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In the framework of "Baltic TRANSCOAST" funded by the German Research

Society (DFG), this dissertation focuses on nitrogen-related processes in coastal

sediments of the southern Baltic, as well as in an episodically flooded peat-

land of NE-Germany. Nitrogen (N) is crucial for organisms and through the

nitrogen cycle, it is made bioavailable. However, the nitrogen cycle can be

disturbed, which may affect the aqueous N-loading and stress entire ecosys-

tems. Therefore, studies increasingly focus on nitrogen-related processes, es-

pecially in dynamic habitats where many biotic and abiotic variables interact

with each other. This includes the marine-terrestrial transect between coastal

sediments of the Baltic Sea and adjacent peatlands.

As first project, this thesis targeted sediment-associated N2 fixation in coastal

sediments of the Baltic. In times of climate change, the frequency of resuspen-

sion events (caused by storms) increases, thus, benthic N2 fixation may occur

in upper water layers during sediment resuspension. Resilient microbes like

N2-fixing sulfate reducing bacteria may be key players in this process. Sedi-

ments from five shallow locations along the north-eastern German coastline

were sampled and - for comparison - from one deep muddy site in the Bay of

Gdansk (Poland). The quantification of the N2 fixation rates was carried out

with the 15N − N2 bubble method under dark conditions. The incubation oc-

curred under simulated resuspension and usage of varying sediment depths

reflected weak (0-5 cm) and strong (0-10 cm) resuspension events. In a paral-

lel series, the contribution of sulfate reducing bacteria was assessed through

the sodium molybdate technique. The N2 fixation rates were related to sed-

iment properties such as grain size distribution, dissolved nutrient concen-

trations, and organic matter content. Diazotrophy was found to be highest

in the 0-5 cm section. Further, sulfate reducing bacteria were the dominant

nitrogen fixers. The muddy sediments (Poland) reached the highest rates,

while coarse-grained, shallow sediment deposits (Germany) displayed low

rates due to organic carbon depletion. In summary, sediment-associated N2
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fixation was low, thus, increasing (storm and) resuspension events appeared

not to lead to higher N2 fixation in pelagic waters.

Storm events, however, also lead to flooding of low-lying coastal peatlands.

Sudden seawater influx can disturb nitrogen cycling, which may cause aque-

ous nitrogen overload (eutrophication). Hence, the second aim of this the-

sis targeted nitrogen processes in a coastal peatland after a Baltic flooding

event. With help of the 15N-tracer method, dark ammonium assimilation

and nitrification rates were determined in the surface water of the peatland

over the course of one year. Nutrient concentrations (ammonium, nitrite,

nitrate) and abiotic variables (salinity, dissolved oxygen, pH, temperature)

were measured to monitor the ecological development of the peatland. In-

creased salinity was found to inhibit ammonium assimilation and nitrifica-

tion. Despite low N-cycling rates, however, no inorganic nitrogen accumula-

tion occurred. This shows, salt-stress dampened N-cycling, but did not cause

immediate inorganic nitrogen overload.

Seawater intrusion, however, not only impacts surface waters, but also deeper

soils, as cation exchange between seawater-sodium and soil-attached ammo-

nium lead to ammonium leaching. Increased ammonium leaching pollutes

ground- and coastal waters, thus, the third aim of this thesis quantified the

ammonium loss from coastal peatland soils during seawater exposure. With

help of a flow-through reactor, peat (0-10 cm) and mineral soils (30-40 cm)

were flushed with artificial seawater (< 1 ppt, 10 ppt, 35 ppt). The extracted

ammonium concentrations were then related to the salinity of the respec-

tive solute treatment as well as the soil physical properties of the soils (soil

organic matter, saturated hydraulic conductivity, bulk density, marco- and

total porosity). Cation exchange between ammonium and sodium was not a

dominant driver for N-loss. Instead, organic matter content associated with

N-mineralization may induce ammonium-leaching, whilst other soil features
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(dual porosity) and processes (salinity-induced flocculation) may inhibit N-

loss.
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Chapter 1

Introduction

This PhD-thesis was carried out in the framework of the Research Training

Group Baltic TRANSCOAST, funded by the German Research society (DFG).

Overall Baltic TRANSCOAST investigates as the first project the marine-

terrestrial transect between coastal peatlands of NE-Germany and the Baltic

Sea by researching the water and nutrient exchange across the coastal eco-

line. The introduction of this dissertation provides essential information

on the significance of nitrogen-related processes in coastal sediments and in

seawater-flooded peatlands respectively. In the following, characteristics of

coastal sediments and flooded peatlands of the southern Baltic are described.

Moreover, nitrogen processes including heterotrophic nitrogen fixation, am-

monium assimilation, nitrification, and ammonium leaching from soils are

being elaborated.

1.1 The Baltic coastline

1.1.1 Sediments

The Baltic Sea is the one of the largest brackish water body globally. Through

the Skagerrak in the west, the Baltic Sea is connected to the North Sea which

supplies saline water to the Baltic which is otherwise predominantly fed

by riverine freshwater. The Baltic Sea coastline was shaped during the last
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glacial transgression (Littorina Sea stage; 8,000 cal yr BP) and consists mainly

out of post-glacial sediment deposits (Björck, 1995). Continuous coastal ero-

sion, sea level fluctuations, as well as sediment transport and deposition have

since lead to a cycle of land loss and -retrieval along the shorelines, which cre-

ated unique ecosystems with strong interaction between marine and terres-

trial site (section 1.3.3; Lampe et al., 2011). The sediment deposits along the

northern German coastline cover a wide grain size spectrum. Around Bay

of Lübeck there are predominately muds, however, with patches of fine and

coarse sand around the island of Poel (Leipe et al., 2017). Eastwards along

the shoreline passing Rostock and leading to Zingst, the sediments are alter-

nating between fine and coarse sands. Around Greifswald, the sediments are

composed out of coarse silts or muds, before turning into predominately fine

sand deposits again (Leipe et al., 2017). The organic matter content in these

sediments is closely related to the sediment type and is generally higher in

the muddy and silty sediments and lower in the sandy deposits (Leipe et al.

2017). In the past, the land area adjacent to the southern Baltic Sea were

largely used for agricultural purposes which created nutrient-rich runoff.

These dissolved substances leached to the marine side and caused eutroph-

ication and hypoxic conditions in estuarine sediments, as seen for instance

in the Bay of Gdansk (Humborg et al., 2003). Previous studies suggested

that the coastal zones of the Baltic have only limited exchange with the open

Baltic Sea (Voss et al., 2005) and have therefore an internal elemental cycling

system. Still, little is known about specific nitrogen cycling processes (e.g. N2

fixation) in coastal sediments of the Baltic.

1.1.2 Peatlands

Peatlands are organic-rich wetlands, that have formed by the incomplete de-

composition of plant residuals under anoxic conditions over millenia. At
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present, peatlands take up 3 % of global terrestrial space (Gorham, 1991;

Hugelius et al., 2020), thereby, they store 30 % of land-based organic car-

bon (300-450 Pg C) and nitrogen (5.9 - 25.9 Gt N), and 10 % of all freshwater

(Bragazza et al., 2013; Rezanezhad et al., 2016; Yin et al., 2022). For this rea-

son, they are not only considered important carbon and nitrogen sinks on

earth (Joosten and Clarke, 2002), but also important habitats for flora and

fauna due to their intermediate state between aquatic and terrestrial ecosys-

tems (Joosten and Clarke, 2002; Krüger et al., 2015). Peatlands are found

in arctic, alpine, boreal, taiga, temperate and tropical settings (Joosten and

Clarke, 2002; Rezanezhad et al., 2016). There are multiple types of peatlands,

mainly categorized on grounds of their peat-formation capacity, vegetation,

hydrology and water chemistry (Joosten and Clarke, 2002; Rezanezhad et

al., 2016). Peatland types include mires, peat bogs, salt marshes, swamps,

and fens, thereby, fens are one of the most common peatland-types in central

Europe, especially at the German coastline (Höper, 2002; Zauft et al., 2010).

Fens develop in terrestrial depressions (e.g. glacial kettle holes; Campbell

et al., 1997) and are connected to a freshwater source. They receive their

nutrient input both by atmospheric deposition (rain, snow) and from sur-

rounding mineral terrain and are therefore also called minerotrophic peat-

lands (Joosten and Clarke, 2002). They have a neutral pH range (4.5 - 7.4)

and grow mostly brown mosses and herbaceous plants (sedges; Joosten and

Clarke, 2002). In Germany, agricultural land use and drainage has reduced

prinstine, peat-forming fens by 99 % over the past two centuries, which re-

sulted in aerobic decomposition of the peat soil (Giebels et al., 2010). The peat

decay lead -amongst others- to increased gaseous carbon and nitrogen emis-

sions (e.g. carbon dioxide, methane, nitrous oxide), soil subsidence, loss of

habitats and eutrophication, which was further accelerated by rising soil tem-

peratures (Schwieger et al., 2021). This effectively turned these peatlands into

carbon and nitrogen sources with damaging impact on the climate (Giebels
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et al., 2010; Joosten, 2009; Leifeld et al., 2019). Due to their vulnerability,

drained peatlands in Germany are nowadays being rewetted to re-establish

waterlogged conditions, which should disable or moderate organic matter

decomposition, and possibly stimulate peat formation again (Moore et al.,

2007). Rewetting occurs by raising the water table in the peatland, for in-

stance by build-up of ground sills to retain water (Miegel et al., 2016). At the

German Baltic coastline, low-lying coastal fens are also rewetted by Baltic

floodings, as protective dune dykes erode, and sea levels and the frequencies

of storm events rise there (Dreier et al., 2012; Jurasinski et al., 2018). Despite

the efforts of rewetting peatlands again, water saturation of the peat soil has

proven to not solely restore the peatland to its pristine functioning again,

since prior drainage permanently changed the peatland ecology (Lamers et

al., 2015; Rezanezhad et al., 2016). Under times of climate change many stud-

ies focused therefore on the carbon emission and sequestration potential of

rewetted peatlands (Bérubé and Rochefort, 2018; Tuittila et al., 1999), how-

ever, other biogeochemical processes equally important and related to the

nitrogen cycle have been neglected.

1.2 Nitrogen-related processes along the Baltic coast-

line

Nitrogen is crucial for all living organisms to build up complex biomolecules

such as DNA, proteins and organic biomass in general (Stankiewicz and van

Bergen, 1998). Even though 78 % of the atmosphere consists of N2, it is not

available to most organisms due to its strong triple-bond, which makes N2

almost inert (Karl and Michaels, 2001; Widdison and Burt, 2008). Nitro-

gen is made bioavailable by nitrogen fixing organisms, as N2 is converted

into ammonium. In a set of microbial processes, ammonium is transformed
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into further reactive N-compounds (nitrite, nitrate, dissolved and particu-

late organic nitrogen) before denitrification and anaerobic ammonium oxi-

dation (anammox) release N2 back to the atmosphere (Karl and Michaels,

2001). Three major processes investigated in this thesis are nitrogen fixation

(section 1.2.1), which describes the conversion of N2 into bioavailable NH+
4 ,

nitrification (section 1.2.2), which is the subsequent oxidation of ammonium

to nitrite (NO−
2 ) and nitrate (NO−

3 ), and N-assimilation (section 1.2.2), by

which inorganic nitrogen (e.g. NH+
4 ) is used to build-up organic nitrogen

(Karl and Michaels, 2001; Keiser et al., 2016; Widdison and Burt, 2008). The

remaining major nitrogen pathways are dissimilatory nitrate reduction to

ammonium (DNRA), and ammonification (decomposition of organic nitro-

gen), which both ‘recycle’ reactive nitrogen in ecosystems, as well as den-

itrification and anammox, which allow nitrogen to escape as N2 (Karl and

Michaels, 2001; Keiser et al., 2016; Widdison and Burt, 2008). The processes of

the nitrogen cycle occur either aerobically or anaerobically, however, certain

N-related microbes may also operate facultatively (Pajares and Bohannan,

2016). Through primary production, and the build-up and breakdown of or-

ganic matter, the nitrogen cycle is strongly linked to the water, carbon, and

phosphorus cycle (Karl and Michaels, 2001). These complex cycles interact

with each other often in a ’non-linear’ manner (Ray et al., 2015), nevertheless,

imbalances in the nitrogen pool (Gijzen, 2001) have immediate impacts on

the other cycles and can affect entire ecosystems (Keiser et al., 2016; Malone

and Newton, 2020). A prominent example of a large-scale nitrogen imbal-

ance is the harmful nutrient-overload (eutrophication) in the coastal areas of

the Baltic Sea during summer (Vigouroux et al., 2021). During eutrophica-

tion, N-availability exceeds N-removal (e.g. by increased nitrogen fixation or

anthropogenic pollution) and growth of harmful algae and plants are accel-

erated. The high biomass loading in the water eventually decomposes due

to aerobic degradation. Consequently, dissolved oxygen gets depleted and
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anoxia occurs (Malone and Newton, 2020; Nixon, 1995; Olofsson et al., 2020).

As a result, organisms suffocate, aquatic biodiversity declines and critical

habitats are lost (Murray et al., 2019).

Excess nitrogen loading may also occur through stress-induced inhibition of

internal nitrogen-cycling e.g. by salinization. At the coast of Mecklenburg

Western Pomerania (NE Germany) low-lying coastal peatlands are prone to

be rewetted by Baltic floodings (Hoggart et al., 2014) which rises the salin-

ity in the fen and thus, significantly changes the ecosystem chemistry (Wang

et al., 2021). Salinization can stress in situ freshwater microorganisms and

as a result, nitrogen-cycling (and ultimately removal) processes may be dis-

turbed and the water quality is reduced. Soil exposure to saline water may

also induce cation exchange between seawater salt (sodium) and ammonium,

which is attached in the soil. This can lead to nitrogen loss through leaching

and impact the nutrient pool of ground- and coastal waters (Gosch et al.,

2019; Liu and Lennartz, 2019).

1.2.1 Heterotrophic nitrogen fixation in coastal sediments

Even though dissolved dinitrogen in seawater is abundant (> 400 µmol L−1;

Voss et al., 2013), it is not accessible to most organisms. However, certain

bacteria and archaea, called diazotrophs, are capable of N2 fixation, which

describes the conversion of inert N2 into ammonium. Diazotrophs include

anaerobes, facultative aerobes, aerobes, and phototrophs (Zehr, 2011), how-

ever N2 fixation is an energetic-costly process, thus, only few species per-

form it. Diazotrophs carry the N2-fixing enzyme complex called nitrogenase.

The most common nitrogenase complex contains two distinct protein forms,

an iron protein (dinitrogenase reductase) and a molybdenum-iron protein

(dinitrogenase). The gene encoding of the complex can contain up to 20 nif

(nitrogen-fixing) genes (e.g. nifH, nifD, nifK), but the nifH gene is generally
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used for molecular studies (Zehr, 2011). On a global scale, the calculated ni-

trogen fixation rates have an estimated range of 100 – 200 Tg N yr−1 (Capone

et al., 2005; Deutsch et al., 2007), which provides significant amounts of

bioavailable N to the marine N-pool. N2 fixation occurs favorably in nutrient-

poor aquatic environments and is important for primary production and the

marine foodweb (Moore et al., 2013). Moreover, N2 fixation is crucial for

the build-up of organic matter in upper water layers and carbon export to

deep sea regions, also known as the “biological pump” (Longhurst and Glen

Harrison, 1989). Thus, N2 fixation represents an important link between ni-

trogen and carbon cycle and enables carbon sequestration in oceans. Until

recently, marine N2 fixation was largely attributed to two types of cyanobac-

teria, namely free-living filamentous Trichodesmium and diatoms which live

in symbiosis with Richelia. However, the identified diazotroph catalogue in-

creased, and free-living unicellular cyanobacteria (Crocosphaera), and a group

of novel unicellular cyanobacteria (UCYN-A) which occur in symbiosis with

algae (Zehr and Capone, 2020) are representatives. To date, a few hundred

cultivated species are known (Abadi et al., 2021).

