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Summary 

The aim of this work was to investigate the long-term effects of rewetting coastal peatlands at 

the southern Baltic Sea, especially on their internal N cycle and potential nutrient export (N 

and P) to coastal waters. Two study sites in Mecklenburg-Vorpommern, northeastern 

Germany, were investigated: the Karrendorfer Wiesen (KW) near Greifswald, rewetted in 1993, 

and the Drammendorfer Wiesen (DW) on the Island of Rügen, rewetted in 2019. Both sites 

were drained and used for agriculture for decades, including fertilizer application.  

Sampling was conducted at weekly to monthly intervals in 2019 and 2020 and thus, 

DW was sampled immediately after its rewetting. Variables such as water temperature, salinity, 

and oxygen concentration were measured on site. Surface water samples were analyzed for 

nutrients (nitrate, nitrite, ammonium, phosphate), particulate organic matter (POM as POC and 

PON, concentrations and isotopes), Chlorophyll-a, N2O, nitrate isotopes (δ15N-NO3
- and δ18O-

NO3
-), water isotopes (δ18O-H2O), nitrification rates, and ammonium assimilation rates. 

Porewater samples were analyzed for nutrients. Sediment cores were used to determine N2 

production rates, which provide information on denitrification potential. The objectives were 1) 

to investigate potential nutrient leaching at DW by comparing conditions before and after 

rewetting, 2) to compare N cycling and nutrient export from both study areas, and 3) to gain 

insight into POM and NO3
- sources and processes by using stable isotopes. 

The comparison of conditions before and after the rewetting of DW revealed that the 

highest nutrient concentrations occurred immediately after rewetting. In the bay off DW, 

nutrient concentrations increased significantly after rewetting and were higher than the long-

term mean of a reference station, indicating a strong leaching of nutrients from the peatland 

and a pronounced water exchange between the peatland and the bay.  

When comparing the two study sites, DW had significantly higher nutrient 

concentrations in the surface water and porewater than KW, with the highest nutrient 

concentrations occurring shortly after rewetting. Nutrient exports of DIN-N and PO4-P occurred 

at both sites, although the DIN-N export was 75 % lower at KW. Compared to riverine inputs 

from the largest Baltic rivers, area-normalized exports from the two study sites were one to two 
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orders of magnitude higher. Phytoplankton growth, measured as Chlorophyll-a concentration, 

was ten times higher at DW than at KW, presumably due to the higher nutrient availability. 

Instead, the POM pool at KW was largely dominated by degraded phytoplankton and thus, a 

strong phytoplankton growth apparently did not occur. Despite the lower nutrient availability at 

KW, higher nitrification rates were measured than at DW, but N2O saturations were overall 

lower. The highest measured N2O saturation (up to 4000 %) occurred at DW immediately after 

rewetting. Possible reasons for these results and the suggestion that microbial activity was 

highest within the peat are discussed.  

Stable isotope data of POM and NO3
- not only confirmed the strong hydrological 

connection between the peatlands and their adjacent bays, but also indicated an intensive 

exchange between the surface water and the peat. The POM isotopes of both study sites were 

dominated by both terrestrial and marine sources. Significantly lower δ13C-POC and pH values 

at DW in summer indicated strong remineralization of dying, inundated vegetation that had not 

been removed prior to rewetting. NO3
- isotopes in both study sites clearly reflected their 

agricultural use, which is still detectable at KW even 30 years after rewetting. At KW, strong 

dynamics within the NO3
- pool were observed during the growing season. Isotopic data showed 

that NO3
- was likely both produced and consumed simultaneously, so that no dominant process 

could be identified. Hence, it is likely that biological processes such as assimilation, 

denitrification, and nitrification are closely linked at KW.  

This thesis shows that small coastal areas such as rewetted coastal peatlands can 

contribute significantly to nearshore eutrophication, which was previously unknown. Although 

the highest nutrient exports likely occur shortly after rewetting, significant exports may still 

occur even after decades of rewetting. However, the results suggest that the natural filter 

function of peatlands to remove NO3
- and to absorb N2O can be restored over time. 

