, I found much lower NH4
+ concentrations 

in winter and spring compared to the summer season (Table 7). In summer, the NO3
- 

concentration at station VE05 in the first cm of sediment showed no peak and decreased 

to 0.16 µmol L-1 at a sediment depth of 2 cm. Nevertheless, mean NO3
- concentrations in 

the permeable surface sediment were higher than in the BBL in summer (Table 7). A 

nitrate peak of 5 µmol L-1 in winter and 13 µmol L-1 in spring was detected in the 

sediment at station VE05 and the mean NO3
- concentrations were also overall higher in 

the surface sediment than in the BBL (Table 7,). Furthermore, the higher sedimentary 

NO3
- concentrations reached a greater sediment depth which coincided with lower 

NH4
+ concentrations (Figure 20). 

Station VE05 was chosen as an example to illustrate seasonal differences in a P+M 

sediment type. In both impermeable sediment types (N+M and N-M), NH4
+ 

concentrations were much higher in the surface sediment compared to the BBL, 

whereby the difference was greatest in N-M. In the N+M sediment type, higher surface 

sediment NO3
- concentrations compared to the BBL were measured in summer, while 

NO3
- concentrations in winter and spring were higher in the BBL (Table 7).  

 

Table 7: Comparison of mean NO3
- and NH4

+ concentrations from the BBL with concentrations from the 
surface sediment. Data are separated according to sediment type and season and shown as mean (m) 
and standard deviation (s). 

sed.-
type season 

NO3
- (µmol L-1) NH4

+ (µmol L-1) 
BBL sediment BBL sediment 

m s m s m s m s 

P+M 
summer 2014 1.7 1.1 4.0 1.2 4.6 1.2 31.9 8.5 
winter 2015 4.7 0.4 7.8 1.0 0.3 0.04 14.0 8.1 
spring 2016 5.3 1.0 7.4 2.4 0.6 0.3 10.8 8.0 

N+M 
summer 2014 0.9 0.1 1.2 1.1 4.5 2.4 78.3 60.3 
winter 2015 5.6 0.0 3.0 0.7 1.0 0.3 42.0 27.1 
spring 2016 9.7 - 3.1 - 0.7 - 46.0 - 

N-M 
summer 2014 4.2 - 6.4 - 2.9 1.0 265.8 101.7 
winter 2015 7.9 - 1.9 - 2.0 0.7 280.5 87.5 
spring 2016 7.6 - 5.0 - 1.7 - 411.9 - 
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3.3.3 BBL nitrification rates above different sediment types 

We hypothesized that nitrification rates are highest above sandy sediments, due to the 

permeable character that enables advective porewater outflow of NH4
+. Sedimentary 

NH4
+ release from permeable sediments was found for example in the North Sea 

(Ehrenhauss et al., 2004, van Raphorst et al., 1992) and is most likely transported via 

advection through anoxic channels which can form in sediment mounds or ripples 

(Huettel et al., 1998). Furthermore, permeable sandy sediments are effective 

biocatalytic filters with a high turnover of organic matter, which is trapped and 

degraded to NH4
+ in the interstices of the sand (Huettel et a., 1996; Huettel and Rusch, 

2000). Macrofauna is known to increase the sedimentary NH4
+ release by several 

orders of magnitude compared to diffusive transport (Stief, 2013). Thus, not only 

permeability of the sediment, but also the presence of macrofauna enhances NH4
+ 

release into the BBL, which in turn potentially enhances BBL-nitrification. The Vistula 

estuary in the Bay of Gdansk is dominated by fine to medium sands which are mainly 

permeable. Macrofauna species, like Hediste diversicolor, Peringia ulvae, Corophium 
volutator, and Marenzellereia spp., are present over the entire Vistula estuary (Thoms 

et al., unpublished, Kendierska, unpublished data) and affecting nutrient fluxes through 

bioturbation (Thoms et al., unpublished). However, NH4
+ fluxes covered the same range 

in permeable and non-permeable sediments (Figure 18). This result was surprising 

since we expected higher NH4
+ fluxes from the permeable sediments. The total NH4

+ 

fluxes determined via in situ incubation with a chamber lander include both, diffusive 

transport and macrofauna induced transport, but not advective transport. Assuming 

that bottom water currents were high enough to enable advective transport, the NH4
+ 

fluxes above the permeable sediments (P+M) could be even higher. So, the sedimentary 

NH4
+ release out of organic poor sandy sediments is at least as high as in the organic 

rich silty sediments (Figure 18). This result clearly reflects the effective biocatalytic 

function of permeable sediments as described by Huettel and Rusch (2000). Thus, 

permeable sediments in the Vistula estuary can effectively process organic matter and 

are a source of NH4
+ to the BBL. Also, nitrification rates in the overlying BBL of 

permeable sediments were not enhanced, as expected (Figure 18). Surprisingly, they 

were even slightly lower than nitrification rates above non-permeable sediments. The 

slightly higher nitrification rates above the N-M sediment type is not related to the 

organic- and NH4
+-rich sediment but to the different conditions in the overlying BBL. 
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Compared to the sites in the Vistula estuary (N+M and P+M), oxygen concentrations 

were low at the offshore sites (N-M, mean = 2.5 ml L-1). Such suboxic conditions can 

enhance nitrification rates (Ward, 2008) when NH4
+ is available (mean: 2.3 µmol L-1). 

Nevertheless, both the sedimentary NH4
+ release and BBL-nitrification rates, are 

independent from the sediment type in the Vistula estuary, and BBL-nitrification is also 

not directly related to sedimentary NH4
+ release. Reasons of the missing links could be 

the turbulent character of the BBL and the lack of NH4
+ limitation for BBL-nitrification 

in the Vistula estuary.  

The BBL is known to be a dynamic water layer compared to the sediments. By deflection 

of the bottom water current at the sediment surface, turbulences develop turning the 

BBL into a layer of turbulent flow compared to laminar free flow in the overlying water. 

This turbulent character can lead to the invariable distribution of salinity, temperature 

and density in the BBL (Turnewitsch and Graf, 2003). Similarly, dissolved constituents 

like NH4
+ released from the sediment, can be strongly mixed due to turbulences in the 

BBL leading to the invariant distribution in the BBL profiles in winter and spring 

(Figure 19, Figure 20). This can be underlined by the lack of a positive correlation 

between NH4
+ fluxes and BBL-NH4

+ concentrations (Figure 17). Also in previous 

studies, profiles of organic matter or dissolved amino acids showed no increase in 

concentration within an Antarctic BBL (Ritzrau, 1996; Ritzrau et al., 1997). However, 

there is a seasonal difference, with a physical distinct BBL in summer but not in winter 

(see section 3.2.). In summer, turbulences in the less thick BBL (3.2 ± 1.5 m thick) must 

have been lower than in winter and spring (BBL 5.4 ± 1.4 m thick) since there is an 

increase of NH4
+ towards the seafloor. Increasing concentrations of nutrients towards 

the sediment have also been measured by Holtappelts et al. (2011) in a summer season 

in the Pomeranian Bight (southern Baltic Sea) which he attributed to high NH4
+ fluxes. 

However, not only high sedimentary NH4
+ release but also intense organic matter 

degradation to NH4
+ can lead to these high concentrations in the BBL in summer. Also, 

higher NH4
+ concentrations in the surface sediment were a sign of high NH4

+ 

production via organic matter degradation in summer. Indeed, BBL-nitrification rates 

in the Vistula estuary (N+M and P+M) are associated to organic particles in summer 

and are most likely coupled to intense organic matter degradation and ammonification 

(see section 3.2.). Hence, the sedimentary NH4
+ release may not be an important 

substrate source for nitrification in summer.  
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Organic matter degradation can be low in the winter and spring season, due to low 

temperatures (Lonborg et al., 2009; Davis and Benner, 2005). This might also be the 

case in the Vistula estuary, indicated by low NH4
+ concentrations in the surface 

sediment layer and BBL (Table 7). The organic material in the BBL in winter and spring 

was refractory, as the high C:N ratios of the particulate organic matter with 11.4 and 

10.6, respectively, show. Hence, organic matter degradation to NH4
+ is probably not a 

significant NH4
+ source at that time of the year. The NH4+ input from the Vistula River 

with 475 and 496 t month-1 in winter and spring, respectively, might be an important 

NH4
+ source for nitrification, if the river water reaches the BBL. However, riverine NH4

+ 

conservatively dilutes within the surface water (data not shown) and might only reach 

the seafloor through strong mixing but is thereby also diluted over the whole water 

column. Hence, sedimentary NH4
+ release must be an important substrate source for 

BBL nitrification. The invariant distribution of nutrient concentrations in the BBL-

profiles (Figure 19, Figure 20) indicate high turbulences which could proscribe a direct 

relationship between nitrification rates and NH4
+ fluxes. Nevertheless, sedimentary 

NH4
+ release might be a principal factor maintaining nitrification rates in the BBL. 