N2 fixation is controlled by many variables which can either promote or in-

hibit the process, including variables like temperature, dissolved oxygen,

dissolved iron (Ibello et al., 2010) and phosphorous (Küpper et al., 2008),

sometimes silica (Carpenter et al., 1999), and fixed nitrogen (Capone et al.,

2005). The effect of these variables is species-specific, for instance some dia-

zotrophs prefer warmer temperatures (Breitbarth et al., 2007), whilst others

endure lower temperature ranges (Lehtimaki et al., 1997). The nitrogenase

complex is highly oxygen sensitive and brief contact can deactivate it. Yet,

certain diazotrophs have adapted and developed heterocysts (separate cell

protecting nitrogenase) to enable N2 fixation in presence of dissolved oxy-

gen, or perform only in oxygen micro niches caused by intensive local O2-

consumption (Pedersen et al., 2018).
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Other species adaptations include the use of alternative nutrient sources un-

der limiting conditions, for instance phosphonate instead of phosphate (Sohm

et al., 2011). Elevated amounts of fixed nitrogen (e.g. ammonium) were

generally known to inhibit nitrogen fixation (Capone et al., 1990), as the

breakup of inert N2 is energetically more expensive than ammonium up-

take. However, this understanding was recently challenged, since certain

diazotroph strains displayed resilience against inorganic N, as they only ex-

perience some (Martín-Nieto et al., 1992; Andersson et al., 2014) or no inhi-

bition (Sanz-Alferez and del Campo, 1994; Newell et al., 2016; Bertics et al.,

2013). Possibly some of these diazotrophs profited from N2 fixation by em-

ploying it as a viable electron sink (Joshi and Tabita, 1996; Tichi and Tabita,

2000). This helped them to control the redox balance inside the cell and mak-

ing nitrogen availability negligible.

Amongst these nitrogen-resilient diazotrophs were heterotrophic diazotrophs

(or non-cyanobacterial diazotrophs; NCD), which occupied light-deprived,

nutrient-saturated sediments (Bertics et al., 2013; Pedersen et al., 2018). NCD

activity was often considered negligible in comparison to cyanobacterial ac-

tivity. Indeed, their importance was poorly understood due to high variabil-

ity of benthic N2 fixation (Steppe and Paerl, 2005; Severin and Stal, 2012)

affected by seasonally fluctuating conditions (e.g. DO, DIN, organic mat-

ter; Burns et al., 2002, Fulweiler et al., 2013, Jabir et al., 2021). Nevertheless,

NCD acitivity could be substantial enough to make up for the nitrogen losses

through denitrification (Fulweiler et al., 2013; Fan et al., 2015). Prominent

NCD are sulfate reducing bacteria (SRB; Gandy and Yoch, 1988; Zehr et al.,

1995). SRB are already key players for the carbon and sulfur cycle (e.g. by

organic matter mineralisation and sulfide production; le Gall and Postgate,

1973; Caffrey and Voordouw 2010; Stoeva et al., 2019; Niu et al., 2021). Also,

SRB are strict anaerobs and are found worldwide in sediments. So far, stud-

ies on SRB focused on their environmental stress-responses and their detailed
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community composition in order to better understand their importance for

benthic N2 fixation (Bertics et al., 2013; Gier et al., 2016; Jabir et al., 2021). As

expected, diazotrophic SRB were affected by dissolved oxygen (DO) fluctu-

ations as it inhibits nitrogenase activity and stressed their strictly anaerobic

metabolism (Bertics et al., 2010). Still, certain SRB also adapted to oxic con-

ditions, thanks to the aforementioned oxidative stress protection systems se-

curing nitrogenase activity (Lumppio et al., 2001; Jabir et al., 2021; Geisler et

al., 2022).

Further studies reported that organic carbon stimulated N2-fixing SRB (Spinette

et al., 2019; Burns et al., 2002, Bertics et al., 2013) as they require external

carbon sources (unlike phototrophs). Yet, interestingly single-factor experi-

ments targeting N2-fixing SRB under organic carbon supply remained incon-

clusive (Gandy and Yoch, 1988); other SRB satisfied their carbon needs by

simply switching from carbon (as electron donor) to hydrogen (Lespinat et

al., 1987) or engaged in symbiosis with microorganism like anaerobic methan-

otrophs (Pohlman et al., 2013; Dekas et al., 2014). Altogether, diazotrophic

SRB seem to be able to inhabit a wide spectrum of environmental habitats

with species-specific stress responses, and are thus, still poorly understood.

Up to now, benthic N2 fixation was mostly investigated in dark, deep sea

environments (Bertics et al., 2013; Dekas et al., 2018). Consequently, physi-

cal factors irrelevant for deep sea environments, but possibly affecting dia-

zotrophs were neglected such as sediment resuspension in near-coastal sys-

tems (Andersson et al., 2014). Especially the coastal environments of the

Baltic Sea are increasingly subject to strong resuspension events due the higher

frequency of storms (Dreier et al., 2021). Thereby, sediments and sediment-

attached substances (inorganic nutrients, organic matter) are resuspended

into pelagic layers, influencing benthic N2-fixing communities and their ac-

tivity. Andersson et al. (2014) reported on the inhibiting impact of resuspen-

sion on sediment-associated N2 fixation along the Swedish coastline, whilst
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Pedersen et al. (2018) observed that resuspended sediments of the Roskilde

Fjord (Denmark) were microbial hotspots for NCD (and SRB) activity. It re-

mains to be determined, if benthic N2 fixation in shallow sediments of the

Baltic Sea are a significant nitrogen source to pelagic layers under resuspen-

sion.

1.2.2 Ammonium assimilation and nitrification in flooded

peatlands

Nitrogen (ammonium and nitrate) assimilation is crucial for the formation

of organic molecules (e.g. amino acids), growth, and primary production

(Forchhammer, 2007; Herrero et al., 2019) and acts as nitrogen sink (Masclaux-

Daubresse et al., 2006; Mokhele et al., 2012). The assimilation of ammo-

nium (NH+
4 ) requires less energy than the assimilation of nitrate and is there-

fore advantageous under energy-limiting conditions (Ruan and Giordano,

2017). Key enzymes involved in NH+
4 assimilation are glutamine synthetase

(GS), glutamate synthetase (also known as glutamine oxoglutarate amino-

transferase; GOGAT), and glutamate dehydrogenase. These enzymes turn

ammonium into glutamine and glutamate and enable the intercellular ni-

trogen metabolism (Pengpeng and Tan, 2013; Wang et al., 2011). NH+
4 as-

similation is often bonded to photosynthesis and stimulated during summer

months (LeCorre et al., 1996) and hence, a substantial source of organic N

(Lea, 1985). Some cyanobacteria and plants can also assimilate under dark

conditions at reduced rates (Kerby et al., 1987; Papen and Bothe, 1984; Rig-

ano et al., 1996). There is also light-independent NH+
4 assimilation by het-

erotrophs (Wheeler and Kirchman, 1986). Non-photosynthetic NH+
4 assim-

ilation has only recently gained attention (Laws et al., 1985), and it appears
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FIGURE 1.1: Topographic profile of the Hütelmoor (simplified). Yellow = nitrogen
cycling- and nutrient related processes; white = dissolved and organic compounds.

to be a major organic N-source in dark waters (Caraco et al., 1998) and sed-

iments (Sumi and Koike, 1990). Favoring conditions for dark NH+
4 assim-

ilation are DIN-rich environments (Suberkropp and Chauvet 1995) with in-

creased carbon input (Caraco et al., 1998). Moreover, dark NH+
4 assimila-

tion occurs during all seasons (LeCorre et al., 1996). Lately, heterotrophic

NH+
4 assimilation has been detected in surface waters of wetlands (Ma et al.,

2022), and was recognized as substantial NH+
4 -removal pathway in aquatic

ecosystems (Sun et al., 2017). Whether dark NH+
4 assimilation is also impor-

tant in seawater-rewetted peatlands with increased salinity concentrations is

uncertain. Interestingly though, cellular glutamate formation may protect

the microbes from salt-stress, as glutamate can act as osmolyte and regulate

the salt-concentrations within the cell (Csonka, 1989; Empadinhas and Viete-

Vallejo, 2008) as seen in single-factor studies (Hudson et al., 1993; Smith et al.,

1980). For this reason, enzymes linked to NH+
4 assimilation may help fresh-

water microorganisms to counter seawater-induced osmotic stress in rewet-

ted peatlands.

It is generally understood, that ammonium assimilation stands in direct

competition with nitrification (Aldunate et al., 2020). Nitrification describes
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the two-step oxidation of ammonium (NH+
4 ) to nitrite (NO−

2 ) and nitrate

(NO−
3 ) (Norton and Ouyang, 2019). Thereby, nitrification is mostly performed

by slow-growing chemolithoautotrophs (Wang et al., 2012) which obtain en-

ergy by the aerobic oxidation from ammonium or nitrite whilst taking in

dissolved inorganic carbon (DIC). Alternatively, some nitrifier can also use

organic nitrogen (e.g. urea; Alonso-Sáez et al., 2012; Pommerening-Röser

and Koops, 2005) or organic carbon (Qin et al., 2014) as respective N- and C-

source. Each oxidation-step is carried out by a completely different group of

prokaryotes, namely the ammonium-oxidizing archaea and bacteria (AOA,

AOB) and the nitrite-oxidizing bacteria (NOB). AOA and AOB carry the

ammonia-oxiziding genes ammonia monooxygenase (AMO) and hydroxy-

lamine dehydrogenase (HAO), whilst NOB carry the nitrite-oxidizing gene

nitrite oxidoreductase (NXR; Sun et al., 2020). Few microbial species carry

both ammonia- and nitrite-oxidizing genes, and are therefore able to oxidize

NH+
4 directly to NO−

3 , (e.g. Nitrospira). This process is called “complete

ammonia oxidation” (comammox) and was observed in drained, forested

peat soils (Truu et al., 2020), tidal flat wetlands (Sun et al., 2020), and other

soil types (Huang et al., 2021; Orellana et al., 2018). This shows, comam-

mox is a widely-occurring process in terrestrial environments (Pjevac et al.,

2017). However, comammox-organisms are understood to be distinctively

ecophysiologically different from canonical nitrifiers (Koch et al., 2019; Lu et

al., 2020), and will not be further discussed here.

Generally, the activity of canonical nitrifiers (AOA, AOB, NOB) is highly

variable in terrestrial environments, as they are controlled by a complex in-

terplay of biotic and abiotic factors, including substrate supply (NH+
4 , NO−

2 ),

temperature, pH, salinity, moisture and aeration (Norton and Ouyang, 2019).

Substrate supply of NH+
4 offers the means for ammonia oxidation, which is

an important rate-limiting step for overall nitrification (Lehtovirta-Morley,
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2018; Norton and Ouyang, 2019). The NH+
4 availability in terrestrial environ-

ments is controlled by the use of N-fertilizers, animal excrements (urine and

feces), atmospheric deposition, N2 fixation and organic matter mineralization

(Bouskill et al., 2012; Grant, 1994; Ouyang et al., 2018; Venterea et al., 2015).

However, N-assimilation or competitive organisms (e.g. comammox bacte-

ria; Lu et al., 2020; Norton and Ouyang, 2019; Verhagen et al., 1992), can limit

NH+
4 supply to nitrifiers, and reduce nitrification. Varying concentrations

of ammonium can also influence the quantitative contribution of AOA and

AOB to nitrification. For instance, under low NH+
4 supply the contribution

to gross nitrification by AOA is higher than by AOB (Hink et al., 2017a). In

turn, with greater NH+
4 availability gross nitrification by AOB is higher than

by AOA (Rütting et al., 2021), even though total gene abundance of AOA in

soils is generally higher (Di et al., 2009). Earlier, the NH+
4 -affinity of AOA

and AOB were discussed being responsible for these variations, similar to

marine environments (Horak et al., 2013; Martens-Habbena et al., 2009). Soil-

studies revealed though, that AOA and AOB have equal NH+
4 -affinity (Hink

et al., 2017b; Kits et al., 2017) and instead, the rate differences may be related

to the 10-fold greater cell size of AOB compared to AOA (Prosser and Nicol,

2012), giving AOB an advantage in NH+
4 -rich environments (Jia and Con-

rad, 2009; Karlsson et al., 2012). This suggests that nitrifier abundance and

community composition (AOA or AOB) directly affect nitrification (Aigle et

al., 2020; Norton and Ouyang, 2019). Changes in the community composi-

tion can be derived by alternating environmental conditions, for instance by

temperature and pH. The majority of nitrification-studies consider tempera-

ture and pH as single factors only (Aigle et al., 2020; Wallenstein and Hall,

2012; Kyveryga et al., 2004; Parton et al., 2001). However, the combined effect

of temperature and pH on nitrifiers is rarely considered, even though both

variables are strongly physio-chemically related to each other (Zaidi and Pal,
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2015). Moreover, Lång et al. (1993) observed during incubation at low tem-

peratures (4 °C), that the nitrification potential shifted its pH optima from

pH 6 to 4, and suggested, that a microbial community change was responsi-

ble for the shift. Aigle et al. (2020) directly hints towards the possibility that

neutrophilic nitrifiers - thriving at neutral pH - have a higher temperature

optimum than acidophilic nitrifiers which prefer low pH. So far, studies are

still scarce and correlations between temperature, pH, community composi-

tion and gross nitrification are weak (Aigle et al., 2020).

In seawater-flooded peatlands, the impact of salinity on nitrification is

relevant. Studies showed, low saline conditions inhibit nitrification in nat-

ural soils (respectively 3.5 ppt or 4 mS cm−1; Noe et al., 2013; Yao et al.,

2022). Interestingly, NH+
4 - and NO−

2 oxidation rates appeared to be reduced

disproportionally by sodium chloride (Moussa et al., 2006) and sulfide (Be-

jarano Ortiz et al., 2013), which indicates that AOM and NOB have vary-

ing tolerance to seawater-induced stress. Consequently the accumulation of

dissolved inorganic nitrogen (Cortés-Lorenzo et al., 2015), or emission of ni-

trogen gases (e.g. nitrous oxide; Berendt et al., 2022) may occur. Never-

theless, soils that are naturally exposed to seawater at high frequency can

establish halo-tolerant species (e.g. Nitrosopumilus) which are adapted to

(episodically) saline conditions (Nacke et al., 2017). This underscores the

importance of community versatility in dynamic ecosystems exposed to fluc-

tuating environmental conditions such as seawater flooded soils. However,

community composition and adaptive strategies cannot necessarily prevail

against critical soil moisture concentrations and soil oxygen depletion. Soil

moisture can be limiting for nitrifiers when the soil water-filled pore space
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is too low (< 40 %) as it causes cell dehydration (Parton et al., 2001). How-

ever, full water saturation (waterlogging) may deplete dissolved oxygen con-

tent and thus, limit oxidation of NH+
4 and NO−

2 and respiration of nitri-

fiers (Norton and Ouyang, 2019). Interestingly though, nitrifiers have a mi-

croaerophilic lifestyle, which means they operate best at low oxic condi-

tions as they are not obligate aerobes (Geets et al., 2006; Ward, 2008). With

this, nitrification is not restricted to purely aerated locations, but can also

occur at oxic-anoxic interfaces. This enables a close coupling to anoxic N-

processes (e.g. denitrification, anammox) especially under fluctuating redox

conditions (Nie et al., 2019). Still, seawater-rewetting of drained peatlands

can change the metabolism and community composition of microorganisms

(Groß-Schmölders et al., 2021) by reducing metabolic efficiency and enzyme

activity (Rietz and Haynes, 2003). Therefore, these (potentially) vulnerable

habitats require attention, as to gain a better understanding on internal N-

cycling under salinization.