  



Zusammenfassung 
__________________________________________________________________________ 
 

VII 

Zusammenfassung 

Ziel dieser Arbeit war es, die langfristigen Auswirkungen der Wiedervernässung von 

Küstenmooren an der südlichen Ostsee zu untersuchen, insbesondere auf ihren internen N-

Kreislauf und den potenziellen Nährstoffexport (N und P) in die Küstengewässer. Zwei 

Untersuchungsgebiete in Mecklenburg-Vorpommern, Nordostdeutschland, wurden 

untersucht: die Karrendorfer Wiesen (KW) bei Greifswald, die 1993 wiedervernässt wurden, 

und die Drammendorfer Wiesen (DW) auf der Insel Rügen, wiedervernässt in 2019. Beide 

Standorte wurden entwässert und jahrzehntelang landwirtschaftlich genutzt, einschließlich der 

Ausbringung von Düngemitteln.  

Die Beprobungen wurden 2019 und 2020 in wöchentlichen bis monatlichen Abständen 

durchgeführt, sodass die DW unmittelbar nach der Wiedervernässung beprobt wurden. 

Variablen wie Wassertemperatur, Salzgehalt und Sauerstoffkonzentration wurden vor Ort 

gemessen. Oberflächenwasserproben wurden auf Nährstoffe (Nitrat, Nitrit, Ammonium, 

Phosphat), partikuläre organische Substanz (POM als POC und PON, Konzentrationen und 

Isotope), Chlorophyll-a, N2O, Nitratisotope (δ15N-NO3
- und δ18O-NO3

-), Wasserisotope (δ18O-

H2O), Nitrifikationsraten und Ammoniumassimilationsraten untersucht. Porenwasserproben 

wurden auf Nährstoffe untersucht. Sedimentkerne wurden verwendet, um N2-Produktionsraten 

zu bestimmen, die Aufschluss über das Denitrifikationspotenzial geben. Die Ziele dieser Arbeit 

waren 1) die Untersuchung einer möglichen Nährstoffauswaschung in den DW durch den 

Vergleich der Bedingungen vor und nach der Wiedervernässung, 2) der Vergleich des N-

Kreislaufs und der Nährstoffexporte beider Untersuchungsgebiete und 3) die Gewinnung von 

Erkenntnissen über POM- und NO3
--Quellen und -Prozesse mithilfe der Verwendung stabiler 

Isotope. 

Der Vergleich der Bedingungen vor und nach der Wiedervernässung der DW ergab, dass 

die höchsten Nährstoffkonzentrationen direkt nach der Wiedervernässung auftraten. In der 

Bucht vor den DW stiegen die Nährstoffkonzentrationen nach der Wiedervernässung deutlich 

über das langjährige Mittel einer Referenzstation an, was auf eine starke Auswaschung von 
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Nährstoffen aus dem Moorgebiet und einen ausgeprägten Wasseraustausch zwischen dem 

Moor und dem Bodden hindeutet.  

Beim Vergleich der beiden Untersuchungsgebiete wiesen die DW deutlich höhere 

Nährstoffkonzentrationen im Oberflächenwasser und im Porenwasser auf als die KW, wobei 

die höchsten Nährstoffkonzentrationen kurz nach der Wiedervernässung auftraten. An beiden 

Standorten kam es zu einem Nährstoffexport von DIN-N und PO4-P, wobei der DIN-Export in 

KW um 75 % geringer war. Im Vergleich zu Flusseinträgen der größten Ostseeflüsse waren 

die flächennormalisierten Exporte der beiden Untersuchungsgebiete um ein bis zwei 

Größenordnungen höher. Das Phytoplanktonwachstum, gemessen als Chlorophyll-a-

Konzentration, war in den DW zehnmal höher als in den KW, vermutlich bedingt durch die 

höhere Nährstoffverfügbarkeit. Der POM-Pool in den KW war stattdessen größtenteils geprägt 

von abgestorbenem Phytoplankton, sodass dort offenbar kein starkes 

Phytoplanktonwachstum stattfand. Trotz der geringeren Nährstoffverfügbarkeit in den KW 

wurden dort höhere Nitrifikationsraten gemessen als in den DW, jedoch waren die N2O-