Assumed is a BBL box of the dimensions of 1 m length, 1 m width and 5.4 m height 

(equals mean thickness of the turbulent BBL) above permeable sediment (P+M) where 

total NH4
+ fluxes were measured. In the calculation, mean values from the BBL above 

the permeable sediment (P+M) in the Vistula estuary are used.  In the BBL box (volume: 

5400 L), the nitrification rate is 275 µmol d-1 and the ambient NH4
+ pool is 2700 µmol. 

Nitrification consumes 10 % of the ambient BBL-NH4
+ pool per day. Together with NH4

+ 

assimilation (189 µmol d-1), the consumption of NH4
+ increases to 17 %. So, within 

approximately 6 days the NH4
+ in the BBL box would be depleted. The sedimentary 

NH4
+ release into the BBL box over 1 m2 sediment measures 666 µmol d-1 which adds 

21 % to the ambient NH4
+ pool per day. With this NH4

+ flux the concentration of the 

ambient NH4
+ pool would be achieved in 4 days, 2 days less than the depletion via 

nitrification and NH4
+ assimilation. Consequently, by adding NH4

+ to the BBL-NH4
+ 

pool, the sedimentary NH4
+ release does assure the substrate supply to BBL-

nitrification in the Vistula estuary in winter and spring. However, in those seasons the 

BBL was not a physically distinct layer compared to the overlying mid water (see 

chapter 3.2.), which suggest that NH4
+ from the sediment might be mixed and thus 

diluted into a greater volume than the here assumed BBL box. On the other hand, the 
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mid water column could also receive NH4
+ from the river plume water by wind induced 

mixing. At last, NH4
+ from the sediment will firstly mix with the sediment overlying 

water before mixing with the upper water column. Hence, the calculation of the 

contribution of sedimentary NH4
+ release to BBL nitrification considered to be 

representative for the Vistula estuary. 

The lack of correlations between nitrification rates and both, NH4
+ concentrations in 

the BBL (see chapter 3.2) and NH4
+ fluxes from the sediment, could also indicate that 

BBL-nitrification is generally saturated with the substrate NH4
+. Even in winter and 

spring, when NH4
+ concentrations in the BBL were low (Table 7), nitrification 

consumed only 2 – 23 % (mean: 11%) of the available substrate per day. In summer, 

the portion was even smaller with an average of 2 % per day. It is known that nitrifiers, 

specifically AOA, are able to sustain high specific NH4
+ oxidation rates with half 

saturation constants as low as 0.13 µmol NH4
+ L-1 in the ocean (Martens-Habbena et al., 

2009) or 0.01 µmol NH4
+ L-1 in a coastal canal (Horak et a., 2013). Measured BBL-NH4

+ 

concentrations in the Vistula estuary (P+M and N+M) were always higher than 0.2 

µmol L-1 in all seasons. Hence, assuming high affinity of AOA in the Bay of Gdansk, the 

ambient NH4
+ concentrations might be sufficient for the nitrifiying community.  

Concluding, the sediment type does not influence BBL-nitrification rates during three 

seasons in the Bay of Gdansk. The turbulent character of the BBL leads to a fast dilution 

of the released sedimentary NH4
+ which makes it difficult to resolve the linkage 

between sediment and overlying water with our in situ data. However, the sedimentary 

NH4
+ release is an important substrate source for BBL-nitrification in winter and spring 

by refilling the ambient NH4
+ pool in the BBL at a slightly higher rate than its 

consumption.  

 

3.3.4 Is BBL-nitrification supplying substrate for sedimentary denitrification? 

There are two possible biological pathways for the product of nitrification NO3
-: 1) 

further recycling by re-assimilation into biomass (e.g. uptake by phytoplankton) or by 

DNRA, or 2) removal by sedimentary denitrification. Furthermore, as dissolved 

constituent, NO3
- is subject to transport in lateral bottom water currents. To be removed 

by sedimentary denitrification NO3
- from the BBL must be transported into the 

sedimentary oxic-anoxic interface, where denitrification occurs. Kessler et al., (2013) 

suggest, that in permeably sandy sediments, NO3
- from the overlying water, is 
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preferentially used by denitrifiers compared to nitrate from sedimentary nitrification 

(coupled nitrification-denitrification). On the contrary in non-permeable silty 

sediments, coupled nitrification-denitrification is the dominant N-removal pathway 

(Devol, 2015). Regardless of the sediment types, environmental variables like oxygen 

and nitrate concentrations in the sediment overlying water, the existence of an oxic 

sediment layer, and NH4
+ availability are influencing the coupling of nitrification and 

denitrification, i.e. which NO3
- source is used (Rysgaard et a., 1994). In permeable 

surface sediment of the Vistula estuary, pore water NO3
- concentrations are higher than 

in the BBL (Table 7), indicating high sedimentary nitrification activity in the oxic 

sediment layer. In particular, the high NO3
- peaks reaching to a sediment depth of up to 

9 cm suggest accumulation of NO3
- in winter and spring (Figure 20). This is not only a 

sign of high nitrification activity, but also of low denitrification activity, which was also 

assumed by Dana Hellemann (unpublished data). Additionally, positive total nitrate 

fluxes from sediment to the BBL measured via in situ incubations (Thoms et al., in prep.) 

underline these assumptions. Comparable results have been found by Ehrenhauss et al., 

(2004) in permeable sands in the coastal North Sea. This shows that coastal permeable 

sediments can feature intense N-recycling by nitrification, even releasing the product 

NO3
- into the BBL. Furthermore, Dana Hellemann (unpublished data) found, that only 

4 % of the denitrification activity in permeable sediments of the Vistula estuary is 

coupled to NO3
− from the BBL, while 96 % makes use of NO3

− from sedimentary 

nitrification. This stands in contrast to the results of Kessler et al. (2013), who found a 

higher contribution of water nitrate to denitrification in flume experiments and 

concluded an indirect coupling of nitrification in the sediment overlying water and 

sedimentary denitrification. However, there are several reasons why BBL-NO3
- is not 

necessarily the main substrate for denitrification in permeable sediments. The oxic-

anoxic interface lies deeper in permeable than in non-permeable sediments due to 

flushing of the surface with oxic BBL water (Huettel et al., 1998). Deeper oxygen 

penetration depths in permeable sediments were indeed found in the Vistula estuary in 

winter/spring (Dana Hellemann, unpublished data). This leads to a longer distance for 

BBL-NO3
- to travel to the zone of denitrification. Advective transport of NO3

- could 

overcome this distance, but pore water flow velocities and pore water residence times 

are highly variable in permeable sediments (Reimers et al., 2003). Reimers et al. (2003) 

also found a decrease of pore water flow velocities with increasing sediment depth and 

there always exists a zone of diffusive transport close to the oxic-anoxic interface (pers. 
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comm. Dana Hellemann). This might limit the access of BBL-NO3
- to the denitrification 

zone. Additionally, Huettel et al. (1998) found steep concentration gradients of oxygen 

and NH4
+ in permeable sediments and suggested a tightly coupled oxic-anoxic interface, 

which would enhance coupled nitrification-denitrification. The large NH4
+ pools in the 

deeper permeable sediments of the Vistula estuary suggests high substrate availability 

for sediment nitrification in the oxic sediment layer and supports the assumption of 

Huettel et al. (1998). In the non-permeable sediment of the Vistula estuary inhabited 

by macrofauna, coupled nitrification-denitrification dominated (Hellemann, 

unpublished data). Through their burrows and bioirrigation benthic macrofauna not 

only enhances solute fluxes but also increases the surface area of the oxic-anoxic 

interface in the sediments which triggers coupled nitrification-denitrification over the 

use of BBL-NO3
- in both permeable and non-permeable sediment (Na et al., 2008; Stief, 

2013).  