1.2.3 Salinity-induced ammonium loss from rewetted peat-

land soils

The functionality of pristine peat soils is characterized by its capacity of wa-

ter retention, transport and release of dissolved compounds, the chemical

composition of the water, and geophysical properties of the soil matrix (Hill

and Siegel, 1991; Päivänen, 1973; Rezanezhad et al., 2016). Geophysical prop-

erties in peat soils include soil organic matter (SOM), bulk density, saturated

hydraulic conductivity (Ks), and macro- and total porosity. Coinciding with a

high total porosity of > 80 % , peat is also known for its complex dual-porosity

structure (Boelter, 1968; Rezanezhad et al., 2012). Dual-porosity means there

are active, open pores, where water can flow through (mobile soil water re-

gion; Kleimeier et al., 2014; Rezanezhad et al., 2016), but also partially closed
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or dead-end pores, where water movement is either negligible or limited to

diffusion (immobile soil water region; Hoag and Price, 1997; van Genuchten

and Wierenga, 1976). Hydraulic properties of peat are strongly dependent on

its degree of decomposition, which alters with soil depth, age, type of plant

residuals, and the drainage regime (Schoephorster, 1974; Swanson and Gri-

gal, 1989) as described by the von Post humification scale (von Post, 1922).

So far, only few studies focused on solute transport within peat soil with

these complex hydraulic properties (Hoag and Price, 1997; Reeve et al., 2001;

Rezanezhad et al., 2016). However, recently nutrient solute release and trans-

port gained attention in rewetted peatlands (Gosch et al., 2019; Liu and Lennartz,

2019), where former cultivation has altered the geophysical characteristics of

the soil (e.g. by aeration, compaction; Jurasinski et al., 2020; Monteverde

et al., 2022; Mustamo et al., 2016) and seawater rewetting changed the wa-

ter (bio-) chemistry through salinization. For instance salinization can di-

rectly enable release of dissolved organic and inorganic carbon (DOC, DIC)

and total dissolved nitrogen (TDN) from peat-soils (Liu and Lennartz, 2019).

Regarding the latter (TDN), two prominent seawater compounds, namely

sulfate (SO2
4
−) and sodium (Na+) can induce dissolved nitrogen release by

acting either as terminal electron acceptor for anaerobic N-mineralization

(Gosch et al., 2019), or as cation exchange partner detaching ammonium from

the peat (Liu and Lennartz, 2019). Excess NH+
4 released from the peat during

cation exchange may origin from former heavy N-fertilization and manure

management, which enriched the top layers of the soil with nitrogen (Liu

and Lennartz, 2019; Zak and Gelbrecht, 2007), however it remains ambigu-

ous how this ammonium loss affects groundwater quality, the coastal seawa-

ter nutrient pool (e.g. due to submarine groundwater discharge; Racasa et

al., 2021; see section 1.3.3) and if this is a temporary, long term, or an episodic

effect.
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1.3 Study site "Hütelmoor"

FIGURE 1.2: Hütelmoor area (framed with yellow dotted line) with Heiligensee in the
north, ditches and channels leading to the outflow point in the south. Arrows display
simplified hydrological flows. Blue: Flow direction of the ditches. White: Spreading of
the Baltic seawater close to Heiligensee during flooding event in January, 2019. Light
blue: Freshwater supply from higher terrains.

1.3.1 Background and history

The nature reserve “Heiligensee und Hütelmoor” is a low-lying peatland

(fen) situated close to Rostock (54°12’36.66" N, 12°10’34.28" E) at the Baltic

Sea coast of northern Germany (Figure 1.2). Until the 1970s, the fen was

used for agricultural purposes and drained with help of ditches and chan-

nels, which lowered the water tables < 1.6 m below surface (Glatzel et al.,

2011). In addition, a coastal protection dune was built in 1903 and rebuilt

in 1963 to strengthen the sand dune along the beach which protected the

area from the Baltic (Jurasinksi et al., 2018). In the 1990s the nature reserve

was subsequently rewetted by freshwater to restore the peatland ecology.
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Also, the coastal protection dune was eventually not serviced anymore en-

abling coastal erosion with retreat rates of 120 - 210 cm yr−1 (Generalplan

Küsten und Hochwasserschutz, Mecklenburg- Vorpommern). Until today,

the ditches and channels still exist (Koch et al., 2014; Hahn et al., 2015; Unger

et al., 2021; Figure 1.2), are (partly) active and lead southwestwards to the

dredged and widened shipping channel that includes the Warnow and en-

ters the Baltic Sea (Toro et al., 2022). The water tables returned to 0.3 m be-

low ground after abandonment of active drainage in the 1990s (Glatzel et al.,

2011). To effectively retain water in the peatland, a ground sill (of app. 0.5

m HN) was built in 2009/ 2010 at the outflow point of the peatland (Fig-

ure 1.2), and subsequently, water levels mostly ranged above surface in large

parts of the areas (Miegel et al., 2016). The annual mean outflow rate from

the peatland is about 44 L s−1. During summer the outflow stops when the

water level declines below the ground sill and is increased during strong pre-

cipitation events especially during autumn and winter (Miegel et al., 2016).

In 1995 the Hütelmoor was flooded with brackish water from the Warnow

river via the Sohlschwelle in the west of the peatland by reversed inflow

through the ditches and channels, as well as through a dyke breach (Bohne

and Bohne, 2008). This led to salinization of the fen, reaching also deeper

soil layers through leaching (ca. 2 - 7 ppt; Koebsch et al., 2013; Jurasinksi et

al., 2018). The dyke was rebuilt after the breach, but maintenance stopped

in 2000. In Januar 2019, a major storm event occurred, which caused again a

dyke breach close to the Heiligensee, a beach lake in the north of the study

area. Baltic seawater (22 mS cm−1 or ca. 13 ppt; Gutekunst et al., 2022) infil-

trated the peatland directly from the seaside for the first time in more than

two decades. The seawater spread out via Heiligensee and further across the

peatland and increased the previously low peatwater salinities (2 mS cm−1

or ca. 1 ppt; Koebsch et al., 2019; Gutekunst et al., 2022; Figure 1.2).
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1.3.2 Topography

The fen spans an area of 540 ha of which 315 ha are peatland. The area is con-

fined by a forest which stands on slightly higher terrain (0.5 - 2 m amsl; Fig-

ure 1.2; (Miegel et al., 2016)). The elevation of the peatland itself is between

−0.1 m to +0.7 m amsl (Jurasinski et al., 2018; Miegel et al., 2016), thereby

the areas below 0 m HN are mostly in the southwest of the area (Miegel et

al., 2016), which aligns with the horizontal water flow direction in the ditches

and channels.

The average air temperature accounts for 9.6 °C, annual precipitation is ap-

proximately 635 mm (measured between 1991 and 2020; freely available data

by German Weather Service), and evaporation 641 mm (Bohne and Bohne

2008). Both the forest in the north and the dyke along the Baltic coast offer

wind protection to the peatland, which has suggested to lead to a micro-

climate similar to the “oasis effect” and high humidity (Bohne and Bohne

2008). The upper soil profile consists of peat, which overlies a mineral (sand)

and a glacial till layer. The thickness of the different layers varies across the

peatland, thereby the peat is mostly 1 - 3 m thick and increases with prox-

imity to the coastline (Miegel et al., 2016). Parts of the peat horizon continue

underneath the soil surface and reemerge at the beach, representing a mi-

nor, vertical connection between fen and Baltic Sea (Jurasinski et al., 2018).

Due to drainage and cultivation the topsoil of the peat experienced aeration,

which enabled increased organic matter mineralization and led to a high de-

gree of peat degradation. Lower peat sections remain moderately to strongly

decomposed (Jurasinski et al., 2018).

1.3.3 Marine-terrestrial transect

The 3 km coastline adjacent to the Hütelmoor represents a shallow offshore

continuation (0 - 10 m depth) of the peatland and is crossed by layers of
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peat (Kreuzburg et al., 2018). The resurfacing peat layers developed due to

coastal erosion which lead to peatland loss towards eastern direction. Marine

currents transported sediments alongshore in northeastern direction (Lampe

et al., 2011) which subsequently covered and abraded the peat layers at the

beach (Kreuzburg er at., 2018). The peat deposits reach upto 90 m from the

coastline with an areal extent of 0.16 - 0.2 km2 (Kreuzburg et al., 2018). The

resurfacing peat deposits in the northern coastal area are most likely con-

nected with the land side through submarine groundwater discharge (SGD;

Jurasinski et al., 2018). SGD are common along the Baltic Sea coastline con-

necting the terrestrial groundwater with coastal waters by enabling outflow

of (nutrient-rich) groundwater from land to sea (Racasa et al., 2021).

1.4 Analytical approaches and calculations

1.4.1 15N- tracer method

Nitrogen has two stable isotopes, namely 14N and 15N. Both N-isotopes share

the same number of protons (here: 7), but different numbers of neutrons

(here: 7 or 8). The less abundant isotope is the heavier isotope, 15N, which

only takes in 0.365 % of the global N-pool (Junk and Svec, 1958). Through

variability in the distribution of nitrogen isotopes and due to isotopic frac-

tionation, the abundance of 14N and 15N in nitrogen-containing molecules

is dynamic and gives insight on nitrogen processes in systems of interest.

As the absolute quantity of 15N is low, analysis of quantitative differences

in the isotope composition is impractical, thus, the ratio between 14N and

15N is used instead. This ratio between 14N and 15N is displayed in delta

(δ) -values and postulated to be the ‰-difference to atmospheric N2 with a

constant 14N/15N ratio of 272± 0.3. The δ15N-value in the sample is then de-

termined as followed (Eq. 1):
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δ15N(vs. air) = ((
15N
14N )sample/(

15N
14N )air − 1)× 1000 (1)

The δ-value displays the ‰-difference to a commonly accepted reference

standard, thus, the δ-value is then calculated by determining the isotope ra-

tios (R) of the sample and the reference standard (Eq. 2):

δ15N =
Rsample

Rstandard −1 × 1000 (2)

The 15N-tracer method modifies under controlled conditions the isotopic

composition in the system of interest through 15N-enrichment or "-labeling".

The advantage of this approach is, that the tracer method requires only little

manipulation during the experiment and is practical for temporary incuba-

tions with comprised amount of isolated samples (Ryabenko 2013). Also, the

isotopic signal collected is highly sensitive to smallest changes in δ15N val-

ues which can be detected thanks to continuous flow systems consisting of

an elemental analyzer (EA) and isotope ratio mass spectrometer (IRMS). The

EA gives information about the elemental composition in the sample, whilst

the IRMS measures the difference between the two ratios in the sample and

the standard (e.g. IAEA standards) which is calibrated to atmospheric dini-

trogen. Nowadays, the 15N- tracer method is a routine analysis, however, it

demands various considerations during the rate determination, such as the

natural abundance in the sample, ambient concentration of the 15N-tracer

(typically 10 %), the length of the incubation/ turnover rate, and detection

limits of the analytical methods.
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1.4.2 Calculations of N-cycling rates

In this dissertation, the determination of the nitrogen fixation rates was achieved

with help of the 15N–N2 gas method, where a bubble was injected into an

incubation bottle containing water with an airtight syringe to the samples

(bubble method; Montoya et al., 1996; more detailed description in section

2.1.3). Calculation of N2 fixation rates (NF; Eq. 3) is based on Montoya et al.

(1996):

NF =
(A f inal

PN −At=0
PN )

(AN2−At=0
PN )

× [PN]
∆t (3)

Here, "A" is the atom% 15N in the particulate organic nitrogen (PN) at the

end (final) and the start (t=0) of the incubation and in the dissolved N2 pool

(N2).

For the determination of nitrification and ammonium assimilation rates

the 15N-NH+
4 tracer method was used (Damashek et al., 2016; Veuger et al.,

2013; more detailed description in section 3.1.3). The calculation of the nitri-

fication rates (NR; Eq. 4) followed Veuger et al. (2013):

NR = [15N − NO−
x ]×

[NH+
4 ]tot

[15N−NH+
4 ]add

/∆t (4)

Here, [15N − NO−
x ] is the excess concentration of 15N in both NO−

2 - and

NO−
3 , [NH+

4 ]tot presents the total amount of ammonium consisting of the

initial and added ammonium concentrations, [15N − NH+
4 ]add is the concen-

tration of the added 15N − NH+
4 tracer, and ∆t is the incubation time in hours

(Veuger et al., 2013). The excess 15N concentration in NO−
x is the difference

in the 15N-content (in atom%) of the t1 and t0 sample.
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For the ammonium assimilation rates, the 15N-PON content was deter-

mined at the end of the experiment. We calculated the assimilation rates

(AR; Eq. 5) following Dugdale and Wilkerson (1986):

AR = Vm × [PONm] (5)

where Vm represents the mean specific 15N-uptake rate and [PONm] the

mean of the beginning and final PON concentrations. Calculation of Vm also

incorporates the 15N-PON content of the t0 and the t1 sample.

1.4.3 Dissolved nutrient analysis

Inorganic nutrient concentrations (ammonium, nitrite, nitrate, phosphate;

µmol L
-1

) were measured colorimetrically with a continuous segmented flow

analyzer (QuAAtro, Seal Analytical) following the methods of Grasshoff et

al. (1999). The analytical accuracy was ± 5 %, except for ammonium mea-

surements, which was ± 5-10 %. The detection limit was 0.1 µmol L
-1

for

phosphate (PO3−
4 ), 0.05 µmol L

-1
for nitrite (NO−

2 ), 0.2 µmol L
-1

for nitrate

(NO−
3 ), and 0.5 µmol L

-1
for ammonium (NH+

4 ).

1.5 The aims of this thesis

This PhD thesis investigated and quantified rates of nitrogen-related pro-

cesses in sediments of the southern Baltic coastline and in an episodically-

flooded coastal peatland of NE-Germany to gain a better understanding on

the nitrogen cycle and the dissolved nutrient pools in marine-terrestrial tran-

sects of the Baltic. As the (open and) coastal areas of the Baltic Sea are affected

by seasonal eutrophication, additional nitrogen sources such as sediment-

associated nitrogen fixation during resuspension may be harmful and con-

tribute to the toxic nutrient overload in upper waters. Hence, as first aim
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of this thesis benthic nitrogen fixation in coastal sediments of the Baltic Sea

(which likely experience resuspension) was quantified to determine its con-

tribution to the pelagic nitrogen pool.