Sättigungen insgesamt niedriger. Die höchste gemessene N2O-Sättigung (bis 4000 %) trat 

unmittelbar nach der Wiedervernässung in den DW auf. Mögliche Gründe für diese Ergebnisse 

und die Vermutung, dass die mikrobielle Aktivität innerhalb des Torfs am stärksten ausgeprägt 

war, werden diskutiert.  

Die Zusammensetzung stabiler Isotope im POM und NO3
- bestätigten nicht nur die starke 

hydrologische Verbindung zwischen den Mooren und den angrenzenden Bodden, sondern 

deuteten auch auf einen intensiven Austausch zwischen dem Oberflächenwasser und dem 

Torf hin. Die Isotopendaten des POM beider Untersuchungsgebiete wurden sowohl von 

terrestrischen als auch von marinen Quellen geprägt. Deutlich niedrigere δ13C-POC und pH-

Werte in den DW im Sommer deuteten auf eine starke Remineralisierung absterbender, 

überschwemmter Vegetation hin, die vor der Wiedervernässung nicht entfernt wurde. Die NO3
-

-Isotope beider Untersuchungsgebiete reflektierten eindeutig die landwirtschaftliche Nutzung, 

die in den KW auch 30 Jahre nach der Wiedervernässung noch nachweisbar ist. Während der 

Vegetationsperiode wurde in den KW eine starke Dynamik innerhalb des NO3
- Pools 
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festgestellt. Die Isotopendaten legen nahe, dass NO3
- gleichzeitig sowohl produziert, als auch 

verbraucht wurde, sodass kein dominanter Prozess identifiziert werden konnte. Dies deutet 

darauf hin, dass biologische Prozesse wie Assimilation, Denitrifikation und Nitrifikation in den 

KW eng miteinander verbunden sind.  

Diese Arbeit zeigt, dass kleine Küstengebiete wie z. B. wiedervernässte Küstenmoore in 

erheblichem Maße zur küstennahen Eutrophierung beitragen können, was bisher nicht 

bekannt war. Obwohl die höchsten Nährstoffexporte wahrscheinlich kurz nach der 

Wiedervernässung auftreten, kann selbst nach Jahrzehnten der Wiedervernässung noch ein 

bedeutsamer Export stattfinden. Die Ergebnisse legen jedoch nahe, dass die natürliche 

Filterfunktion von Mooren zur Aufnahme von NO3
- und N2O mit der Zeit wiederhergestellt 

werden kann. 
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1. Introduction 

Peatlands display a very efficient long-term storage for organic and inorganic carbon (C) and 

nitrogen (N). Peat itself is most commonly defined as dead organic matter (OM) that contains 

at least 30 % of C (Joosten and Clarke, 2002). In their natural state, peatlands are able to take 

up dissolved inorganic nutrients like nitrate (NO3
-), but also greenhouse gases (GHG) such as 

carbon dioxide (CO2) and nitrous oxide (N2O) by the uptake via plants, mosses and 

microorganisms. Worldwide, peatlands make up only ~3 % of the land surface (Parish et al., 

2008), but they store ~550 Gt C which amounts one third of the global soil C and twice as 

much C as the world’s forest biomass (Joosten and Clarke, 2002; Kaat and Joosten, 2009). 

The highest percentage of peatlands occurs in temperate areas of the Northern Hemisphere 

(Kaat and Joosten, 2009) which is due to a high precipitation (constant water supply) and low 

temperatures (less evaporation). Most peatlands are located in Asia, America (both 40.5 % of 

global peatland area) and Europe (13.2 % of global peatland area), in detail in South-East 

Asia, Canada, Alaska, Russia, Finland, and Sweden (Kaat and Joosten (2009) and references 

therein).  