In summary, NO3
- from the BBL is not the main source for N-removal in permeable and 

non-permeable sediments of the Vistula estuary. The main substrate for denitrification 

is NO3
- from nitrification in the oxic sediment layer. Thus, not being coupled to 

denitrification, BBL-nitrification is a major N-recycling process in the Bay of Gdansk. 
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3.3.5 Summary and conclusion 

BBL-nitrification is not directly related to sediment properties and sedimentary NH4
+ 

release. However, the large sedimentary NH4
+ pools could serve as continuous source 

of substrate for BBL nitrification when other NH4
+ sources are lacking. NO3

− produced 

in the BBL likely remains in the water column, where it is subject to N-uptake or N-

transport rather than N-removal by denitrification. This contrasts with the results of 

Korth et al. (2013), who suggested a close coupling of bottom water nitrification and 

sedimentary denitrification at stations located only a few hundred nautical miles 

further west and east of those in this study. By remaining in the water column, NO3
− 

from the BBL could be subject to physical mixing and subsequent eastward transport 

parallel to the coast (Radtke et al., 2012). However, the direction of bottom water 

currents may be different or even opposite to those of surface water currents (Wild-

Allen and Andrewartha, 2016). Thus, NO3
− produced by nitrification in the BBL of the 

Bay of Gdansk might not be transported eastward immediately, but remains in the 

coastal area, where it can be regarded as a positive feedback loop for eutrophication as 

it adds more nitrogen to the Bay of Gdansk. Finally, the persistence of nitrified NO3
− in 

the BBL, demonstrates the importance of investigating transport processes, especially 

those of bottom water currents, to fully understand N-turnover in open coastal zones 

and hence the coastal filter function.
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3.4 Do distinct riverine N-loads lead to different coastal nitrification rates? 

In this chapter, riverine N-loads and nitrification rates will be compared between the 

pristine Öre estuary and the eutrophied Vistula estuary and the role of nitrification in 

these distinct estuaries will be discussed. 

 

3.4.1 River discharge, riverine N-loads and river plumes of the Öre River and Vistula 

River 

River discharge and riverine N-loads in the Vistula River were roughly two orders of 

magnitude higher than in the Öre River (Table 8).  In both rivers, discharge and DIN-

loads were higher in spring than in summer, while the organic N-load in the Vistula 

River, but not in the Öre River was comparable (Table 8). Not only the magnitude of the 

N-loads differed, but also the relative portions of DIN, DON and PON to the total N-load 

were different, both between rivers and seasons (Figure 21). In the spring season, when 

the river discharge was high, the composition of the N-loads differed between sites. 

DON was the main N-species in the Öre River, followed by PON and the smallest fraction 

was DIN (Figure 21). In the Vistula River in spring, the opposite was the case, with DIN 

dominating, followed by equal portions of PON and DON (Figure 21). In the summer 

season, the proportions of the N-species were similar in the Öre River and the Vistula 

River with a dominance of organic nitrogen (Figure 21). In the Vistula estuary, there 

was no clear river plume existent during the summer cruise, but slightly higher silicate 

concentrations indicate a weak river plume signal at stations close to and west of the 

river mouth (Figure 21).  In the Öre estuary, however, silicate concentrations of ≥ 50 

µmol L-1 clearly showed the presence of river plume water in the inner part of the 

estuary in summer. In the spring season, a wide spread river plume was existent due to 

the high river discharge in the Vistula estuary, as shown by widely distributed silicate 

concentrations in the range of 30 - 200 µmol L-1. In the Öre estuary in spring, the silicate 

concentrations and thus the river plume were similarly distributed as in summer 

(Figure 22). So, the river plumes in the Öre estuary did not show a clearly distinct 

situation between seasons, as it was the case in the Vistula estuary. At both sites, the 

river plume water was confined to the upper 5 m of the water column where it 

continuously mixed with the coastal surface water (Figure 22).  
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Table 8: Monthly river discharge and nitrogen loads of the Vistula River and the Öre River in the months 
of sampling, whereby April 2015 and March 2016 show typical spring season characteristics with high 
river discharge and high N-load and August 2015 and July 2014 show typical summer season 
characteristics with lower discharge and lower N-loads than in spring. 

 
Figure 21: Relative portions of dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), 
and particulate organic nitrogen (PON) in the Öre River and Vistula River in summer and spring, 
respectively. Months of cruises/field campaigns are shown. 

 

 

 
cruise 

river 
discharge TN DIN DON PON DON+PON 

 m3 s-1 t month-1 

Öre  
River 

April 
2015 66 143 16 99 28 127 

August 
2015 26 52 1 46 6 52 

Vistula 
River 

March 
2016 1500 16172 14030 1217 926 2143 

July 
2014 932 2621 91 n.a. n.a. 2530 

TN=total N, DIN=dissolved inorganic N, DON=dissolved organic N, PON=particulate organic N 
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Along the salinity gradient, PON concentrations decreased rapidly below the mixing 

line at low salinity at both sites in spring (Figure 23). This indicates immediate loss of 

PON probably due to sedimentation. At higher salinity PON concentrations increased 

again, which indicates generation of PON through primary production. From the Vistula 

estuary in summer 2014, no mixing plot could be generated due to the lack of a riverine 

endmember, but since not only PON but also Chl.a concentrations were high, it is most 

likely, that primary production was occurring in the surface water. In the Öre estuary 

in summer, PON concentrations remained consistent along the salinity gradient. 
 

 
Figure 22: Transects along the river plume in the Öre estuary (upper panels) and the Vistula estuary 
(lower panels) in summer (left) and spring (left). High silicate concentrations in the surface water layer 
mark the river plume water.  

 

 
Figure 23: PON concentrations plotted over salinity in the Bay of Gdansk (BoG) and the Öre estuary 
(ÖE) in spring and summer. 
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3.4.2 Environmental variables and nitrification rates in Öre estuary and Vistula estuary 

The most pronounced difference between the Öre estuary and the Vistula estuary was 

the distribution of salinity, which was higher in the latter (Figure 24). Also, NO3
- and 

NH4
+ concentrations were higher in the Vistula estuary in spring due to the high 

discharge of DIN by the Vistula River (Figure 24). Interestingly, DON concentrations 

were similar comparing the two sites, while NH4
+ concentrations cover a wider range 

in the Vistula estuary. Temperature and PON reflected rather a seasonal difference than 

a difference between the sites, with higher temperatures and a higher variability of PON 

concentrations in summer (Figure 24).  Since nitrification rates were mainly measured 

in the BBL, also environmental conditions in the BBL of the two sites were compared 

(Figure III in the appendix). They showed the same distributions in salinity, 

temperature, DON and PON as in the whole water column (Figure 24). Only NH4
+ 

concentrations in the Vistula estuary and NO3
- concentrations in the Öre estuary were 

significantly higher in the summer season compared to the respective other estuary. 

Nitrification rates were determined in the rivers, the surface water and in the BBL at 

both sites in spring whereas in summer, only rates from the BBL could be determined. 

A significant difference of nitrification rates was found between the Vistula River and 

the Öre River, with a much higher rate in the Vistula River (Table 9). But in the coastal 

waters, nitrification rates did not differ between the two estuaries (Figure 25). In the 

Öre estuary, slightly lower rates compared to the Vistula estuary were measured in 

spring. In the Vistula estuary, the variability of nitrification rates from 9 to 525 nmol L-

1 d-1 (mean: 67 nmol L-1 d-1) was greater than in the Öre estuary, where nitrification 

rates ranged from 14 – 98 nmol L-1 d-1 (mean: 40 nmol L-1 d-1). The maximum 

nitrification rate with 525 nmol L-1 d-1 was 5 times higher than the maximum 

nitrification rate in the Öre estuary (98 nmol L-1 d-1). 

 

Table 9: Nitrification rates, substrate concentrations and NH4
+ assimilation rates (AAR) in the Öre River 

and Vistula River. 

cruise nitrification rate 
(nmol L-1 d-1) 

ammonium 
(µmol L-1) 

DON 
(µmol L-1) 

PON 
(µmol L-1) 

AAR  
(nmol L-1 d-1) 

Öre River 
April 2015 10 ± 1 0.68 39.95 11.24 1246 

Vistula River 
March 2016 397 ± 22  8.82 21.62 16.45 1712 
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Figure 24: Distribution of environmental variables in the Vistula estuary (BoG) and the Öre estuary (ÖE) 
in spring and summer. 