Low-lying freshwater peatlands of NE-Germany are prone to experience Baltic

floodings, and the intrusion of brackish seawater may disturb microbial pro-

cesses associated with the nitrogen cycle. As these peatlands were (often)

cultivated in the past, additional nitrogen is still left in the soil and may in-

fluence nitrogen cycling and/ or the nutrient pool in surface waters of the

peatland. For this reason, the second aim of this thesis was to monitor ni-

trification, ammonium assimilation rates, and the dissolved nutrient pool

in a peatland after a flooding event. The intrusion of saline water into the

peatland may also induce nitrogen-leaching through the soil due to cation

exchange between seawater salt (here: sodium) and ammonium. Thereby,

the excess nitrogen detaching from the soil may pollute ground- and coastal

waters. Thus, the third aim was to measure ammonium loss from peat and

mineral soils of a flooded peatland during seawater exposure. In the follow-

ing, the main questions (Q) and hypotheses (H) are summarized:

1. Q: Is sediment-associated nitrogen fixation a major source of reactive

nitrogen to the pelagic layers of the Baltic Sea during resuspension?

H: Sediment-associated nitrogen fixation contributes to the reactive ni-

trogen pool in the pelagic during resuspension, because specialized

non-cyanobacterial diazotrophs are resilient towards hydraulic stress

and inhabit this niche.

2. Q: Are heterotrophic nitrification and ammonium assimilation in a formerly-

freshwater peatland disturbed by seawater intrusion?

H: The salinization of the peatland stresses the in situ communities and

impedes nitrogen cycling.
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3. Q: Are soils of coastal peatlands prone to ammonium-loss during flood-

ing events?

H: Formerly-cultivated peatlands are a source of nitrogen during flood-

ing, since cation exchange between seawater-ions (sodium) and ammo-

nium releases soil-attached ammonium.
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Chapter 2

N2-fixing SRB in coastal sediments

under simulated resuspension

This chapter includes sections from the publication Liesirova et al. (2023)

entitled: “N2-fixing sulfate reducing bacteria in shallow coastal sediments

under simulated resuspension” accepted by “Estuarine coastal and shelf sci-

ences” on November 25, 2022. Co-authors are Tobias Aarenstrup-Launbjerg,

Søren Hallstrøm, Meriel J. Bittner, Lasse Riemann and Maren Voss. I omitted

all the molecular work as this was done by my co-authors, otherwise I wrote

the chapters entirely myself.

2.1 Methods and materials

2.1.1 Sampling

The study sites were located along the southern Baltic coastline (Figure 2.1)

and were selected to represent the typical sediments of the coastline based

on grain size and organic matter (OM) content. Sediment samples were ob-

tained from the Schnatermann and Hütelmoor Beach in May 2019, off Poel

St. 1 and Poel St. 2 in August 2019, and off Warnemünde in October 2019

(Table 2.1) at water depths <1 m. In addition, one deep site in the Bay of
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FIGURE 2.1: Map of the 5 shallow (<1 m depth) sampling sites along the southern
Baltic coastline and one site at the Bay of Gdansk (109 m depth).

Gdansk (109 m) was sampled in October 2019 with expected anaerobic con-

ditions and heterotrophic nitrogen fixers. At the shallow sites, in situ vari-

ables (temperature, oxygen, salinity) were measured above the sediments

using a HQ40D portable multimeter (Hach). Sediment samples were col-

lected using Plexiglas tubes (6 cores per site, length: 30 cm, diameter: 5 cm)

that were pushed into the sediments, closed at the top with a plug, and care-

fully pulled out. From the deep site, sediment cores were collected with a

multicorer during a cruise onboard RV Elisabeth Mann Borgese (EMB 233,

Oct. 4th, 2019). Environmental conditions were measured via a CTD system

equipped with Seabird 911+ sensors. Immediately after sampling, subsam-

ples from the sediment cores were filled in sterile Eppendorf tubes, frozen in

liquid nitrogen, and stored frozen until DNA extraction. During the trans-

port to the laboratory (2–6 h), the cores were kept dark and cool. Since the

transport of the cores from the deep site lasted two days, the overlying wa-

ter in the cores was aerated and the cores kept at in situ temperature. In the
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laboratory, the six sediment cores from each site were sliced into two depth

strata (0–5 cm sediment depth and 0–10 cm sediment depth) in triplicates,

and homogenised. From this material, 2 × 5 g sediment was dried at 50 °C

for organic matter and grain size analyses (described below). Seawater for

the slurry incubations was obtained at Warnemünde (0.5 m depth) in May,

August, and October 2019 respectively (Table 2.1).
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2.1.2 Slurry setup to simulate sediment resuspension

Prior to the incubations, 40 L of seawater from Warnemünde (Table 2.1) were

filtered sequentially through a GF/F (Whatman, SigmaAldrich) and an ac-

etate filter (Sartorius; 0.2 µm). All slurry incubations were done in acid

washed 1.2 L polycarbonate Nalgene® bottles, which were subsequently filled

with filtered sea water. To imitate the conditions of sediments resuspended

in the water column, we aimed for a low sediment-to-water ratio (modified

setup of Pedersen et al., 2018), thus, each bottle was amended with 10 g of

wet, homogenised sediment (either from 0 to 5 cm or 0–10 cm depth). The

incubations of these sediment depths represent different strengths of resus-

pension (0–5 cm: weak resuspension; Sarkar et al., 2021; 0–10 cm: strong

resuspension; Kersten et al., 2005). The choice of these depths were based

on previous studies along the southern Baltic coastline where geological fea-

tures (ripples) indicated sediment redistribution patterns in the upper 5 cm

under ordinary conditions (Sarkar et al., 2021), but down to 10 cm under a

storm event (Kersten et al., 2005). All bottles were acclimated overnight in

the dark (May and October: 15 °C; August: room temperature). To determine

the importance of diazotrophic SRB for N2 fixation, a parallel bottle series

was amended with the SRB-specific inhibitor sodium molybdate (Oremland

and Capone, 1988) the next day. The parallel series received sodium molyb-

date to achieve a final concentration of 0.02 M, then all bottles were filled

up to full capacity with the filtered seawater and closed with septum caps.

Triplicate bottles with seawater, but no added sediment served as control for

potential N2 fixation occurring in the filtered water. All incubations were

done in the dark to exclude any potential light induced N2 fixation. It needs

to be mentioned that seawater (from Warnemünde) used in our incubations

may have influenced sediment communities in the slurries and thereby af-

fected the measured N2 fixation rates. However, this would have mostly
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influenced communities of Bay of Gdansk, that rarely experience environ-

mental changes at 109 m depth (Table 2.1). In contrast, for the remaining

sites, local physio-chemical conditions were similar to those at Warnemünde

(Table 2.1).

2.1.3 15N-incorporation to determine nitrogen fixation rates

Into each bottle, 1 ml of 15N–N2 gas (98 %, Campro Scientific lot # EB1169V)

was injected with an airtight syringe to achieve a final labelling of approx-

imately 10 % (Montoya et al., 1996). Emerging overpressure of air in the

bottles was discharged via a cannula. Thereafter, the bottles were shaken

thoroughly by hand for 2 min to reach isotopic equilibrium and placed in the

dark on a shaker (60 rpm) at 15 °C (May and October) and 20 °C (August)

for 48 h. After incubation (t1), samples were filtered onto pre-combusted

GF/F filters (Whatman, Sigma-Aldrich; 450 °C), which were subsequently

dried at 50 °C, packed into tin capsules, and pelletized before analysis. The

concentration of organic carbon (OC) and total nitrogen (TN) and the iso-

topic composition (δ13C; δ15N) was measured using an IRMS (Delta V Ad-

vantage - Thermo Fisher Scientific) connected to a FLASH 2000 Elemental

Analyzer (Thermo Scientific) via ConFlo IV Universal Continuous Flow In-

terface (Thermo Fisher Scientific). Calibration was done with isotopic (IAEA

Standards N1, N2, and N3) and elemental standards (peptone, acetanilide;

®Merck). Reference gases were ultrapure N2 and CO2 gas from bottles cali-

brated against IAEA reference standards. The equilibration of 15N2 gas with

the dissolved nitrogen gas in the sample takes several hours and the percent-

age label increases slowly over this period of time (Wannicke et al., 2018).

However, since rate calculations assume immediate isotope equilibrium an

underestimate of the final rates may occur. This underestimate depends on

the volume of the incubated sample, water temperature, and the potential
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diurnal cycle of N2 fixation (Wannicke et al., 2018). Since we applied a rough

shaking after the 15N2 gas addition and a total incubation time of 48 h, we

consider this underestimate negligible. A critical point in the rate calculation

is the information on the natural abundance of 15N values in the sediment

samples at the start of the incubation (t0). According to Montoya et al. (1996),

a 5‰ change in the initial particulate nitrogen-t0 (in situ 15N-PN) is conser-

vatively assumed, which is the minimum difference between the unlabeled

PN-t0 or substrate sample and the labelled filter after the incubation. Since

we lacked an estimate of the natural variability of the sediment stable iso-

tope values (t0 δ15N values) we used data from 63 surface sediment samples

from the coastal Bay of Gdansk (taken from the study by Thoms et al., 2018)

that include coarse and fine grained sediments and are representative for the

sediment types in our experiments. The standard deviation was 1.99‰ and

we applied two standard deviations (4‰) as necessary minimum difference

between our t0 and t1 values after the 48 h incubation. All 15N-PN samples

that were 4‰ or less enriched in 15N at the end of the experiment were not

considered as significantly different to t0 and no rate was calculated.

2.1.4 Calculation of nitrogen fixation and limit of detection

As described earlier (Chapter 1.4.2), the calculation of N2 fixation rates is

based on Montoya et al. (1996) and includes the solubility of dinitrogen

based on Weiss (1970) and the defined difference between initial and final

atom percentage of 0.00146 % (or ca. 4‰). Calculated N2 fixation rates in the

slurries are the means ± standard deviation of six samples, averaging the two

depth units (3× 0–5 cm; 3× 0–10 cm) per site.

The limit of detection (LOD) was determined as described in Montoya et

al. (1996). IRMS determine the stable isotope ratios as δ15N values with an

error of less than 0.2‰, which would principally allow the determination of
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much lower rates. However, the natural variability of substrates should be

considered in the calculation and is usually much higher than the instrumen-

tal error. The difference between initial (before incubation) and final atom

percentage (after incubation) was defined as 0.00146 % (or ca. 4‰; Montoya

et al., 1996). For each sample a limit of detection was calculated (Eq. 6) which

varies depending on the PN of the respective sample,

min APN × [PN]× (AN2)
−1 (6)

min APN = difference between initial and final atom percentage

PN = concentration of PN in each sample

AN2 = initial atom% of dissolved pool

2.1.5 Inorganic nutrients

Inorganic nutrient concentrations were determined in filtered water of each

slurry in filtered water of each slurry (t1) as described in Chapter 1.4.3 x.

2.1.6 Grain size analysis

Grain size analysis was performed with a Mastersizer 3000 (Malvern Instru-

ments). Prior to measurement, sediment (5 g) was treated with hydrogen per-

oxide and sodium pyrophosphate to remove organic material (Harada and

Inoko, 1977). Cobbles (>2000 µm) were picked out manually. During mea-

surement, sonication (integrated treatment in the Mastersizer 3000) was per-

formed to prevent agglomeration and clumping of particles. Sediment clas-

sification was done based on Shepard’s classification scale (Shepard, 1954).
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2.1.7 Data display and analysis

To create the map and the tables, the open source software QGIS 3.14.1.

and the online LaTeX editor ‘Overleaf’ were used, respectively. RStudio

Desktop (version April 1, 1106) was employed for data analysis and plot-

ting of the graphs was performed via the ggplot2-package (v. 3.3.3; Wick-

ham, 2016). The Shapiro-Wilk test was used to determine normality of the

data. “Pearson’s-method” was employed to identify linear correlations be-

tween N2 fixation and relevant environmental variables, and ANOVA to de-

termine if groups differed significantly among each other: Tested groups in-

cluded “location”, “SRB-inhibition”, and “0–5 cm vs. 0–10 cm depth (weak

vs. strong resuspension)”. For the analysis between weak and strong resus-

pension, we compared all N2 fixation rates of slurries filled with the 0–5 cm

sediment layer with the rates of the slurries filled with the 0–10 cm sediment

layer. Bay of Gdansk was left out from this generalised “depth-analysis”

since sediments from Bay of Gdansk are deposited too deep (109 m) to be

naturally affected by resuspension (80 m in the Baltic Sea; Almroth-Rosell et

al., 2011) and showed no significant difference in N2-fixing activity between

0-5 cm and 0–10 cm.

2.2 Results

2.2.1 In situ conditions

Temperature varied between 14.0 and 22.3 °C according to season, while the

salinity remained between 10.00 and 14.41 (Table 2.1). Dissolved oxygen was

present in the overlying water of all stations, but was only 0.07 mg O2 L−1

in the Bay of Gdansk (Table 2.1). Sediments consisted mainly of unsorted,

sandy sediment with low organic carbon (OC < 0.65 % dry weight) and total
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TABLE 2.2: Organic carbon (OC) and total nitrogen (TN) content (% dry weight = %
d.w.; n.d. = non-detected) in the 0–5 cm and 0–10 cm sediment strata of the respective
sites (n = 1). C/N ratios are given as molar ratios.

nitrogen (TN < 0.05 % dry weight; Table 2.2) content. In contrast, sediment

from Bay of Gdansk consisted mostly of clay and silt (Table 2.1), with an

OC of 6.8 % dry weight and a TN of 0.84 % dry weight (Table 2.2). At all

stations, OC concentrations were higher in the 0–5 cm section than in the

0–10 cm section (Table 2.2), with exception of Poel St. 1, where OC content

was similar in the sections.

2.2.2 Dark nitrogen fixation rates in slurry incubations

N2 fixation rates in the Bay of Gdansk were 7.66 ± 9.04 nmol N g
-1

d
-1

(n =

6), thereby displaying high variability from 0 to 23.7 nmol N g
-1

d
-1

(Figure

2.2). All other significant rates were two orders of magnitude lower. Second

highest N2 fixation rate was measured at Poel St. 2 with 0.72 ± 0.33 nmol

N g
-1

d
-1

(n = 6). Hütelmoor Beach and Schnatermann reached 0.27 ± 0.14

nmol N g
-1

d
-1

(n = 6) and 0.21 ± 0.15 nmol N g
-1

d
-1

(n = 6), respectively.

In sediments of Poel St. 1 and Warnemünde, N2 fixation rates were below

detection. At three sampling sites (Hütelmoor Beach, Schnatermann, Poel

St. 2), the 0–5 cm sediment section reached on average higher N2 fixation

rates than the 0–10 cm section (Figure 2.3). This was not the case for the Bay
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FIGURE 2.2: Barplot displaying N2 fixation rates in the sediments, averaged from
the 0–5 cm and 0–10 cm depth strata per site (n = 6 per site). Warnemünde Beach
and Poel St. 1 displayed no N2-fixing activity and are not included.

of Gdansk, where sediments showed no significant difference in N2- fixing

activity with depth (0–5 cm: 0–11.4 nmol N g
-1

d
-1

; 0–10 cm: 2.9–23.7 nmol N

g
-1

d
-1

). The SRB-inhibitor reduced N2 fixation in the samples from the Bay

of Gdansk to 0.5 ± 1.2 nmol N g
-1

d
-1

(n = 6) and at Poel St. 2 to 0.02 ± 0.07

nmol N g
-1

d
-1

(n = 6), corresponding to a 93 % and 97 % reduction relative to

incubations without inhibitor. At Hütelmoor Beach and Schnatermann, no

N2 fixation was detected in the inhibitor-treated slurries, which equals to a

reduction of 100 %.