Peatlands are generally divided into oligotrophic and minerotrophic states which refer 

to the amount of nutrients within the peatland and their water and nutrient source (e.g., Succow 

and Joosten, 2001). Oligotrophic peatlands, called “bogs”, are high-lying areas that are fed 

only by rainwater. The rainwater contains low nutrient concentrations and thus, fosters the 

growth of peat mosses like Sphagnum. On the other hand, minerotrophic peatlands, called 

“fens”, are situated in land depressions. Their water and nutrient sources are rain and mainly 

groundwater. Due to groundwater intrusion, the nutrient concentrations in fens are slightly 

higher than in bogs which fosters the growth of sedges and reeds.  

In general, the height of the water level determines the biogeochemical processes that 

occur in the peat layer. In a natural peatland, the water level is usually near the soil surface, 

ensuring permanently wet conditions. These wet conditions lead to the formation of anoxic 

zones within the peat, so that decaying organic matter is not fully decomposed and thus, 
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accumulates to new peat layers. Fully water-saturated, anoxic conditions within the peat are 

responsible for the ecosystem services provided by pristine peatlands, which are the uptake 

of CO2 and occasionally N2O, improvement of the water quality by retaining nutrients (Fisher 

& Acreman, 2004; Vikman et al., 2010), and provision of a unique habitat for a diverse flora 

and fauna.  

Contrary to C, the N content of pristine peatlands is naturally low (e.g., Succow and 

Joosten, 2001). To sustain the growth of vegetation and the subsequent accumulation of 

organic matter (as C and N), the fixation of dinitrogen (N2), which is the uptake of atmospheric 

N into biomass, was found to be an important source of N for pristine peatlands (e.g., Vile et 

al., 2014). However, anthropogenic activities have strongly increased the global input of 

reactive N into the environment and thus, the anthropogenic N fixation nowadays exceeds the 

natural one (e.g., Vitousek et al., 1997; Galloway et al., 2004). This anthropogenically 

introduced N excess is not only found in rivers and groundwater due to the intensive use of 

fertilizers, but also in the atmospheric deposition that affects all ecosystems worldwide (e.g., 

Duce et al., 2008). For peatlands it was reported that a chronic supply of reactive N by 

atmospheric deposition suppresses the biological N fixation and thus, greatly alters the internal 

biogeochemical cycling (Saiz et al., 2021). High N supplies were also found to significantly 

increase the emission of N2O due to a higher substrate availability and an enhanced microbial 

activity (e.g., Augustin et al., 1998; Roughan et al., 2018). 

N2O production processes 

N2O is mainly produced by microbial processes such as nitrification, denitrification and nitrifier-

denitrification (e.g., Stein and Yung, 2003; Kool et al., 2011; Figure 1). All these processes are 

highly dependent on the ambient oxygen (O2) concentration within the peat, where nitrification 

needs oxic and denitrification hypoxic or anoxic conditions. Oxic/anoxic boundaries are 

hotspots for both processes (e.g., Marchant et al., 2016), because they favor the close spatial 

connection of processes that depend on each other. 
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Figure 1: Major N cycling pathways for the production of N2O. NN = Nitrifier-nitrification. ND = Nitrifier-
denitrification. NCD = Nitrification-coupled denitrification. FD = Fertilizer denitrification. NN and ND are 
conducted by nitrifiers and N2O is produced as a by-product. NCD and FD are conducted by denitrifiers 
and thus, N2O is produced as an intermediate (from Kool et al., 2011) 

Nitrification is the two-step process of ammonium (NH4
+) oxidation to nitrite (NO2

-) by ammonia-

oxidizing bacteria (AOB) or archaea (AOA), followed by a second step in which NO2
- gets 

oxidized to NO3
- by nitrite-oxidizing bacteria (NOB). The oxidation of NH4

+ in general and the 

contribution of AOB and AOA was found to be influenced e.g. by the pH in the soil (Nicol et al., 

2008) or the NH4
+ concentration (Verhamme et al., 2011). Both steps are highly dependent on 

the ambient O2 concentration which is why nitrification does not occur in deeper peat layers 

due to the lack of O2. Therefore, nitrification is, if conducted at all, restricted to the peat surface 

where O2 can potentially be provided from the atmosphere. Along the process, N2O is 

produced as a side-product and therefore regularly released into the environment. However, 

nitrification in pristine peatlands with waterlogged conditions within the peat is usually rather 

low due to the lack of O2 (Regina et al., 1996) which is one of the reasons why these peatlands 

are generally negligible sources of N2O (Martikainen et al., 1993; Regina et al., 1996; Frolking 

et al., 2011). 