 

 
Figure 25: Nitrification rates in the Vistula estuary (BoG) and the Öre estuary (ÖE) in spring and 
summer. 
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3.4.3 Why are the nitrification rates similar at the two distinct coastal zones? 

Several studies have shown that coastal or estuarine nitrification rates are positively 

related to the riverine N-load, especially to the NH4
+ load (e.g. Brion et al., 2008; Iriarte 

et al., 1996; Dai et al., 2008). Therefore, I expected that nitrification rates would be 

higher in the Vistula estuary, where high riverine N-loads enter the bay (Table 8). 

Indeed, nitrification in the Vistula River was 40 times higher than in the Öre River (table 

2). Usually highest nitrification rates of more than 3000 nmol L-1 d-1 are found in rivers 

with NH4
+ concentrations of > 50 µmol L-1 (Table 10). But nitrification rates are highly 

variable and high rates also exist at low riverine NH4
+ concentrations as found in the 

Vistula River (Table 10). So, nitrification rates in rivers do not necessarily reflect the 

ambient substrate concentration, although in my results it seemed to be the case. The 

much lower nitrification activity in the Öre River could be attributed to the high NH4
+ 

assimilation rate of 1246 nmol L-1 d-1 which was two orders of magnitude higher than 

nitrification suggesting intense competition for the little available substrate NH4
+. In 

the Vistula River on the contrary, NH4
+ concentrations of 8 µmol L-1 allow high substrate 

availability for both processes and the NH4
+ assimilation rate of 1712 nmol L-1 d-1 was 

only 4.5 times higher than the nitrification rate of 397 nmol L-1 d-1. So, from the riverine 

perspective, there is the potential of higher nitrification rates in the Bay of Gdansk 

compared to the Öre estuary.  

However, the nitrification rates in the two estuaries (Figure 25), surprisingly covered 

the same ranges at the two sites although the riverine N-load differs. The higher 

variability of nitrification rates and greater maximum nitrification rates in the Vistula 

estuary illustrates a higher potential of intense nitrification in this coastal zone 

compared to the Öre estuary. Rates from the Öre estuary are comparable to rates from 

the oligotrophic Lake Superior ranging from 18 – 51 nmol L-1 d-1 at similar 

environmental conditions (Small et al., 2013). It is rather surprising, that the majority 

of nitrification rates measured in the eutrophied Vistula estuary (20 out of 29 rates) is 

not higher than these oligotrophic nitrification rates while rates from other eutrophied 

systems exceed nitrification rates from the Vistula estuary by far (e.g. Andersson et al., 

2006; Horrigan et al., 1990; Hsaio et al., 2014). The Rhône River estuary with an annual 

DIN-load of 77 kt yr-1 (Bianchi et al., 1999) can be well compared to the Vistula estuary 

with and annual DIN-load of ca. 64 kt yr-1 (recalculated from Pastuzak and Witek 2012, 

2000-2016). However, nitrification rates in the nepheloid layer of the Rhône river 

estuary ranging between 288 – 1150 nmol L-1 d-1 (Bianchi et al., 1999) are much higher 
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than the BBL-nitrification in the Vistula estuary. So, on the one hand, there is the Öre 

estuary and the Bay of Gdansk differing in riverine N-loads, but having similar 

nitrification rates and on the other hand, there is the Rhône River estuary and the Bay 

of Gdansk, which are similar in riverine N-loads, but differ in their nitrification rates. 

Hence, nitrification in distinct coastal zones seems to be unaffected by the riverine N-

load. Differences or similarities in nitrification rates in distinct coastal zones might 

reflect the influence of other factors than the trophic state or the riverine N-load. Those 

factors could be for example the shape of the coastal zone, physical conditions like wind 

induced mixing and thermohaline stratification, or the coupling of nitrification to 

substrates and other N-transformation processes (e.g. ammonification or NH4
+ 

assimilation), and the nitrifier community composition or activity. The Vistula estuary 

is the coastal part of the Bay of Gdansk with a direct connection to the Baltic Proper 

while the Öre estuary is semi enclosed but also directly connected to the Bothnian Sea 

(Brydsten, 1992; Witek et al., 2003). Both estuaries are shallow with mean depths of 27 

m and 25 m in the Vistula estuary and Öre estuary, respectively. Due to the shallow 

character, both estuaries are influenced by wind driven currents and mixing (Brydsten, 

1992; Voss et al., 2005). Furthermore, both estuaries experience thermohaline 

stratification in summer, whereas in spring only the less dense river plume is separated 

from the remaining well mixed water column (Figure 22). Interestingly also the 

environmental conditions are rather similar in the two estuaries with only minor 

differences in temperature, NH4
+, DON, and PON concentrations (Figure 24). Hence, 

although different in their shape, similar physical and environmental conditions might 

lead to the same range of measured nitrification rates.  

Substrates for nitrification can be 1) NH4
+ as the direct substrate for nitrification, and 

2) DON and PON which supply NH4
+ when degraded. Furthermore, nitrifiers are also 

capable of using urea, a dissolved organic matter compound (Alonso-Sàez et al., 2012). 

However, no correlation of nitrification rates was found with NH4
+ or DON at both sites 

in both seasons. This implies that nitrification not only in the Vistula estuary (see 

chapter 3.2. and 3.3.) but also in the Öre estuary does not rely on ambient substrate 

concentrations. However, the distribution of NH4
+ concentrations (Figure 24) and 

nitrification rates (Figure 25) follow the same pattern and when plotting the mean 

nitrification rates over the mean NH4
+ concentrations there exists a positive trend 

between these two variables (Figure 26). Highest nitrification rates at highest NH4
+ 

concentrations were found in the Vistula estuary in summer. 
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Table 10: NH4
+ concentrations and nitrification rates of different Rivers as reported in the primary 

literature. 

River month NH4
+ 

(µmol L-1) 
Nitrification 
(nmol L-1 d-1) reference 

Scheldt April ca. 155 3518 Andersson et al., 2006 

Pearl River March 341.9 2900 Dai et al., 2008 

  377.8 10100  

Rhône River May 9.8 2150 Feliatra and Bianchi, 1993 

Sacramento River February 16.2 100 Damashek et al., 2016 

Chang Jiang August 0.2 50 Hsaio et al., 2014 

Vistula River March 8.8 397 this study 

Öre River April 0.7 10 this study 

 

So, although not directly correlated to ambient NH4
+ concentrations, nitrification rates 

are likely higher at sites with higher NH4
+ concentrations in the water. This reflects the 

general finding of Damashek et al. (2016), who reviewed studies about coastal 

nitrification, and found highest nitrification rates in coastal waters with highest NH4
+ 

concentrations. Nevertheless, not NH4
+ concentration alone, but rather a combination 

of physical and biogeochemical factors regulate nitrification (see section 3.2.). At both 

sites, PON concentrations seem to trigger nitrification rates in the BBL in summer 

(Figure 27, see chapter 3.2.), which may lead to the similar distribution of nitrification 

rates is that season. Furthermore, nitrification rates at both sites are not positively 

correlated to PON in spring, when high riverine PON-loads settle on the seafloor (Figure 

27). So, the riverine PON which reaches the BBL in spring is not enhancing nitrification. 

Since the concentration is not an influencing factor nitrification in spring, the 

relationship of nitrification rates to organic matter quality, e.g. C:N and POC:Chl.a ratios, 

was analyzed. I expected higher nitrification rates at lower C:N and POC:Chl.a ratios, 

because this reflects “fresh” material. However, also here no correlations were found, 

neither in spring, nor in summer at both sites (PEARSON, p > 0.05). So, it seems that 

also the quality of POM does not influence nitrification rates. However, the lack of 

correlations in data from short cruises might not represent a complete picture on 

relationships between nitrification rates and environmental variables. Hellemann et al., 

(submitted) suggest from their results on the origin of POM and riverine NO3
- loads, 

that nitrogen discharged in the spring flood is used in denitrification in summer in the 

Öre estuary. There is a time lag of 4 months in the relationship of POM and 
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denitrification. This could also be the case for nitrification. So, single cruises only 

represent a snapshot in time and studies over longer periods of time might give a better 

picture of the regulation of nitrification than short-term cruises do. The potential 

influence of other factors like frequent mixing and resuspension as a driver for 

nitrification has been discussed for the Vistula estuary (chapter 3.2.). This might also 

be the case in the Öre estuary, but the limited sample size of nitrification rates (n=5) 

does not allow a reasonable interpretation. Nevertheless, the same existence or lack of 

relationships between nitrification rates and substrates at the two investigated 

estuaries could be a reason for the same magnitude of nitrification rates.  