2.2.3 Concentrations of inorganic nutrients in the slurries

At the end of the incubation, the dissolved nitrogen concentrations in the

slurries of the different sites (Figure 2.4) were elevated, compared to seawater

from Warnemünde (Table 2.1), which likely originated from the pore water of

the sediments. Amongst the sites, inorganic nitrogen concentrations were on
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FIGURE 2.3: Boxplot of averaged N2 fixation rates of all stations per depth strata of
the sandy sites (Poel St. 2, Schnatermann, and Hütelmoor Beach).

average several magnitudes lower at Hütelmoor Beach (0.77 µmol L
-1

) and

Schnatermann (0.9 µmol L
-1

), than at the other stations (3.8–8.53 µmolL
-1

).

Dissolved inorganic phosphorus (DIP) concentrations were low at Hütel-

moor Beach, Schnatermann, and Poel St. 2 (0.1 µmol L
-1

; Figure 2.5). In

contrast, DIP was slightly higher at Bay of Gdansk, Warnemünde, and Poel

St. 1 (0.17–0.35 µmol L
-1

).

2.2.4 Environmental variables and dark nitrogen fixation

Organic carbon in the sediment dry weight is positively correlated to the re-

spective percentage of clay and silt added together (r = 0.6; p < 0.05) in the

sediments. Clay and silt content were positively correlated to N2 fixation

(clay; r = 0.5; p < 0.05; silt; r = 0.4; p < 0.05), however, there was no corre-

lation between OC and N2 fixation. At the sandy sites with detectable N2

fixation (Poel St. 2, Hütelmoor Beach, Schnatermann), low inorganic phos-

phorus concentrations were measured in the slurries at the end of the experi-

ment (0.1 µmol L
-1

; Figure 2.5), while the sandy sites without N2 fixation (Poel

St.1, Warnemünde) showed higher DIP concentrations (Figure 2.5). This may

display a trend of P-consumption during diazotrophic activity, however, no
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statistical significance between N2 fixation and DIP was found (p > 0.05).

FIGURE 2.4: DIN in the slurries at the end of the experiment (means ± standard dev.;
n = 6).

FIGURE 2.5: DIP in the slurries at the end of the experiment (means ± standard dev.;
n = 6).
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2.3 Discussion

2.3.1 Preferred niches of N2 fixation in coastal sediments of

the Baltic

This study investigated sediment-associated N2 fixation by NCDs in nearshore

sediments along the southern Baltic and in the Bay of Gdansk. Preferred

niches of NCD are thereby, organic matter rich sediments with hypoxic con-

ditions (Spinette et al., 2019). These conditions (hypoxia, organic matter rich)

are common for muddy deap-sea sediments (Middelburg, 2019) like Bay of

Gdansk. As expected, the N2 fixation rates from the Bay of Gdansk were

highest (Figure 2.2) since it displayed low oxic concentrations (Table 2.1) and

high organic matter content (Table 2.2). Moreover, the rates were comparable

to findings from Eckernförde Bay in northern Germany (>8 nmol N cm−3 d−1

; Bertics et al., 2013). In contrast, the rates at our sandy deposits were low,

probably due to the oxygenated and organic-poor conditions (Table 2.1; 2.2).

Nevertheless, certain diazotroph species can adapt to environmental stres-

sors such as organic matter depletion and oxic conditions, which may be true

for our sites (Chapter 2.3.2). As seen in Liesirova et al. (2023), one of the dom-

inating species in this study belonged to Deltaproteobacteria, including the

sulfate reducing order Desulfobacterales (clusters I). Desulfobacterales is a well

known species inhabiting sediments globally (Burns et al., 2002; Bertics et al.,

2010; Dekas et al., 2018; Jabir et al., 2021) and also found in Eckernförde Bay

(Germany) (Bertics et al., 2013). Desulfobacterales from Eckernförde Bay were

reported to form symbiotic relationships with anaerobic methanotrophs, or

ANME (Meulepas et al., 2009). Through symbiosis, both Desulfobacterales

and ANME gain competitive advantage, as Desulfobacterales supply reactive

nitrogen to ANME, whilst Desulfobacterales receive carbon from ANME in re-

turn. Interestingly, certain ANME feed on on methane as sole carbon source
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(Roalkvam et al., 2011 ) and can therefore thrive even in carbon-poor sed-

iments (Pohlman et al., 2013). Due to the occurrence of methane hotspots

along the southern Baltic coastline, NCD like Desulfobacterales may also en-

gage in symbiosis with ANME at carbon-poor deposits comparable to our

sites (Table 2.1; Heyer and Berger, 2000). However, results from the sandy

sites from Germany rather suggest that organic matter availability plays an

important role for our NCD: the rates in the 0-5 cm sediment unit were higher

than in the 0-10 cm unit (Figure 2.3; Poel St. 2, Hütelmoor Beach, Schnater-

mann) and OM content may be responsible for that (Table 2.2). It can be

speculated, that seasonally increased deposition of pelagic phytoplankton

(labile organic matter) at the sediment-water interface stimulated benthic N2

fixation. The seasonal impact could also explain the higher rates at Poel St.

2 compared to the other sites (with exemption of Bay of Gdansk). Neverthe-

less, we found no correlation between N2 fixation and organic matter, mean-

ing organic matter does not automatically reassure high NCD-activity. Sim-

ilar observations were made by Gandy and Yoch (1988), who reported that

diazotrophy was stimulated in surface sediments (0-5 cm) by glucose amend-

ment, but not in deeper sediment layers (>5 cm). Gandy and Yoch (1988)

suggested that the microbial community compositions changed with depth

and subsequently the nutritional requirements of the respective communities

changed, too. As reported in Liesirova et al. (2023), there was no significant

community change in our sediment cores. Nevertheless, vertical gradients in

nutrient availability and demand may still have affected N2-fixing commu-

nities during the experiment. This includes phosphate, as it is a well-known

limiting factor for NCD. The pore waters in coastal sediments off the Bay

of Gdansk contained up to µmol P L
-1

in surface sediments (Thoms et al.,

2018), thus, the nutritional demand was probably met for N2 fixation and

enabled NCD activity. Phosphate demand and subsequent consumption by

NCDs would also explain the low phosphate content in slurries of Poel St. 2,
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Schnatermann and Hütelmoor Beach (where we detected N2 fixation) at the

end of the experiment. Since phosphate content in sediment pore waters can

increase with depth, it can be speculated that phosphate mobilisation and

diffusion from deeper sediments may provide sufficient phosphate to upper

sediment and water layers, and N2 fixation may be supported. Still, no N2

fixation was detected in surface sediments of Warnemünde and Poel St. 1,

albeit phosphate availability in the slurries (Figure 2.5) and genetic potential

for N2 fixation (Liesirova et al., 2023). Therefore, we suggest, phosphate only

positively influences N2 fixation in combination with organic matter, as dis-

played at Bay of Gdansk (Table 2.2; Figure 2.5). Organic matter availability,

however, usually also promotes dissolved inorganic nitrogen concentrations

in sediments as a result of organic matter mineralization (Joshi et al., 2015),

thereby, DIN has an inhibiting effect on N2 fixation (Zehr, 2011). Lately,

this assumption has been challenged though, as studies reported on NCD-

activity despite DIN-availability in sediments (Bertics et al., 2010; Bentzon-

Tilia et al., 2015; Newell et al., 2016). Our results confirm that NCD can per-

form N2 fixation regardless of DIN. Still, we mostly detected low rates (Fig-

ure 2.2), and it cannot be excluded that N2 fixation was influenced by DIN.

For instance DIN-availability may have increased competition against other

microorganisms which favour similar niches as diazotrophs (Andersson et

al., 2014). However, other mechanisms may be responsible for NCD activ-

ity, as diazotrophs might have been pressured to perform N2 fixation under

P-availability to counter the low N:P ratio, as seen for pelagic diazotrophs

(Glibert et al., 2013; Bhavya et al., 2016). Also, N2 fixation allows certain

bacteria to maintain their redox balance by acting as electron sink (Joshi and

Tabita, 1996; Tichi and Tabita, 2000), so bioavailable DIN may be unrelated

to diazotrophy altogether. In summary, sediment-associated N2 fixation oc-

curs in sediments of the southern Baltic coastline, despite inorganic nitrogen

availability. Thereby, predominately fine grained deposits with high organic
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matter and phosphate content seem to be preferred niches for NCD.

2.3.2 N2 fixation under resuspension

The NCD-activity was at the lower spectrum when compared to sediment-

associated N2 fixation under resuspension from the Swedish coastline (3.4

mmol N m−2 d−1 ; Andersson et al., 2014). However, the rates corresponded

to heterotrophic N2-fixing rates from pelagic water layers (3–41 m depth) of

the Baltic (0.7–6 nmol N L
-1

d
-1

; Reeder et al., 2022). The results propose there-

fore, reduced microbial activity (here N2 fixation) on resuspended sediment

particles (Saint-Béat et al., 2014) for sandy, nearshore sediments of the south-

ern Baltic. Even though Bay of Gdansk scored higher N2-fixing rates than

the other sites (Figure 2.2) and represents a favorable habitat for NCD (hy-

poxic, organic matter rich), these muddy sediments were deposited at great

depth (Table 2.1). It would require strong storm events to induce sufficient

resuspension at this depth, yet, storms in the Baltic reach "only" down to 52

m (Dreier et al., 2021). Therefore, it seems unlikely that resuspended sed-

iments of Bay of Gdansk can contribute to the pelagic nitrogen pool. Still,

25 % of the entire Baltic seafloor is mud, and mud also frequently occurs

along the Baltic shorelines (e.g. bay between Rügen and Greifswald; Leipe et

al., 2017). It can be speculated that these coastal mud deposits may be cru-

cial for sediment-associated N2 fixation under resuspension. Nevertheless,

the exposure to oxygenated water might trouble benthic communities which

are used to oxygen-depleted conditions. Here it needs to be noted though,

that certain species can adapt to exposure to dissolved oxygen, including

species of diazotrophic SRB. The sodium molybdate technique revealed, that

the dominant N2 fixers at our sites were SRB (93 – 100%). The dominance of

diazotrophic SRB had been already reported in intertidal sand flats of North
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Carolina (64%; Steppe and Paerl, 2002), muddy sands in Catalina Habor (86-

98%; Catalina Harbor, California; Bertics et al., 2010), diverse estuarine sys-

tems (Newwell and Aziz, 1980; Gandy and Yoch, 1988; Welsh et al., 1996;

Jabir et al., 2021) and is confirmed by this study for various coastal deposits

of the Baltic Sea which spans a wide range sediment types (fine to coarse

grained) in shallow and deeper marine environments. As seen in Liesirova

et al. (2023), one of the dominating species belonged to Deltaproteobacteria,

including the sulfate reducing Order Desulfovibrio (clusters III), a well known

species inhabiting sediments globally (Burns et al., 2002; Bertics et al.,2010;

Dekas et al., 2018; Jabir et al., 2021), as well as in Eckernförde Bay (Ger-

many) (Bertics et al., 2013). Desulfovibrio spp. is able to gain energy by re-

ducing oxygen to water (Cypionka, 2000; Lumppio et al., 2001). This means

Desulfovibrio spp. cannot only tolerate dissolved oxygen concentrations, but

benefit energetically from it. The reduction of oxygen to water is thereby

probably advantageous (in our slurry incubations and) during resuspension

events, where sediments are massively in contact with oxic waters. Overall,

resuspension of shallow sandy deposits will not significantly contribute to

pelagic N2 fixation. However, diazotrophic SRB have possibly the means to

overcome resuspension-induced stressors, and enable sediment-associated

N2 fixation during resuspension events.



45

Chapter 3

Nitrogen processes in an

episodically flooded fen

3.1 Methods and materials

3.1.1 Sampling

Sampling sites within Hütelmoor were selected with increasing distance to

the coastal protection dune and named as “Heiligensee”, “Mid-peatland”,

“Channel”, “Eastern Peatland”, and “Prahmgraben” (Figure 3.1). “Prahm-

graben” was the southernmost sampling point and connects to the Warnow

River. Sampling was undertaken throughout 2019 (Prahmgraben from March

2019) and once in March 2020. In the first 180 days, we sampled biweekly,

from July (2019) on, we reduced the number of sites (Heiligensee, Prahm-

graben) and sampled on a monthly basis due to access restrictions of the

nature reserve authorities.

3.1.2 Environmental variables and dissolved nutrients

In situ variables (temperature, salinity, and dissolved oxygen) were measured

in the surface water above the peat (later called “peatwater”) at 0.5 m depth

using a HQ40D portable multimeter (Hach). For the analysis of dissolved

nutrients, one polycarbonate bottle (500 ml) was filled to full capacity (no
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FIGURE 3.1: Map of sampling sites. Note: Mid-peatland and Channel are three "sub-
sites" combined respectively.

overhead) with peatwater, and kept cool and dark while transported (ca. 2-6

h) to the lab. Immediately after return, 50 ml of sampled peatwater from each

station was filtered (GF/F whatman) in the lab and subsequently frozen in

Falcon tubes, and stored at - 20 °C. Dissolved nutrient analysis followed later

as described in Chapter 1.4.3.
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3.1.3 Dark nitrification and ammonium assimilation in slurry

incubations

Three polycarbonate bottles (1 L) from each site were filled to full capac-

ity with peatwater from the study sites (Heiligensee, Mid-peatland, Prah-

mgraben) and transported to the lab under the same conditions described

above. In the lab, the water was filtered through a 3 mm sieve to remove large

particles, and then homogenized by stirring the filtrate. As mentioned earlier

(Chapter 1.4), for the determination of nitrification and N-assimilation rates,

we applied the 15N-NH+
4 tracer method (Damashek et al., 2016; Veuger et al.,

2013). For this, we filled the homogenized water into six polycarbonate bot-

tles (325 ml) and sealed them airtight with a butyl septum and a perforated

lid, to inject the tracer into the bottle. The water samples were enriched with

15N-NH4Cl (98 atom% 15N, SigmaAldrich). From January to March 2019, a

minimum enrichment was added resulting in 0.05 µmol L−1 of tracer addi-

tion. Thereafter, enrichment was calculated to equal 10 % of the in situ NH+
4

concentrations in the sampled water. After the enrichment, the bottles were

shaken firmly by hand. Three bottles were then immediately filtered (GF/F

Whatman; precombusted for 3 h at 450 °C) to serve as t0 value. The other

three bottles were stored overnight in a dark, climate controlled room (15

°C). The next day, the incubation of the remaining triplicates was terminated

by filtration of the bottle volume through precombusted GF/F Whatman fil-

ters. Both the filtrate and the filters of t0 and t1 were frozen at -20 °C for

later analysis of delta 15N-PON (N-assimilation) and 15N-NO2/3 (nitrifica-

tion rates), respectively. For the measurement of nitrification rates, the deni-

trifier method was used (Casciotti et al., 2002; Sigman et al., 2001). Thereby,

we measured the labelled nitrate only, as we did not differentiate between

NH+
4 -oxidation and NO−

2 -oxidation. In brief, the denitrifier method uses the
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bacterium Pseudomonas chloroaphis (ATTC 13985), which converts NO−
3 to ni-

trous oxide (N2O), as it lacks the gene required for nitrous oxide reduction

to dinitrogen. N2O was extracted by a PAL autosampler, purified by a Finni-

gan GasBench II, and measured with a Delta V advantage continuous flow

isotope ratio mass spectrometer (Thermo). Isotope standards (IAEA-N3 and

USGS 34) were simultaneously analysed as references. The accuracy of the

isotope measurements accounted for ± 0.16 ‰.

3.1.4 Statistical analysis and software application

RStudio (V2021.09.0) was used for the calculation and display of the sta-

tistical analysis. Data were checked for normal distribution (Shapiro-test)

and differences of the means (Student’s t-test (n > 20) or “Wilcoxon-Mann-

Whitney”-test (n < 20)). Correlations were determined by Spearman’s method

(confidence interval = 0.95, significance level = 0.05), and plotted by using

the corrplot package (https://github.com/taiyun/corrplot). The scatter- and

barplots were made with help of ggplot2 (Wickham, 2016). The maps were

created with QGIS Desktop (3.14.1), which included the basemap material

from Esri. FAPROTAX ("Functional Annotation of Prokaryotic Taxa"; Ver-

sion: 1.2.4; Copyright (c) 2020, Stilianos Louca) was utilized to identify rele-

vant microbial taxa.

3.2 Results

3.2.1 Salinity and dissolved oxygen fluctuations

The seawater inflow occurred in the north of the Hütelmoor close to the

Heiligensee (Figure 3.2) from where seawater spread out across the peatland

(Gutekunst et al., 2022). After the inflow, salinities varied between >1 and 10

ppt within the whole peatland and underwent strong variability at each site
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FIGURE 3.2: Lineplots of (A) salinity (ppt) and (B) dissolved oxygen ( mg L−1) fluc-
tuations over time (days) in Hütelmoor (2019).

throughout 2019 (Figure 3.2). All sites had constant oxic conditions (Figure

3.2). However, the median DO-value at Heiligensee was lower than at the

inner peatland sites, still with large DO-spreading (Figure 3.3).

3.2.2 Dissolved inorganic nitrogen in Hütelmoor after flood-

ing

NH+
4 concentrations in spring 2019 were not significantly different from those

measured in 2017 (prior to flooding; Appendix Table 1;), as the standard de-

viations overlap. The DIN (NH+
4 , NO−

2 , NO−
3 ) concentrations during the

flooding event were increased in the southern end of Heiligensee and the

eastern part of the Hütelmoor (Figure 3.4; Figure 3.5), whilst the Baltic seawa-

ter (opposite of Heiligensee) had ammonium concentrations of < 5µmol L−1

(measurement from 3rd of January; data not shown). In the first 45 days after

the inflow we observed elevated DIN (NH+
4 , NO−

2 , and NO−
3 ; Figure 3.4) at
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FIGURE 3.3: Boxplot of dissolved oxygen concentrations in Hütelmoor (2019).

all sites except Prahmgraben. Afterwards, we recorded no more NH+
4 peaks

comparable to the one from January 2019, whilst NO−
2 , and NO−

3 underwent

further fluctuations. The sites did not differ significantly in dissolved inor-

ganic nitrogen (DIN), represented in the NH+
4 , NO−

2 , and NO−
3 values.

3.2.3 Nitrification and heterotrophic ammonium assimilation

Nitrification rates declined from north to south(west): at Heiligensee nitri-

fication rates were between non-detectable and 8.3 nmol N L−1d−1. In the

Mid-peatland station, nitrification rates ranged between non-detectable and

0.6 nmol N L−1d−1, and at the Prahmgraben between non-detectable and

0.2 nmol N L−1d−1 (Figure 3.6). The heterotrophic NH+
4 assimilation rates

displayed large spreading, and thus, we detected rates at Heiligensee be-

tween non-detectable to 236 nmol N L−1d−1 , at Mid-peatland between non-

detectable to 86 nmol N L−1d−1, and at Prahmgraben between non-detectable

to 110 nmol N L−1d−1 (Figure 3.6).
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FIGURE 3.4: Lineplots of (A) DIN, (B) ammonium, (C) nitrite, and (D) nitrate fluctuations
(µmol L−1) over time (days) in Hütelmoor (2019). Note: individual y-axis
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FIGURE 3.5: Heatmap displaying ammonium concentrations during the flooding
event (1.-3.01.2019) in Hütelmoor. Sampling by F. Koebsch. Ammonium determi-
nation at IOW.

3.2.4 Non-linear relationships

Nitrification did not correlate with any environmental variables (salinity, tem-

perature, DO; Figure 3.7). Ammonium assimilation negatively correlated

with salinity (p < 0.05; n = 13; r = -0.97) and positively with the water height

(WH; pers. comm. M. Janssen) controlled only by precipitation and evapo-

ration respectively (p < 0.05; n = 13; r = 0.68; Figure 3.7). Ammonium was

negatively correlated with DO (n = 110; p < 0.05; r = -0.34), and nitrite was

negatively correlated with salinity (n = 110; p < 0.05; r = -0.42). Lastly, salinity

fluctuations at Heiligensee were negatively correlated to the calculated water

level (p < 0.05; n = 23; r = -0.9; not shown; pers. comm. M. Janssen).
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(A) (B)

FIGURE 3.6: Barplot of averaged (A) nitrification and (B) ammonium assimilation
rates (mean ± s.d.) per site in 2019.

3.3 Discussion

3.3.1 Salinity distribution in Hütelmoor after flooding

So far our findings suggest that the ditches across the peatland (Figure 1.2,

Introduction) are mostly still intact (Miegel et al., 2016), thus, we expected

that horizontal surface flows within Hütelmoor would eventually flow into

smaller ditches and ultimately into the Prahmgraben, the main ditch as it has

been shown by Toro et al. (2022) for a similar system. The salinity fluctua-

tions after the inflow event suggest that the areas north of the Prahmgraben

are hydrologically detached from the more southern parts (Figure 3.2). This

is supported by the finding, that nearby dip wells north and south of the

Prahmgraben showed considerable differences in water level (pers. comm.

G. Jurasinksi and M. Janssen).

In January 2019, Heiligensee - located behind the dune - was the first site ex-

periencing seawater intrusion (22 mS cm−1 or ca. 13 ppt; Gutekunst et al.,

2022), which raised salinity in the surface layer of the lake to 7.5 ppt by mid-

January (Figure 3.2). Around March, the salinity started to slowly increase in

the lake, but declined again during autumn. Evaporation and dilution likely

were responsible for these salinity fluctuations at Heiligensee, as salinities

rose during phases of warming (spring/summer) and fell during phases of
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(A)

(B)

FIGURE 3.7: Corrplots showing significant correlations (p < 0.05) between abiotic
variables and (A) nitrification and assimilation, and (B) dissolved nutrients. Blank
fields mean no correlation between variables was found. WH: water height; DO:
dissolved oxygen.



3.3. Discussion 55

higher precipitation (autumn/winter) (pers. comm. E. Racasa). This indi-

cates that the salinity in the lake is mostly controlled by atmospheric depo-

sition (rain) during seasons, but not by other terrestrial water sources (e.g.

groundwater, ditches/ channels; Bohne and Bohne 2018).

Evaporation and precipitation likely impacted salinity concentrations at all

sites in Hütelmoor (Miegel et al., 2016), which could explain the simulta-

neous salinity rise in mean values around day 100 at Mid-peatland, Chan-

nel, and possibly Eastern peatland. However, unlike Heligensee, the cen-

tral sites (Mid-peatland, Channel, Eastern peatland, Prahmgraben) are con-

nected by ditches and channels with active input from other water sources

(e.g. groundwater from elevated areas; Bohne and Bohne, 2008) affecting

their salinity. We assume, that the seawater infiltrating the central parts of

the fen probably mixed with pre-existing freshwater masses which lead to

the recorded large range of salinity values. Shortly after flooding, salinities

at Mid-peatland were slightly higher than at Heilgensee (10 ppt). This aligns

with Gutekunst et al. (2022) documenting that the Baltic seawater quickly

spread across the peatland already during flooding. It is likely that the Heili-

gensee was infiltrated and partly flushed by inflowing Baltic Sea water with a

considerably higher salinity than the bottom water of the lake. Lower salin-

ities in the lake compared to Baltic Sea water can be explained by dilution

effect of the freshwater in the lake. At sites in the Mid-peatland the flood

may have pushed freshwater from the water tables further south and only

little dilution took place.

Moreover, the “pushed-out” freshwater from Mid-peatland probably flew

partly southwestwards (Figure 1.2, Introduction) across the Channel, where

internal mixing with freshwater would explain the low salinities there dur-

ing the temporary flooding (< 2.5 ppt). Gutekunst et al. (2022) reported de-

creasing salinity gradients towards the forest in the north-east suggesting

that some of the freshwater was pushed into direction of the forest (Figure
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1.2, Introduction). After the inflow ended, the freshwater from the elevated

terrain may have (partly) returned to the Mid-peatland, and consequently

the salinity fell there within 50 days (Figure 3.2). Interestingly, salinities at

Eastern peatland - the station where the influence of the inflow seem to have

ended (Gutekunst et al., 2022) - salinities remained relatively high (ca. 7 ppt)

and only subsequently declined below 5 ppt within 180 days after the in-

flow. We assume that this site is poorly connected to the central parts of the

fen during warm periods, but received a constant and slow supply of fresh-

water from higher forest terrain (Bohne and Bohne, 2008) which could ex-

plain the gradual salinity decline. The freshwater supply also affected lower

elevations within the Hütelmoor, which contributed to the overall salinity

decline in the peatland throughout 2019. Freshening from central sites of

the peatland may have been connected to vertical water flows transporting

some saline water into deeper soil layers (Koebsch et al., 2013; Jurasinksi et

al., 2018), but this was not further assessed in this study.

Interestingly, the salinity fluctuation at Prahmgraben coincides with the fluc-

tuation of Heiligensee, thus, increased precipitation during autumn/winter

is probably also responsible for the freshening at Prahmgraben. Recent find-

ings even suggest (pers. comm. G. Jurasinksi), that Prahmgraben is - similar

like Heiligensee - largely disconnected from the rest fen.

3.3.2 Heiligensee as inorganic nitrogen source in the Hütel-

moor

We detected increased dissolved inorganic nitrogen values in the study area

in January and February when compared to data from spring 2017 (Appendix

Table A1). However, the increased N values were only temporary, and mean

ammonium values in spring 2019 did not significantly differ from spring

2017 (Table A1, Appendix). For this reason, it seems unlikely that any excess
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nitrogen was released from the topsoil due to cation exchange from seawater

in 2019, which confirms findings of Gosch et al. (2019). Instead, the surface

layers of Hütelmoor had probably experienced earlier nutrient loss due to

aerobic (Jurasinksi et al., 2018) and anaerobic (Gosch et al., 2019) peat degra-

dation and any excess N from the topsoil may have been already detached.

Interestingly, during flooding NH+
4 concentrations were elevated (up to 179

µmol L−1) at the southern end of Heiligensee (Figure 3.5), but the Baltic Sea

water had only low concentrations of about 4 µmol L−1 (data not shown). For

this reason, the only plausible N-source, which has lead to the increased DIN

in the central parts of the fen, can be the water from the Heiligensee. Since

the Heiligensee is located right behind the dune breach, and the seawater

intrusion infiltrated the lake, bottom water could have easily been pushed

southward (analog to salinity spreading in Gutekunst et al., 2022) into the

peatland. As mentioned earlier, Heiligensee appears to be a decoupled sys-

tem (no connection to ditches or channels) and is not connected to terrestrial

water sources, but is only fed by rain. For this reason, Heiligensee may even

display chemical stratification, since the surrounding elevated area isolates

the lake from strong winds preventing internal mixing (Klerk et al., 2016)

and may develop low-oxic conditions in the lake and bottom waters (Figure

3.3). These low oxic conditions favor NH+
4 accumulation, as nitrification is

inhibited.

3.3.3 Nitrifier species composition in Hütelmoor

Rapidly induced salt stress can lead to a species shift (Li et al., 2021b, 2021a)

and we expected a varying community composition between 2014 (prior

flooding) and 2019 (post flooding). However, microorganisms can overcome

stress-momentum and acclimatize to new environmental conditions (here

salinity) (Chase, 2003; Leibold et al., 2004), sometimes even within days (Shade
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et al., 2011). Since data from 2019 were sampled in autumn (months af-

ter the flooding event), species recovery due to their robustness (and fresh-

ening of the peatwater during autumn) may have occurred. Nevertheless,

salinization introduced habitat-specific preferences for halophile or halotol-

erant microbes in the Hütelmoor and may have shifted selective pressure to

their advantage. Halotolerant nitrifying species like Nitrosomonas (Cui et al.,

2016), Nitrosopumilus (Nacke et al., 2017) or Nitrospira (Liu et al., 2020) were

present in the Hütelmoor (Gutekunst et al., 2022). Nitrosopumilus is a com-

monly known marine nitrifier and has been also identified in another flooded

soil earlier (Nacke et al., 2017). Nitrosomonas has only been investigated in

wastewater treatments so far (Cui et al., 2016) and is, thus, a novel finding for

flooded peatland ecosystems. Whilst Nitrosomonadaceae occurs abundantly

both in 2014 and 2019, Nitrosopumilus was more abundant in 2014 (Gutekunst

et al., 2022), which suggests that the flooding actually pressured Nitrosop-

umilus. Previously, Nitrosopumilus demonstrated inhibition under high am-

monia concentrations (Di et al., 2010; Zhang et al., 2012). Since increased

ammonium was released during flooding (see Figure 3.4 and 3.5), Nitrosop-

umilus may have subsequently declined in abundance. In contrast, Nitrospira

was slightly more abundant in 2019 than in 2014 (Gutekunst et al., 2022),

which confirms recent studies which reported about Nitrospira in saline es-

tuarine sediments (Liu et al., 2020) and ecosystems with strongly fluctuating

salinities (Daebeler et al., 2020). Interestingly, the genus of Nitrospira is a ni-

trite oxidizer (Sakoula et al., 2021), but it is also known to perform the com-

plete ammonium oxidation (comammox), which enables a single bacterium

to undertake complete nitrification (Daims et al., 2016, 2015; van Kessel et al.,

2015). This potentially makes Nitrospira an important player for nitrification

in an episodically flooded coastal peatland during strong salinity fluctua-

tions. Altogether though, the microbial community composition was clearly

dominated by freshwater taxa (Gutekunst et al., 2022), which was probably
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promoted by the low salinity prior to flooding (1 ppt; Koebsch et al., 2013)

and declining salinity concentrations throughout 2019 (Figure 3.2). Further-

more, no distinctive community change occurred between 2014 (prior flood-

ing) to 2019 (post flooding) in the Hütelmoor (Gutekunst et al., 2022) which

confirms reports that community responses to environmental disturbances

likely depend on the community robustness (Woodward et al., 2015), and

probably the length of exposure to the stressor (Cocks, 2003). Past flood-

ing events that are reported for the site in approximately 20 year intervals

suggest that microbial communities in the Hütelmoor may have adapted to

their initial state after a disturbing event (Chase, 2003; Leibold et al., 2004)

followed by a rapid recovery of the community composition (Shade et al.,

2011). With these means, we conclude that the freshwater nitrifiers in the

study site are robust and can endure episodic salt-stress, and/or are able to

recover rapidly from salt driven stress, however with no indication on their

respective activity (see 3.6). Still, findings of Nitrosomonas and Nitrospira are

an important documentation of possibly key halo-tolerant nitrifiers in rewet-

ted coastal peatlands.