 
Figure 26:Mean nitrification rates plotted over mean NH4

+ concentrations from the Vistula and Öre 
estuary in spring and summer. The whiskers represent the range from minimum to maximum value. 
 
 
 

 
Figure 27: Relationship of nitrification rates to PON concentrations in the Vistula estuary (grey symbols) 
and the Öre estuary (white symbols) in summer (left) and spring (right). 
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Another similarity, which could be reflected in similar nitrification rates is the low 

contribution of nitrification to the total NH4+ consumption (sum of nitrification rates 

and NH4+ assimilation rates) summer with 2 % in the Vistula estuary and 26 % in the 

Öre estuary in summer. This means nitrifiers likely compete for NH4+ with assimilating 

microorganisms at both sites during the summer season. In spring, there is a difference 

between the sites with a much higher contribution of nitrification to total NH4
+ 

consumption with 56 % in the Vistula estuary, while the contribution remains constant 

in the Öre estuary (21 % in spring). The overall high contribution of NH4
+ assimilation 

in the Öre estuary reflects the net-heterotrophic state of this coastal zone (Sandberg et 

al., 2004). Stronger competition for NH4
+ in the Öre estuary in spring might limit 

nitrification rates, which could mirror the slightly lower rates compared to the Vistula 

estuary in this season (Figure 25). 

Results from community analysis regarding composition and activity of the AOA and 

AOB in the Bay of Gdansk (here winter 2015) and Öre estuary (April 2015) revealed 

different community compositions in the two rivers (Münster-Happel et al., in prep.). 

Most likely the freshwater nitrifiers in the Öre River are less active, since nitrification 

rates were lower (Table 9). But, in the coastal waters of the Vistula and Öre estuary, the 

community compositions were similar with the same most abundant archaeal and 

bacterial OTUs (operational taxonomic unit), respectively. Furthermore, in the AOA 

community, the same OTU was found to be most active in the BBL at both sites 

(Münster-Happel et al., unpublished). Hence, also the similar nitrifying community 

composition and activity, may be a reason for similar nitrification rates in the Öre 

estuary and the Bay of Gdansk, irrespective of the riverine N-load. Moreover, these 

results indicate, that the nitrification rates measured at the Öre estuary and the Bay of 

Gdansk represent typical estuarine water column nitrification rates in the coastal Baltic 

Sea. 

 

3.4.4 The role of N-recycling in the Öre estuary and Vistula estuary  

A difference between the Öre estuary and the Vistula estuary arose, when nitrogen 

budgets of the respective months of sampling were compared (Table 11). In spring, 

nitrification in the surface water and in the BBL only add a minor fraction of NO3
- to the 

coastal system relative to the riverine DIN-load with 0.3 % in the Vistula estuary and 

less than 3.5 % in the Öre estuary. But in summer, N-recycling via nitrification is an 

important DIN source, since the riverine DIN-load is low (Table 11). In the Vistula 
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estuary, the riverine DIN-load and BBL-nitrification supply a similar amount of DIN to 

the system, while in the Öre estuary, BBL-nitrification is the dominating DIN source 

producing 3.5 times more DIN than discharged from the Öre River. So, although the 

nitrification rates are similar in both estuaries in summer, nitrification is a much more 

important DIN source in the Öre estuary than in the Vistula estuary. Humborg et al. 

(2003) described an import of DIN into pristine estuaries from the Bothnian Bay in 

summer. However, my results imply, that also nitrification within pristine estuaries, 

like the Öre estuary, can be an important DIN source in that season. Unfortunately, 

information of nitrification in the mid and surface water layer from the summer season 

are not yet available, but are crucial to better resolve the function of nitrification in the 

Öre estuary. Since this estuary underlies net heterotrophic conditions it is likely that 

organic matter degradation processes (ammonification) are dominant, as it was found 

during time periods of net heterotrophic states of the Scheldt estuary (Brion et al., 

2008). This could enhance nitrification (Brion et al., 2008) and thus the important DIN 

source in the whole water column of an estuary. 

It is furthermore important to note, that hardly any NO3
- produced in the BBL is 

removed via sedimentary denitrification at both sites with less than 13 % of water-

derived NO3
- being denitrified (Hellemann et al., submitted; pers. comm. Dana 

Hellemann, Table 11). Hence, NO3
- remains in the water column of the estuaries and 

may either enter a new N-cycle via uptake by primary producers or is subject to 

transport by lateral bottom water currents. Bottom water currents do not automatically 

export solutes from a coastal zone, but retain them via inward or recirculating flow 

(Wild-Allen and Andrewartha, 2016).  So, recycled nitrogen can be retained in the 

coastal system to a large amount and thus contributes to the coastal filter function 

(Almroth-Rosell et al., 2016). The coastal filter function, i.e. N-recycling and N-removal, 

is regarded as a function of the water residence time within the coastal zone (Nixon et 

al., 1996; Humborg et al., 2003). A long residence time allows more nitrogen to be 

biogeochemically transformed, i.e. taken up, recycled or removed, resulting in a net 

removal of N (Voss et al., 2010). In estuaries and other coastal sites in the Baltic Sea, 

denitrification has been found to be low compared to the N-load, these coastal zones 

receive (Hellemann et al., submitted and cites therein). Also in the Vistula and Öre 

estuary, N-removal via denitrification is rather low, with less or equal turnover as 

nitrification in the BBL (Hellemann et al., submitted; Hellemann, unpublished data). 
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Hellemann et al. (submitted) thus suggest that nitrogen removal in Baltic coastal zones 

is less efficient than commonly thought.  

Another N-recycling process is NH4
+ assimilation whereby NH4

+ is incorporated into 

biomass (PON). PON is a compound of particulate matter which can have much longer 

residence times than solutes. In the Öre estuary, the water residence time in April 2015 

was estimated to be three weeks (Humborg et al., unpublished data), but particulate 

matter can remain in the system more than one year (Brydsten and Jansson, 1989). 

Thus, N bound to particles remains longer in the coastal zone and can be further 

sequestered via degradation, ammonification, nitrification and potentially removed by 

denitrification. In the Öre and Vistula estuary, N-recycling by NH4
+ assimilation is 

always higher than by nitrification, except in the BBL in spring in the Vistula estuary 

(Table 11). Especially in the BBL, this process should not be underestimated regarding 

its role in N-recycling in coastal zones, since particle residence times can be long 

(Brydsten and Jansson, 1989). Finally, my results highlight the importance of BBL-

nitrification as an additional DIN source, especially in pristine estuaries, and both, 

nitrification and NH4
+ assimilation as contributors to N-retention in the Vistula and Öre 

estuary. 
 

Table 11: N-budgets in t month-1 of the respective months of sampling comparing NO3
- recycling via 

nitrification with the riverine DIN loads. “nitrification-dw” is the nitrification budget with subtracted water-
derived denitrification, hence NO3

- remaining in the water column. Numbers in parentheses represent 
the percentage of NO3

- from nitrification on the riverine DIN-load. “n.a.” denotes no available data. 
  

spring (t month-1) summer (t month-1) 

  
Vistula 
estuary 

Öre  
estuary 

Vistula 
estuary 

Öre  
estuary 

River DIN-load 14029 17 91 0.8 

surface nitrification 49 (0.3%) 0.6 (3.5%) n.a. n.a. 

 NH4
+ ass. 685 12.2 n.a. 16.3 

BBL nitrification 78 (0.6%) 1.4 (8.2%) 121 (133%) 2.8 (350%) 

 nitrification-dw 75 (0.5%) 1.4 (8.2%) 116 (127%) 2.5 (313%) 

 NH4
+ ass. 60 6 539 12.3 
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3.4.5 Summary and Conclusion 

Since there is no difference in nitrification rates albeit distinct riverine N-loads in the 

Vistula and Öre estuary, other influencing factors might reflect the similar range of 

nitrification. Similar physical and environmental conditions, same relationships or lack 

of relationships with substrates, similar competition for NH4
+, and the same nitrifier 

community composition and activity, are factors that can account for the non-different 

nitrification rates. The difference between the two sites evolves, when the role of 

nitrification is investigated. In the Öre estuary, nitrification is a very important DIN 

source compared to the riverine DIN-load, especially in summer. Furthermore, N-

recycling via nitrification and NH4
+ assimilation is strongly contributing to N-retention. 