3.3.4 Nitrification and DIN after seawater flooding

Nitrification rates in the Hütelmoor were low (Figure 3.6), and we did not

find any correlation between nitrification and the considered abiotic vari-

ables (temperature, pH, dissolved oxygen; Fig. 3.7). Interestingly though,

the location (Heiligensee) with the single highest nitrification rates (8 nmol

N L−1d−1) also had the lowest water clarity. Low water clarity is usually

associated with a high content of dissolved and /or suspended particulate

matter (SPM), which can favor nitrification as 1) particles release NH+
4 dur-

ing degradation and 2) provide low oxygen environments (Kache et al. 2021;
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Kholdebarin and Oertli, 1977). The increasing impact of SPM is particle size-

dependent and decreasing particle size has a negative impact on nitrifica-

tion (Xia et al., 2017); particles > 0.7 µm may be even irrelevant for nitrifi-

cation (Goldberg and Gainey 1955). However, since our experimental setup

did not target particle size distribution and the nitrification rates at Heili-

gensee spread widely (Figure 3.6), the findings of prior studies cannot be

confirmed. For a short period of time nitrification rates appeared largely un-

affected by the increasig salinity caused by seawater intrusion. However, it is

well known that sodium chloride (NaCl) —the most abundant seawater com-

pound— is a strong and rapid nitrification-inhibitor (Guo et al., 2022; Souri,

2010) explaining our low rates after the flooding event. NaCl increases the

osmotic pressure on freshwater microbes (here nitrifiers) and thus, disturbs

their activity (Darrah et al., 1987; Golden et al., 1981; McGuire et al., 1999).

NaCl-induced inhibition of nitrification has also been reported for estuarine

sediments (Rysgaard et al., 1999), soils (Huang and Huang, 2009), and cul-

ture studies (Cortés-Lorenzo et al., 2015; Ilgrande et al., 2018; Moussa et al.,

2006). Moreover, NaCl concentrations of 10 ppt (equaling the mean salinity

of the Baltic Sea off the study area) already reportedly inhibited nitrification

(Moussa et al., 2006; Rysgaard et al., 1999). In addition to NaCl, other seawa-

ter compounds such as sulfide (H2S) may also have a strong negative impact

on nitrification. Sulfide is known to disturb biogeochemical cycles (Setia et

al., 2010; Weston et al., 2011) and is toxic to nitrifiers already after brief ex-

posure (Joye and Hollibaugh, 1995). For instance was sulfide the decisive

seawater compound that inhibited nitrification in a tidal oligohaline wetland

(3.5 ppt; South Carolina, USA; Noe et al., 2013), and even though we have no

tidal influence in our study site, Hütelmoor can also be characterised as an

oligohaline wetland (Batistel et al., 2022).

Since the flooding introduced both H2S and NaCl to the Hütelmoor (Gutekunst
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et al., 2022), a strong seawater-induced inhibition may have been the rea-

son for the overall low nitrification rates recorded. In addition, both sulfide

(Sears et al., 2004) and chloride (Guo et al., 2022; Laura, 1977; Pathak and

Rao, 1998) have a long-lasting retardation effect on nitrification. This means

that exposure to sulfide and chloride may not only rapidly inhibit nitrifica-

tion, but also prolong reactivation of nitrifiers (Guo et al., 2022; Sears et al.,

2004). For this reason, episodes of lower salinity (Figure 3.2) may decrease

salt-stress on nitrifiers temporarily in the Hütelmoor, but they could still re-

main inactive. The disturbing effects of seawater-salts on nitrification may

also explain the non-correlation between NH+
4 and the measured nitrifica-

tion rates; a phenomenon similar to previous observations (Verhagen et al.,

1992). Even though our results indicate that strongly increased NH+
4 concen-

trations (300 µmol L−1 at Heiligensee in February 2019; Figure 3.5) positively

affect nitrification, large DIN-fluctuations and a wide range of nitrification

values may have disabled the direct link between NH+
4 and nitrification in

the study site.

Interestingly, culture studies investigating the individual impact of NaCl and

H2S on nitrification found disproportionally high inhibiting effects of NaCl

(Ilgrande et al., 2018; Moussa et al., 2006) and H2S (Bejarano Ortiz et al., 2013)

on NH+
4 - and NO−

2 -oxidation respectively. For instance Moussa et al. (2006)

reported that NaCl addition (10 g) reduced NH+
4 -oxidation by 36 %, while

NO−
2 -oxidation was only reduced by 11 %. Bejerano Ortiz et al (2013) docu-

mented that sulfide-supply (3.1 - 112 mg L−1) reduced NH+
4 -oxidation by 51

- 92 %, and NO−
2 -oxidation by 77 - 97 %. Whether AOM or NOB are more

sensitive towards seawater salt depends on multiple variables such as type

of salt ions, temperature, as well as NH+
4 and NO−

2 availability (Sudarno et

al., 2011). The matter is still debated, as some studies indicate higher salt-

sensitivity of AOM (Coppens et al., 2016; Moussa et al., 2006) whereas oth-

ers report NOB to be more sensitive (Bassin et al., 2012; Pronk et al., 2014).
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Nevertheless, disproportional inhibition of NH+
4 - and NO−

2 -oxidation may

provide an explanation for the absent linear relationship between NH+
4 con-

centrations and nitrification rates in the Hütelmoor samples. The episodical

accumulation of nitrite was previously reported to be associated with salt-

induced disproportional inhibition, since NO−
2 -production (NH+

4 -oxidation)

and NO−
2 -consumption (NO−

2 -oxidation) are not balanced (Bejarano Ortiz

et al., 2013; Delgado Vela et al., 2018; Moraes, 2014). We observed nitrite

accumulation — and, thus, relatively higher NH+
4 -production/ oxidation -

during phases of low salinity (Figure 3.2). This suggests, that the AOM we

found were more sensitive towards seawater salinity than the NOB as it has

been reported from other sites as well (Coppens et al., 2016; Moussa et al.,

2006) and that AOM are more active during decreased salinity than NOB.

Disproportional inhibition of NH+
4 - of NO−

2 -oxidation can also be caused by

light. Photosensitivity (specifically against blue light) may inhibit nitrifica-

tion in the upper water column leading to retardation of the nitrifying ac-

tivity (Lu et al., 2020), meaning, that AOM are also more vulnerable to light

changes than NOB (Guerrero and Jones, 1996). The peatwater at our sites was

exposed to daylight until sampling. Since daylight was constant in our ex-

periment and we observed nitrite fluctuations in the in situ water, photosen-

sitivity can hardly be the determining variable explaining our results. Still,

we found the highest nitrification rates at Heiligensee (Figure 3.6), where the

low water clarity may have reduced light-depletion in the water (Bernardo

et al., 2019). Therefore, light exposure may have been at least contributing

to the low nitrification rates we recorded. Instead, nitrification was proba-

bly directly inhibited by oxygen depletion (negative correlation; Figure 3.7),

as ammonium accumulated during low oxic conditions (Figure 3.4). This

confirms the general assumption that nitrifiers are highly sensitive microbes

(Juliastuti et al., 2003; Radniecki and Ely, 2008) and that NH+
4 -oxidation was

probably the rate-limiting step for total nitrification (Kurisu et al., 2007; Yao
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et al., 2022) in the Hütelmoor.

In summary, our results suggest that the seawater flooding in January 2019

and the rising salinity in the peatwater of the Hütelmoor probably disturbed

the nitrifying activity. Waters with high particle loads like those in the Heili-

gensee may be favorable locations for nitrifiers in comparison to illuminated

sites with higher clarity. Nevertheless, high sulfide and chloride concentra-

tions probably lead to the rapid inhibition of nitrification, thereby, AOM ap-

pear to be more sensitive towards salt than NOB. In spite of low nitrifica-

tion, critical amounts of inorganic nitrogen did not accumulate, but it re-

mains uncertain if disturbed nitrification resulted in increased formation of

by-products like nitrous oxide.

3.3.5 Dark ammonium assimilation

NH+
4 assimilation occurred in the peatwater of the Hütelmoor under dark

conditions (Figure 3.6), however at low rates. Phases of increased salinity

had a direct negative influence on NH+
4 assimilation (Figure 3.7). This is

similar to the findings of a single-factor study by Middelburg and Nieuwen-

huize, (2000), where dark NH+
4 assimilation by bacteria was reduced by in-

creased salinity and almost completely inhibited (72 nmol N L−1d−1) at a

salinity of 10. Still, NH+
4 assimilation was performed at low rates in the

Hütelmoor, although the salt stress probably led to reduced metabolic effi-

ciency and enzyme activity (Rietz and Haynes, 2003), probably no cell lysis/

death occurred (Tan and Thanh, 2021).

The highest dark NH+
4 assimilation rates were measured at Heiligensee which

was expected since the lake displays low water clarity and little light penetra-

tion and competitive light-dependent NH+
4 assimilation are unlikely (Bernardo

et al., 2019; Vila et al., 1998). Therefore, the inhibiting effect of salt on dark

NH+
4 assimilation may play predominately a role in turbid waters of the
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lake and not in illuminated layers of the Hütelmoor. Consequently inhibited

NH+
4 assimilation under salt stress may contribute to the lake’s increased

ammonium loading (Chapter 3.3.2), thus, our findings give important insight

into nitrogen dynamics in wetland depressions, which are often nitrogen-rich

after previous cultivation (Zak and Gelbrecht, 2007). In terms of the impor-

tance of bacterial NH+
4 assimilation to the nitrogen cycle, recently NH+

4 as-

similation was linked to aerobic denitrification (Sun et al., 2017). Aerobic

denitrification describes the conversion of ammonium directly to dinitrogen

under aerobic conditions (Hao et al., 2022). The results of lab studies sug-

gest that co-occurring bacterial NH+
4 assimilation and aerobic denitrification

can double total N-removal (Sun et al., 2017). This means, salinity-induced

inhibition of bacterial NH+
4 assimilation may impair an additional nitrogen

removal pathway (next to anaerobic denitrification), which may play a role

in formerly cultivated surface soils with high nitrogen loads and aerated con-

ditions.

In summary, salinity negatively affected dark NH+
4 assimilation in the Hütel-

moor, however, this may only affect aquatic bodies with low light penetration

like the Heiligensee, and could contribute to DIN-accumulation in the water.

3.3.6 Summary

Our results showed low nitrogen cycling rates in a coastal peatland after a

flooding event and suggest that rewetting projects should be monitored with

respect to biogeochemical cycling and nutrient dynamics, which may ulti-

mately disturb the ecosystem functioning. Nevertheless, no increased DIN-

accumulation occurred in this study with exception of Heiligensee, which in-

dicates that water-filled landscape depressions within a peatland may have
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a different ecology from the rest of the ecosytem. After the flooding, Nitro-

somonas was one of three halophile species which were found in the Hütel-

moor and represents a novelty finding for flooded peatlands. Altogether

though, freshwater species dominated and suggest, that these species are

more robust towards episodic salinity-stress than expected. Still, N-cycling

rates were low and potential retardation of microbial activity may have long-

lasting effects on the ecosystem.
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Chapter 4

Impact of salinity on ammonium

release in a coastal fen

This chapter is based on experimental work with Miaorun Wang (Faculty of

Agriculture and Environmental Sciences of the University of Rostock). I did

all the nitrogen related-work, while she determined the soil physical vari-

ables. The chapter I have written by myself.

4.1 Materials and methods

4.1.1 Sampling

Soils were sampled from two locations in the Hütelmoor. One was located

close to Heiligensee (in the following referred to as natural peatland:

54°13’31.5"N, 12°10’24.9"E) the other was located towards the center of the

largest fen area, close to the Moorhof (in the following referred to as rewet-

ted peatland: 54°12’55.3"N, 12°10’49.0"E; Figure 4.1). At sampling location

Heiligensee, the pH value of groundwater is 7.51. pH values of surface wa-

ter and peat water at Moorhof are 7.67 and 5.99, respectively (pers. comm.

Erwin Don Racasa). The annual average water level at Moorhof is 0.30 m

above the ground. At each location an area of 1 m × 1 m was determined to

extract undisturbed soil cores plexiglass tubes (diameter: 4.2 cm; length: 10
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FIGURE 4.1: Map of sampling sites called natural site (Heiligensee) and rewetted
site (Moorhof).

cm). 18 cores were obtained per location, with nine cores containing surface

soil (0–10 cm) and nine cores containing deep-soil (30–40 cm), respectively.

Immediately after sampling, the soil cores were sealed on both sides with

lids and tape, and transported back to the soil physics laboratory in a cooling

box.

4.1.2 Nutrient extraction experiment

The nutrient leaching in our cores was simulated with help of a Flow-through

reactor (FTR; Kleimeier et al., 2017). For this, we modified the setup of Gosch

et al. (2018). The FTR flushed the cores in triplicates with artificial water

which imitated groundwater conditions (< 1ppt), sea water of the southern

Baltic Sea (10 ppt), or mean seawater salinity (35 ppt). Groundwater and

Baltic Sea water conditions simulated natural conditions which can induce
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nutrient leaching from the soil in Hütelmoor. The 35 ppt-treatment was un-

dertaken to investigate a hypothetical extreme salinization event.

FTR-Setup

The salinity concentration in the solutions was adjusted by diluting sodium

chloride with deionized water (gas content: 2.3 mg O2 L−1) to ultimately cor-

respond to electric conductivities (EC) of 75 µS cm−1, 18 mS cm−1, and 55

mS cm−1. Afterwards, the lids of the cores were removed and replaced with

Whatman GF/F filters (47 mm; Sigma-Aldrich; pre-combusted at 450 °C for

4 h) at both ends of the cores. These cores were then placed upside-down

into the FTR (surface soil at the lower end and bottom soil of the core at the

top of the FTR). The background solutions were pumped from surface soil to

bottom soil using a peristaltic pump with a constant flux of q = 0.650 cm h−1

for 24 hours. The leachate was sampled every 30 minutes for the first 6 hours

of the experiment, thereafter hourly. There was a night-break of approxi-

mately 6 hours. The leachate was immediately used for ammonium analysis.

We determined the ammonium content with the indophenol-blue method ac-

cording to Hansen and Koroleff (1999) (detection limit: 0.65 µmol L−1) and

subsequently converted the values to mg L−1. During the night break, we

collected the entire leach (overnight sample). In these overnight samples we

measured additionally to NH+
4 , the total carbon (TC) and total nitrogen (TN)

content. For the TC and TN-analysis the overnight samples were filtered

through a syringe with pore size 0.45 µm and then measured on a Continu-

ous Flow Analyzer (CFA, Seal Analytical GmbH, Norderstedt, Germany).

4.1.3 Soil physical properties of soil

After the leaching experiment, the soil physical properties were measured.

The determination and calculation of the soil physical properties followed
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standard measurements (e.g. ISO 11272:1998 for dry bulk density measure-

ment; ISO 17892-3:2004 for particle density measurement). The soil physi-

cal properties included saturated hydraulic conductivity (Ks, cm h−1), which

describes the capability of pores of saturated soil to transmit water. Further

bulk density (BD; g cm−1) is measured as an indicator for soil compaction

(dry weight/ soil volume). BD is determined through the thermogravimetric

method where samples are dried in an oven at 105 °C for 24 h. Next, total

porosity (volume or vol %; ratio) is measured, which describes the volume

of void space to the total volume of sample. The detection of total poros-

ity is based on the bulk density and gravimetric water content at saturation.

Further, macroporosity (volume or vol %) is measured, which describes the

proportion of large pores in the soils ( > 60 microns). Lastly, soil organic

matter (SOM; weight or wt %). is measured through loss of ignition (4 h of

incineration at 550 °C).

4.1.4 Statistical analysis and software application

All statistical analyses were conducted using the analytical tools in RStudio

(V2021.09.0). We examined the impact of soil sampling location, depths and

their interaction on different soil physical parameters individually with two-

way ANOVA (Student-Newman-Keuls q-test; SNK-q test) and used t-tests to

identify the significant differences in sampling locations and depths of each

soil parameter. The correlation among soil physical properties and between

the total amount of ammonium and soil properties were described by Pear-

son´s correlation coefficient (alpha = 0.05). For the graphs and maps, RStu-

dio (V2021.09.0; “Ghost Orchid” and packages “ggplot2”) and QGIS (V3.24

“Tisler”; Map material from ESRI) were utilized respectively.
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4.2 Results

4.2.1 Soil physical properties

Correlation between soil physical properties

SOM was negatively correlated with the bulk density (p < 0.05; r = –0.97)

and increasing depth (p < 0.05; r= -0.95), whilst positively correlated with

total porosity (p < 0.05; r = 0.98). Total porosity was negatively correlated

with bulk density and increasing depth (p < 0.05; r= -0.99 respectively). Bulk

density was positively correlated with increasing depth (p < 0.05; r= -0.99).

Saturated hydraulic conductivity (Ks; data not shown) was positively corre-

lated to macroporosity (p < 0.0001; r = 0.68; pers. comm. M. Wang).

Major differences between sites and depths

The soil physical properties of the natural and the rewetted site and their

respective depths were distinctively different from each other (Figure 4.2).

The natural site had significantly higher macroporosity than the rewetted site

(both layers; p < 0.05; r = -0.92). Due to the positive correlation between Ks

and macroporosity, the Ks values were probably also higher at the natural site

than at the rewetted site. Comparing the peat layers (0-10 cm) of both sites,

the SOM content and total porosity of the natural site was higher than at the

rewetted site (p < 0.05; r = -0.99 respectively), whilst bulk density was higher

at the rewetted site than at the natural site (p < 0.05; r = 0.99). Comparing

the mineral layers (30-40 cm) of both sites, the SOM was significantly higher

at the rewetted site than at the natural site (p < 0.05; r = 0.99), whilst bulk

density was higher at the natural site than at the rewetted site (p < 0.05; r =

-0.97).
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FIGURE 4.2: Boxplot of soil physical properties (n=9) of the normal and rewetted site
showing a) soil organic matter, b) bulk density, c) macroporosity, d) total porosity.
x-axis presents the different soil depths.

4.2.2 Ammonium release and correlation to soil physical vari-

ables

At both sites the ammonium concentrations declined throughout the 24 h

experiment (Figure 4.3; note: peat intrusion in one replicate of the mineral

layer at the natural site probably caused high ammonium release during 10

ppt treatment). The mean extracted ammonium from both sites and depths

under all salinity treatments were not significantly different (p > 0.05).

Since no significant differences between salinity treatments were found, we

henceforth disregarded the distinction between salinity concentrations, and

instead combined all our results of the respective site and depth, and iden-

tified correlations between "ammonium extraction", "sites", "depths", and

the soil physical properties. The total amount of ammonium extracted was
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FIGURE 4.3: Lineplots of ammonium extraction (mmol L−1) per site ("Natural";
"Rewetted") and depth (0-10 cm; 30-40 cm) (mean ± sd; n = 3). Salinity treatments
distinguished by colour: < 1 ppt (dark purple), 10 ppt (red), and 35 ppt (yellow).
x-axis break represents the night break.

higher at the rewetted site than at the natural site (p < 0.05; r = 0.81). Further-

more, the total amount of ammonium extracted correlated negatively with

macroporosity of the soils (p < 0.05; r = -0.85). Considering only the peat

layers (0-10 cm) of both sites, there was no correlation between soil physical

properties and ammonium extraction. Considering only the mineral layers

(30-40 cm) of both sites, the amount of ammonium extracted correlated pos-

itively with SOM (p < 0.05; r = 0.98) and negatively with bulk density (p <

0.05; r = -0.99). At the natural site, the ammonium extracted was positively

linked to total porosity (p < 0.05; r = 0.93), and negatively with bulk den-

sity (p < 0.05; r = -0.93) and depth (p < 0.05; r = -0.92). At the rewetted site,

ammonium extraction did not correlate to any soil physical properties.
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FIGURE 4.4: Boxplot of ammonium concentrations (mmol L−1) at < 1 ppt, 10 ppt and
35 ppt at a) the natural site (left) and at b) the rewetted site (right).

4.2.3 Total organic carbon and total nitrogen and correlation

to soil physical variables

At the natural site, the TOC values from each treatment were alike (Figure

4.5), whilst at the rewetted site, the < 1ppt treatment released higher maxi-

mum TOC values (2.6 mmol C L−1) than the 10 ppt treatment and the 35ppt

treatment. The TN concentrations extracted at the natural site (Figure 4.5) ap-

pear to be higher during the 35 ppt treatment than during the other salinity

amendments. At the rewetted site highest TN-concentrations were extracted

in the < 1 ppt treatment. Due to large variations in TOC and TN concen-

trations respectively (and the small sample size), there were no analytically

significant differences between “salinity”, “sites” and “depth”.
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FIGURE 4.5: Barplot from a) natural site and b) rewetted site, showing TOC (left)
and TN values (right; mmol L−1) from overnight samples (mean ±sd; n=2 or n=1)
distinguished by salinity treatment (< 1ppt; 10 ppt; 35 ppt).

4.3 Discussion

4.3.1 Differences between the natural and rewetted site

Our study targeted the peat and mineral soils of two sites in an episodically-

flooded fen in NE-Germany, which receive different land management prac-

tices (natural or rewetted conditions). Our findings revealed major differ-

ences between the natural site (Heiligensee) and the rewetted site (Moorhof)

(Figure 4.2), which confirms that differing land management practices of the
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past and presence individually shape the soils in the peatland (Jursasinski et

al., 2018). Further, we found (as expected) distinctive differences between the

peat and mineral layers (Figure 4.2) with regards to SOM content, bulk den-

sity, saturated hydraulic conductivity (pers. comm. M. Wang), marco- and

total porosity. With these means, our study is able to give valuable insight

on ammonium leaching of different soils under consideration of multiple soil

physical properties and state of rewetting, but still within the same peatland.

4.3.2 The impact of varying salinity on ammounium

extraction

Here we show, that NH+
4 is released from the peat (0-10 cm) and mineral

layers (30-40 cm) from both the natural and rewetted site when treated with

solutions of different salinities (< 1 ppt, 10 ppt, 35 ppt). Further, the am-

monium concentrations decline throughout the short term experiment (Fig-

ure 4.3), thus, the ammonium leaching appears to be only temporary, which

aligns with previous findings (Liu and Lennartz, 2019). Interestingly though,

the amount of ammonium extracted during the salinity treatments was not

significantly different between sites and and soil types (Figure 4.4). Since in-

creased salinity (10 ppt; 35 ppt) did not induce higher ammonium extraction

in comparison to < 1 ppt treatment, cation exchange between NH+
4 and Na+

was not a dominant process in the Hütelmoor.

The results stand in contrast with earlier findings (Baldwin et al., 2006; Liu

and Lennartz, 2019; Steinmuller and Chambers, 2018), where supply of NaCl-

containing solutions induced higher ammonium extraction. Here we sug-

gest, the availability of "competitive" soil cations which can act as cation ex-

change partners to Na+ may have masked NH+
4 -mobilisation in our samples

under Na+ amendment (Evangelou and Phillips, 2005; Wada and Weera-

sooriya, 1990). Alkaline pH in Hütelmoor (up to 7.67) is an indicator for
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increased presence of "competitive" cations over ammonium, as base cations

(e.g. calcium) increase soil pH, whilst ammonium-ions are acidic and re-

duce soil pH (Rayment and Higginson, 1992). The concentrations of (base)

cations in peatlands are controlled by the degree of peat decomposition and

state of rewetting (Zak and Gelbrecht, 2007). For this reason, the quantities

of "competitive" cations vary between peatlands, which needs to be taken

into account when comparing our results to other peatland-studies (e.g. Liu

and Lennartz, 2019) where land management practices and soil conditions

probably differ. With these means, Na+-induced cation exchange with soil

cations may still be an important process in the Hütelmoor, but in this case

ammonium was probably not main exchange partner Na+.

With respect to soil physical properties, the mineral soil from the natural

site released the least total ammonium under water exposure (Figure 4.4).

This was expected from a soil which had lowest total porosity, highest max-

imum marcoporosity (Figure 4.2) and highest saturated hydraulic conduc-

tivity (pers. comm. M.Wang), as such a soil easily transmits solutes, but

only retains little dissolved nutrients (Helliwell, 2011). Still, due to high

variability in ammonium extraction between peat and mineral layers (Fig-

ure 4.3) the ammonium release between all soils was altogether not signif-

icantly different. This was unexpected, since higher total porosity in the

peatlayers implies higher ammonium retainment than in the mineral layers

(Figure 4.2; Helliwell, 2011) - especially since it was hypothesized that rest

nitrogen is still available in the upper peat layers due to previous cultiva-

tion (Zak and Gelbrecht, 2007). We therefore suggest, that either there were

no increased amounts of nitrogen in the peat left (e.g. loss during previous

drainage; Jurasinksi et al., 2018), pore-blockage in the peat occurred (Chapter

4.3.3), or that the ammonium extraction was inhibited in the upper soil layer

by a characteristic peat structure called dual porosity. Dual porosity con-

tains active and partially closed or dead-end pores (Liu and Lennartz, 2019;



78 Chapter 4. Impact of salinity on ammonium release in a coastal fen

Rezanezhad et al., 2016). In the active pores water and solute transport oc-

curs (mobile soil water region), but in the partially closed pores solute trans-

port is restricted to diffusion (immobile soil water region). Dual porosity is

therefore a retardation factor controlling ion-adsorption on surfaces (Liu and

Lennartz, 2019; Rezanezhad et al., 2012) and has the means to inhibit ammo-

nium release. Indicators for dual porosity in our peat layers may be the high

total porosity and low bulk density (Boelter, 1968; Rezanezhad et al., 2012),

however, whether dual porosity inhibited ammonium release was not fur-

ther assessed in this study. With respect to the mineral layers only, we found

that the ammonium extraction at 30-40 cm depth was positively correlated

with SOM content. SOM and extractable ammonium are linked through

N-mineralization of organic matter (Steinmuller and Chambers, 2018), thus

our findings indicate that in deeper (possibly oxygen-depleted) soil layers

N-mineralization is an important process leading to ammonium-loss from

the soil. Interestingly, Gosch et al. (2019) found also this link between SOM

and anerobic mineralization in the soils of Hütelmoor under seawater-sulfate

supply (acting as alternative terminal electron acceptor to oxygen). During

previous drainage, our peat layers were aerated which possibly induced aer-

obic N-mineralization of SOM (Jurasinksi et al., 2018) and may have disabled

a conclusive link between SOM and ammonium extraction in our study;

however, deeper soil layers were saturated with water since 1990s (water

tables 0.3 m below ground; Glatzel et al., 2011; Chapter 1.3) and SOM may

have been partly "conserved". We speculate therefore, that the deeper, SOM-

containing layers of the rewetted site (Figure 4.2) are a potential source for

ammonium-loss through anaerobic SOM-mineralization. Thereby, SOM min-

eralization may be induced during flooding events under supply of terminal

electrons such as seawater sulfate (Gosch et al., 2019). Next to SOM, also

dissolved organic matter can lead to ammonium release in the Hütelmoor

(Strehse et al., 2019). As we observed strong coloration of our leachates, it
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seems possible that coloured dissolved organic matter (cDOM) may have

been present in our samples (Figure 4.6) which may have mineralized. DOM,

however, was not directly measured in this study, still, DOM is closely related

to TOC and TN (Gao et al., 2013), which was detected in the overnight sam-

ples of both sites (Figure 4.5). Thus, DOM may have factored ammonium

extraction in this study as documented in Strehse et al. (2019), but DOM

may have also flocculated under salinity exposure and retained ammonium

(Chapter 4.3.3).

FIGURE 4.6: Leachates in order of sampling from left (first) to right (last) from the
same core "N3". Orange precipitates formed at bottom of "older" samples (here: 7 to
10), whilst "fresher" samples (here: 11 to 13) are still strongly coloured. Picture taken
by Miarun Wang.

4.3.3 Salinity-induced flocculation of dissolved

organic matter

Reduced ammonium extraction may occur due to salinity-induced “pore block-

age” which inhibits solute flow. Pore blockage may develop through coag-

ulation and formation of organic flocs that (adsorb to and) clogg soil sub-

strate (Michael-Kordatou et al., 2015). Coagulation is caused by increased

ionic strength of the solution (here Na+) which neutralizes surface charges

between colliding molecules (e.g. humic acids) and enables the particles to

stick and form “flocs” out of dissolved organic matter (Asmala et al., 2014;

Gregory and O’Melia, 1989; Strehse et al., 2018). Salinity induced flocculation
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is known to effectively occur already at salinites 1 - 2 (Asmala et al., 2014). An

indicator for coagulation of DOM is the reduction of extracted carbon con-

centrations (Strehse et al., 2018). In agreement, in both layers of the rewetted

site the extraction of TOC and TN was lower under increased salinity (both

10 ppt and 35 ppt) than in the < 1ppt treatment (Figure 4.5). In addition

to this, we observed aggregates developing in our leachates and subsequent

gravitoidal settlement (orange precipitate; Figure 4.6), which hints towards

the formation of flocs. With these means, coagulation and flocculation may

have factored extraction of organic solutes at the rewetted site. Differing land

management practices between natural and rewetted site may have favored

DOM availability and flocculation at the rewetted site (McDowell et al., 1998;

Yano et al., 2000), however, studies on this matter are inconsistent so far (Hu

et al., 2013; Magill et al., 2004, 2000). Thus, determination of salinity-induced

flocculation of DOM in Hütelmoor and whether this reduces the extraction

of organic solutes to ground- and adjacent waters remains to be investigated.

4.4 Conclusion

The findings of this short-term experiment were connected to the salinity

concentrations of the flushing solutes and the soil-physical properties from

the peat and mineral layers of the natural and rewetted site. We investi-

gated, if flooding events introducing saline waters into a coastal peatland in-

duce increased ammonium leaching through cation exchange, which could

affect the groundwater and adjacent coastline. The results of our simulation

showed, that exposure to water engaged in temporarily increased ammo-

nium release of the different soil layers. However, NH+
4 mobilisation was

not connected to cation exchange. Specific soil properties in the peat may

retain/ retard ammonium release there (high total porosity or dual poros-

ity, low saturated hydraulic conductivity). In contrast, N-mineralization of
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soil organic matter may be an important factor for ammonium release in

deeper, oxygen-depleted layers under exposure of seawater (-sulfate). Avail-

ability of dissolved organic matter may both promote ammonium release

(DOM-mineralization) or inhibit organic solute discharge (salinity-induced

pore blockage) and remains to be closer investigated.
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Appendix A

Appendix

TABLE A.1: Overview of averaged ammonium concentrations at sam-
pling sites prior (2017) and post flooding (2019). Data from spring
(2017) supplied by M. Böttcher and M. Voss.
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