Since, nitrogen removal is likely less efficient, the N-retention in Baltic coastal zones 

seems to rely on these recycling processes.  
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4. Final Conclusions and Perspectives 
Rivers connect coastal ecosystems with the land on which the continuously growing 

human population (UN World Population Prospects) is extensively cultivating land by 

applying tremendous amounts of nitrogen fertilizers and producing waste waters 

(Gruber and Galloway, 2008). And, rivers are delivering these loads of anthropogenic 

nitrogen to the coastal system which perturbs the natural nitrogen cycle and leads to 

eutrophication (Smith et al., 1999). Finally, hypoxia and the loss of the coastal flora and 

fauna can turn coastal zones into a non-reversible state (Kemp et al., 2009). Therefore, it 

is crucial to expand our understanding about the fate of the anthropogenic nitrogen, i.e. 

about the nitrogen cycle and the dynamics in the coastal nitrogen turnover. The 

quantification of nitrogen transformation processes and the understanding of their 

linkages as well as the coastal filter function are hence the foci of the COCOA project, in 

which this thesis is integrated.  

In the framework of this thesis, nitrification, a key nitrogen transformation process in 

coastal nitrogen turnover, was studied in two distinct coastal zones in the Baltic Sea: the 

Vistula estuary (Bay of Gdansk) and the Öre estuary. The results indicate that nitrification, 

although relatively low in turnover, has an important function in coastal nitrogen 

retention. Moreover, the results give new insights into potential regulation mechanisms 

and linkages to other nitrogen transformation processes in coastal zones. The river plume 

and the BBL are specific coastal environments that might be nitrification hotspots due to 

favourable conditions e.g. high substrate availability (Bianchi et al., 1999). However, no 

clear nitrification hotspots were not found in the Vistula estuary of the Bay of Gdansk. The 

Vistula river plume was not a hotspot, but a transition zone, with a shift in magnitude and 

regulation of nitrification rates at intermediate salinities. This indicates a shift in the 

nitrifier community composition and activity, which also has been stated for salinity 

gradients in the Chesapeake Bay (Bouskill et al., 2011) and the San Francisco Bay 

(Mosier and Francis, 2008). Yet, this is to my knowledge the first time that a shift in 

nitrification rates along a river plume salinity gradient was observed. Freshwater 

nitrifiers discharged into saline coastal waters are not only stressed by higher salinities 

(Damashek et al., 2016) but might also loose the competition for the substrate NH4
+ with 

the enhanced phytoplankton and bacterial production (Ameryk et al., 2005, Wielgart-

Rychert et al., 2013). In the Vistula estuary, particle associated nitrifiers might have 

become entrained with settling particles, as indicated by the exponential decrease of POM 

with increasing salinity. Intense organic matter degradation and subsequent 
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ammonification in organic particles may have triggered nitrification in the physically 

distinct BBL in summer. However, the BBL was only a hotspot relative to the overlying 

water within the summer season. In winter and spring, nitrification rates were similar 

throughout the water column at low ambient NH4
+ and PON concentrations, indicating 

low substrate availability. I suggest that also other factors than the here studied 

environmental variables regulate nitrification in such a dynamic open bay. This 

suggestion is further supported by contradictory findings on relationships of nitrification 

rates with environmental variables like season (Andersson et al., 2006), salinity (Pakulski 

et al., 2000; Brion et al., 2008), temperature (Dai et al. 2008; Baer et al. 2014), NH4
+ 

(Bianchi et al., 1999; Grundle and Juniper, 2011) or nitrifier abundance (Caffrey et al., 

2007; Li et al., 2015). Firstly, the dynamic conditions itself, i.e. the hydrodynamic regime, 

may trigger nitrification by improving the accessibility of NH4
+ especially to the mainly 

occuring particle associated nitrifiers (Ritzrau, 1996, Ritzrau et al., 1997). Secondly, 

nitrifiers may be able to adapt to low substrate availability by actively accumulating the 

substrate in the cell (Schmidt et al., 2004). Thirdly, nitrifiers might take advantage of the 

low ambient NH4
+ assimilation rates which usually successfully compete for NH4

+. 

Fourth, via resuspension active nitrifiers from the BBL (Münster-Happel et al., 

unpublished) or the sediment may be introduced to the water column by resuspension 

events, like a storm. Finally, a combination of all these mechanisms could contribute to 

the regulation of coastal water column nitrification, especially in dynamic open coastal 

bays. Nitrification rates in salinity gradients of river plumes have rarely been studied 

(Bianchi et al., 1999; Hsiao et al., 2014). Highly resolved sampling within river plume 

salinity gradients or lagrangian sampling following a parcel of river plume water over 

time in combination with measurements of nitrification rates as well as investigating the 

nitrifier community (composition, abundance, activity) would further shed light on the 

regulation and role of nitrification in river plumes. Furthermore, experiments addressing 

the four above proposed mechanisms of nitrification regulation are needed to support 

my suggestions.  

A fifth mechanism regulating nitrification rates in the Vistula estuary, discussed in 

chapter 3.3., is NH4
+ supply to BBL-nitrification via sedimentary NH4

+ release. 

Surprisingly, I found no significant difference in sedimentary NH4
+ release (diffusive and 

total NH4
+ fluxes, Thoms et al., unpublished) and BBL-nitrification rates in and above 

different sediment types, respectively. Moreover, BBL-nitrification rates or BBL-NH4
+ 

concentrations were not positively correlated to the NH4
+ fluxes. Together with the lack 
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of increasing NH4
+ concentrations towards the seafloor in winter and spring, it suggests 

strong mixing of BBL-water by the turbulent boundary layer flow (Dade et al., 2001). Still, 

the sedimentary NH4
+ release was coupled to BBL-nitrification in winter and spring via 

refilling the ambient NH4
+ pool in the BBL at slightly higher rate than NH4

+ was 

consumed. NO3
- from the BBL was hardly used by sedimentary denitrification in all 

sediment types (Dana Hellemann, unpublished data). This was surprising, in particular 

for permeable sediments, where NO3
- from the sediment overlying water is assumed to 

be the dominant NO3
- source for denitrification (Kessler et al., 2013). However, 

indications of high sedimentary nitrification activity by high pore water NO3
- 

concentrations and sedimentary NO3
- release (Thoms et al., unpublished) underscore the 

coupled nitrification-denitrification found in the permeable sediments of the Vistula 

estuary. Since the NO3
- produced by BBL nitrification remains in the coastal ecosystem it 

is most likely transported by lateral bottom water currents or resuspended into the 

surface water and serving as nitrogen substrate for primary producers. Further 

investigations are needed to understand the fate of NO3
- from the BBL. This will be 

realized for the Bay of Gdansk by combining results from a physical transport model 

(GETM) with biogeochemical data like concentrations of N-species and the N-turnover by 

nitrification (Bartl et al., in prep.).  

Albeit the lower DON-dominated riverine nitrogen loads in the pristine Öre estuary, 

nitrification rates from this estuary in the northern Baltic Sea are similar to nitrification 

rates from the Vistula estuary, which receives two orders of magnitude more nitrogen 

(DIN-dominated). Among other findings, especially the similar physical and 

biogeochemical conditions and the same nitrifier community composition and activity 

(Münster-Happel et al., unpublished), are factors that may account for the non-different 

nitrification rates. However, nitrification in the Öre estuary serves as an important DIN 

source, especially in summer, when riverine DIN loads are low. That pristine estuaries in 

the northern Baltic Sea import DIN from in the Bothnian Bay has been shown by Humborg 

et al. (2003). The Öre estuary is located at the Kvarken Sea which connects Bothnian Bay 

and Bothnian Sea and would fall into the characterization of Humborg et al. (2003). 

However, the results in this thesis imply that pristine estuaries may also receive the 

missing DIN in summer via nitrification in the BBL which can reach the surface water 

through wind induced mixing. Rate measurements from the mid water column and the 

surface water are needed to strengthen the proposed function of BBL-nitrification in the 

whole water column of the heterotrophic Öre estuary. 
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Nitrogen retention is an important coastal filter function because it reduces the amount 

of nitrogen exported to the open sea thereby preventing the expansion of the 

eutrophication processes to open seas (Almroth-Rosell et al., 2016). Nitrogen retention 

can be defined as the net effect of permanent nitrogen removal and temporary nitrogen 

retention (Nixon, 1996). Nitrogen recycling processes, e.g. nitrification, can be regarded 

as temporary retention whereby nitrogen is recycled within the coastal system until 

eventually removed. Since nitrogen removal by denitrification is considered less efficient 

in Baltic coastal zones like the Vistula and Öre estuary (Hellemann et al., submitted and 

cites therein), nitrogen recycling might be more important for coastal nitrogen retention. 

Indeed, turnover of nitrogen via nitrification and also NH4
+ assimilation rates exceed 

denitrification in both the Vistula and the Öre estuary as indicated by budget calculations 

of these processes for respective months of sampling. Short residence times of 2 and 3 

weeks in the Vistula and Öre estuary, respectively, could result in significant export of 

nitrogen from the coastal systems. However, bottom waters and particles can have much 

longer residence times (Brydsten and Janssen, 1989) and nitrogen can be potentially 

retained longer in the Vistula (Witek et al., 2003) and Öre estuary. Hellemann et al., 

(submitted) suggest from their results on the origin of POM and riverine NO3
- loads, that 

nitrogen discharged in the spring flood is denitrified in summer, which underlines the 

retention of nitrogen via recycling for at least 4 months in the Öre estuary. The 

understanding of the role of nitrification in in coastal nitrogen retention (chapter 3.4) is 

crucial since it is also a positive feedback regarding eutrophication by adding bioavailable 

nitrogen to the system. If nitrogen recycling outbalances nitrogen removal, irreversible 

eutrophication effects, e.g. seasonal hypoxia, could be the consequence. Nitrogen removal 

efficiency can by reduced not only by increasing nitrogen concentrations over 

phosphorus (Mulholland et al., 2008), but also by extensive dredging and sediment 

removal in estuaries (Dähnke et al., 2008). Through the latter, the Elbe estuary is assumed 

to have lost its denitrification capacity, since the estuary changed from being a nitrogen 

sink to being a nitrogen source to the adjacent coastal North Sea (Dähnke et al., 2008).  

N-recycling becomes also a focus in coastal modelling studies, e.g. by Almroth-Rosell et al. 

(2016) in the Stockholm archipelago. However, model results showed a minor effect of 

temporary nitrogen retention probably due to the long residence time of water in the 

Stockholm archipelago which allows effective nitrogen removal. Furthermore, 

nitrification was implemented in the model as temperature and oxygen dependend 

recycling process and only occurring in the water column. Both settings most likely do 
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not represent natural conditions as suggested by results from this thesis. Other regulation 

mechanisms than temperature and oxygen have an impact on nitrification (chapter 3.2 

and 3.3), and also sedimentary nitrification exists (chapter 3.3) in Baltic coastal zones. 

Nevertheless, the implementation of nitrogen recycling processes in coastal 

biogeochemical models is a major step forward and should be further developed to better 

understand coastal filter functions. Therefore, quantification and understanding of 

nitrogen recycling processes like nitrification, ammonification (Brion et al., 2008), 

assimilation and DNRA (Bonaglia et al., 2017) are necessary for the implementation into 

models. There exist only few studies that not only studied one nitrogen transformation 

process, but quantified a set of nitrogen processes and combined the results to the 

nitrogen retention capacity (e.g. Brion et al., 2008). Such studies are however crucial for 

our understanding of coastal nitrogen cycling and the coastal filter function. Within the 

COCOA project, Dana Hellemann, Franziska Thoms and I are aiming to expand the 

understanding of nitrogen cycling in the Öre estuary and Vistula estuary by combining 

results of denitrification rates, nitrification rates and benthic nitrogen fluxes from the five 

field campaigns (manuscript in preparation). Future studies should also focus on 

measurements over longer periods of time, since results from cruises as it is the case in 

this thesis, are only “snapshots” in time. Also experiments, e.g. under in situ conditions 

may help to understand the complex regulation of processes in coastal zones. Further a 

combination of these results with coastal transportation models (Bartl et al., in prep.) or 

biogeochemical models (Almroth-Rosell et al., 2016) will help to resolve the change of the 

filter capacity in coastal zones.  
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Appendix 

Materials and methods on environmental data in the sediment 

Sampling and basic sediment properties 

At each station where nitrification rates in the BBL were determined, sediment cores 

(n=5 - 6) were sampled with a Mutlicorer (MUC) or a HAPS-corer (KC Denmark) for 

determination of the the basic sediment properties: grain size, water content, porosity 

and loss on ignition (LOI). The HAPS-corer was used if sediments were very coarse and 

sampling with the MUC was not possible. Three sediment cores were sliced and samples 

were frozen immediately at -20 °C without any preservation treatment. In the upper 3 

cm the sediment was sliced in 0.5-cm-intervals followed by 1-cm-intervals down to 10 

cm and 2-cm-intervals from 10 to 20 cm sediment depth. At the IOW, each sediment 

slice was homogenized and subsamples were used for the different analyses. 

All sediment data were kindly provided by Franziska Thoms and will be presented in 

her PhD thesis as well. The Methods are therefore only briefly described. The grain size 

analysis was conducted with the laser-granolumeter Cilas 1180. The sediment type 

designations are based on the median grain size determined by the instrument. The 

water content (in %ww) was determined by the weight difference of wet weight (ww) 

and dry weight (dw). The dry weight was measured after freeze-drying the sediment 

samples for 2.5 days to constant weight. 

𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎 = (𝑤𝑤𝑤𝑤−𝑑𝑑𝑤𝑤)∗100
𝑤𝑤𝑤𝑤

      (1) 

The porosity is known as the ratio of the volume of pore space (which is equal to the 

volume of the water in a sediment sample) to the total volume of a sediment sample. It 

was calculated according to Burdige (2006): 

𝜙𝜙 =  
(𝑚𝑚𝑤𝑤)

𝜌𝜌𝑤𝑤
𝑚𝑚𝑤𝑤
𝜌𝜌𝑤𝑤

+(𝑚𝑚𝑒𝑒−(𝑆𝑆 × 𝑚𝑚𝑤𝑤))

𝜌𝜌𝑠𝑠
 
          (2) 

with mw and md as the mass water and dried sediment, resepectively, ρw and ρs being 

the density of the ambient seawater and the sediment (ρ = 2.65 g cm-3) and S being the 

salinity. To determine LOI, which is a measure for the organic content of the sediment, 

a sediment subsample was burned in a muffle furnace at 550 °C for five hours. The LOI 

(in %dw) was calculated as follows: 

𝐿𝐿𝑃𝑃𝑂𝑂 =  (𝑑𝑑𝑤𝑤−𝑑𝑑𝑤𝑤550)
𝑑𝑑𝑤𝑤

∗ 100        (3) 
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with dw550 being the dry weight after combustion at 550 °C. Roughly 40 % of the LOI 

correspond to the organic C content of the sediment in the Baltic Sea, which makes LOI 

a good qualitative measure of sediment organic content. Data on surface sediment 

permeability (m2) were kindly provided by Dana Hellemann (University of Helsinki, 

collaboration within COCOA, Hellemann et al., submitted). PON and POC concentrations 

of the sediment were measured with the element analyser (Thermo Flash 2000). Each 

subsample was dried for 2 – 4 days at 50 °C and then homogenized with mortar and 

pestle. Subsamples of muddy (5 mg) and sandy (up to 100 mg) sediments were 

pelletized in silver capsules and then analysed with the element analyser. For the 

determination of the POC content, samples had to be acidified (2N HCl) prior to 

measurement to remove inorganic carbon.  

 

Pore water and nutrient fluxes 

Pore water samples were mostly extracted by Franziska Thoms via rhizons (Seeberg-

Elverfeldt et al., 2005) from MUC-cores (n=2, d=10cm) through 2 alternating lines of 

drilled holes, each 2 cm apart. With the alternating arrangement of holes, sampling of 

pore water in 1-cm intervals was possible. When sediment cores were taken with the 

HAPS-corer (d = 20 cm), the sediment was subsampled with a MUC-liner for pore water 

analysis. The rhizons (Rhizosphere) had a 5-cm membrane with pore sizes of 0.12-0.18 

µm. Before use, the rhizons were prerinsed with MilliQ water and kept in MilliQ for at 

least 15 minutes prior to sampling. After discarding the first millilitre of pore water, up 

to 4 ml of sample was extracted with a 6-ml plastic syringe from the core at different 

sediment depths at varying intervals:  1-cm intervals in the top 5 cm, 2-cm intervals 

from 7 to 11 cm, and individual samples at 15 and 20 cm depths. Occasionally, the 

sampling depths had to be adjusted in order to accommodate shorter cores. In all cores, 

pore water samples were extracted from top to bottom and immediately frozen at -20 

°C. Only the samples from the cruise AL449 in February 2015 were measured on board. 

From the other two cruises, nutrients were analysed by Christian Burmeister at the 

IOW with the continuous segmented flow analyser (QuAAtro, Seal Analytical, see 

section 2.2.1). 

From the pore water profiles of NH4+ and NO3- concentrations, depth-integrated 

concentration pools were calculated for the surface sediment layer (1-3cm depth) and 

the deeper sediment layer (3-11cm depth). Additionally, diffusive NH4+ fluxes were 

calculated for stations with muddy sediments with no inhabiting macrofauna, i.e. where 

diffusive fluxes are the dominant transport processes. Those stations were VE38, VE39 
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and TF0233 along the transect to the Gdansk deep (offshore stations). Diffusive fluxes 

(in µmol m-2 d-1) were calculated according to Fick´s first law: 

𝐽𝐽 =  − 𝜙𝜙 𝐷𝐷𝑠𝑠 (𝛿𝛿𝛿𝛿
𝛿𝛿𝑧𝑧

)          (4) 

with ϕ being the porosity, Ds being the sedimentary diffusion coefficient, δc and δz 

being the difference in concentration and sediment depth (i.e. the concentration 

gradient and steady state conditions, which are assumed to exist here). The 

sedimentary diffusion coefficient Ds is calculated as: 

𝐷𝐷𝑠𝑠 =  𝐷𝐷0
𝜃𝜃2           (5)  

with D0 as the molecular diffusion coefficient and θ2 as the tortuosity. The values for D0 

of NH4+ were used from Schulz and Zabel (2006). The tortuosity in turn was calculated 

after Boudreau (1997): 

𝜃𝜃2 = 1 − ln (𝜙𝜙2).         (6) 

The NH4+ flux was calculated from the concentration gradient in the upper sediment 

layer (1 – 4 cm) where the gradient is stronger. The NH4+ from this layer will be directly 

transported to the overlying BBL water and is therefore important when studying the 

connection between BBL and sediment. Total benthic nutrient fluxes across the 

sediment water interface were determined by Franziska Thoms using the Automated 

Mini Chamber Lander System from Unisense (Thoms et al., in preparation; Thoms PhD-

thesis).  

 



Appendix 
__________________________________________________________________________________________________________________________________________________________________________________________ 

 

XII 
 

Figure I: BBL thickness in the Öre estuary 

Figure I: Depth profiles of temperature, salinity, density, and buoyancy frequency N2 in the Öre estuary: 
A) station N11 in April 2015 and B) station NB8 in August 2015. Panels C and D are close-ups at lower 
depth. The upper boundary of the BBL was identified by the peak in N2 and the beginning of invariable 
distribution of temperature, salinity and density. Please note the different scaling of the variables. 
Distinct water layers are marked by the horizontal black line. 
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Figure II: Deep water layer in the offshore Bay of Gdansk 

 
Figure II: Depth profiles of temperature, salinity, density, buoyancy frequency N2, and turbidity in the 
offshore area of the Bay of Gdansk in summer (left) and spring (right). The upper boundary of the DWL 
was identified by the peak in N2 at the depth of the pycnocline. 
 

 

Table I: Tracer signal mainly in NO2
- 

Table I: The isotopic composition of nitrification samples at the end of the incubation when 
NO2

- was kept (δ15N-NO3
- + NO2-) or removed (δ15N-NO3

- - NO2
-). 

Date (UTC) Station depth 
[m] 

δ15N-NO3
- 

+NO2
- 

δ15N-NO3
- 

-NO2
- 

29.02.2016 VE07 45 47.08 11.22 

29.02.2016 VE07 51 30.91 14.97 

02.03.2016 VE06 30 180.81 10.73 

02.03.2016 VE06 35 77.76 9.08 

07.03.2016 VE05 20 87.74 12.39 

07.03.2016 VE05 23 33.82 9.63 
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Figure III: Phytoplankton composition in the Vistula estuary 

 
Figure III: Phytoplankton composition of the Vistula estuary plotted over the salinity of the respective 
station. Salinity 0 represents the Vistula River. Samples were collected during the cruise in spring 2016. 

 

Methods discussion – BBL profiles 

Samples from the BBL-profile taken with the modified chamber lander always had NO3- 

concentrations being 0.5 – 2 µmol L-1 higher than water samples from the overlying 

BBL water above (i.e. deepest CTD cast). A similar pattern was found for the SiO2 

concentrations at VE05 and VE13, and for the NO2- concentrations at VE10 (data not 

shown). However, PO43- and NH4+ profiles did not show this pattern and remained 

overall low without any gradient. All samples were measured with the same methods 

(see section 2.2.1) why we can exclude this as potential source of error. The shift 

towards slightly higher concentrations in the BBL samples could be due to the sampling 

procedure. There was a delay time between deployment of the device and sampling of 

the water, to avoid sampling BBL water which was affected from the resuspension 

effect of the deployment (Holtappelts et al., 2011). During this delay time, the frame of 

the chamber lander might have deflected bottom water currents artificially, leading to 

more turbulence, which in turn might have resulted in some advective pore outflow. If 

this would have happened, all nutrient concentrations, especially NH4+ and PO43- should 

be slightly increased. Another possibility is a NO3- contamination of the filters which 

were used to filtrate the samples. The filters were always rinsed with 5 ml sample water 

prior to sampling. If there was a NO3- contamination, this still does not explain the same 

pattern found in SiO2 and NO2-. Excluding these potential sources of variation, the slight 

increase in NO3- concentration within the last meter above the sediment surface might 

be a true finding.  
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Sediment characteristics in the Bay of Gdansk 

Five sediment types were found in the Bay of Gdansk (table) based on the median grain 

size from the surface sediment layer (0 – 1 cm). The sediment was moderately to well 

sorted to a sediment depth of 20 cm which shows that the determined sediment types 

are not constrained to the first centimeter of the sediment (Thoms et al., unpublished). 

Muddy sediments (silt and coarse silt) are mainly located in the offshore area of the Bay 

of Gdansk below 50 m depth whereas sandy sediments (fine, medium, coarse sands) 

are dominant in the Vistula estuary (figure). Water content, porosity and LOI are lower 

at the sandy coastal stations than at the muddy offshore stations (Thoms et al., 

unpublished). Patches of silty sediments exist in the Vistula estuary very close to the 

river mouth (stations VE03, deep sediment of VE04). A mixed sediment type of sand 

and silt is found at intermediate stations at approximately 50 m water depth (VE07 and 

VE23) reflecting the transition from Vistula estuary to the offshore area.  

 
Table II: Sediment types classification in the Bay of Gdansk based on grain size. 

sediment type grain size (µm) 
medium silt 16-25 
coarse silt 30-75 
fine sand 163-198 

medium sand 208-441 
coarse sand 953 

 

 
Figure IV: Grain size distribution in the Bay of Gdansk with fine to medium sands in the Vistula estuary 
(< 50 m depth) and silts in the offshore area (> 50 m depth). The 50m depth isoline is marked in bold. 
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Table III: Sample sizes 

Table I: Sample sizes of sediment properties, NH4+ flux and nitrification rates from the sediment 
types based on permeability and absence/presence of macrofauna.  

grain 
size 

wc 
(%ww) 

perm. 
(m²) 

LOI 
(%dw) 

PON 
(%dw) 

surf. NO3- 
(µmol L-1) 

N-M 3 4 0 5 3 5 
N+M 5 6 3 6 1 6 
P+M 9 11 11 11 5 10 

 
 surf.NH4+ pool 

(µmol L-1) 
deep NH4+ pool 

(µmol L-1) 
NH4+ flux 

(µmol m-2 d.-1) 
nitrification rate 

(nmol L-1 d-1) 
N-M 5 5 5 5 
N+M 1 4 1 6 
P+M 4 0 4 11 

 

Figure V: Environmental variables in the BBL of the Öre estuary 

 
Figure V: Distribution of environmental variables in the BBL of the Vistula estuary (BoG) and the Öre 
estuary (ÖE) in spring and summer.
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