Denitrification reduces NO3
- to N2 and thus, it needs hypoxic or anoxic conditions. 

However, due to the dependency on NO3
-, denitrification often occurs in close vicinity to 

nitrification, as it provides NO3
- as substrate. During denitrification, N2O is produced as an 

intermediate. Thus, to be released, N2O needs to be the end product of the process chain. 

Several factors lead to a partial denitrification, meaning that the process is not fully completed 
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up to N2. For instance, the quality of organic C and the NO3
- concentration were found to 

influence the denitrification rate, likely by affecting the N2O reductase (Senbayram et al., 2012). 

If the activity of this enzyme is lowered, the N2O/N2 ratio increases and more N2O can be 

released.  

Besides nitrification and denitrification, the so-called nitrifier-denitrification is also of 

relevance for the production of N2O (Wrage et al., 2001). This process is conducted by nitrifying 

microbes who firstly oxidize NH4
+ to NO2

- and secondly reduce NO2
- to N2O. It was shown that 

nitrifier-denitrification can be a significant source of N2O under low O2 conditions, contributing 

up to 66 % to the total N2O production (Zhu et al., 2013), but as long as NO3
- is available, 

denitrification is the dominating process of N2O production in wet peatlands (Masta et al., 

2022). 

However, N2O production is not only restricted to wet conditions, but is also of great 

importance in drained peatlands. Drainage of peatlands, mostly for agricultural purposes and 

forestry, has a long history around the world. Up to 10–20 % of the global peatland area has 

been reduced since 1800 due to human activities and climate change (Joosten and Clarke, 

2002). In Europe, roughly 50 % of the original peatland area is lost (Joosten and Clarke, 2002), 

while the areal loss in Germany is even higher, amounting to ~85 % (Joosten and Clarke, 

2002). Although drained peatlands make up only 0.3 % of the world’s land surface, they emit 

~5 % of the global anthropogenic C emissions (IPCC, 2019). This is due to the drastic change 

of biogeochemical processes within the peat after drainage. As described above, the water 

level is the most important driver of all processes in a peatland. If it permanently drops below 

the surface e.g. due to drainage, O2 penetrates the peat and initializes its aerobic 

decomposition. The subsequent remineralization leads to high CO2 and N2O emissions due to 

an increased microbial activity that is fueled by higher substrate availabilities, originating from 

peat remineralization or fertilization (Augustin et al., 1998). N2O emissions are usually smaller 

than CO2 emissions, however, N2O has a ~300 times larger global warming potential on a 100-

year timescale compared to CO2 and is preserved in the atmosphere for 114 years (IPCC, 

2007). 
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Nutrients in drained and rewetted peatlands 

Besides GHG, also nutrients like NH4
+, NO2

-, NO3
- and phosphate (PO4

3-) are produced by 

remineralization. Many incubation studies showed that drained peat, also if no fertilization was 

conducted, is highly enriched in nutrients that can be released if the water level rises (Van De 

Riet et al., 2013; Harpenslager et al., 2015). But even in a drained state, peatlands can be 

nutrient sources due to leaching via drainage ditches, being a risk for eutrophication of adjacent 

waters (Marttila et al., 2018). It was found that the topmost peat layer shows the highest 

degradation which is attributed to higher N concentrations (Cabezas et al., 2012) and N2O 

emissions (Liu et al., 2019) compared to less degraded peat.  

The high ecological value of peatlands has been recognized in the recent years and 

therefore, the rewetting of peatlands has gained great interest to stop GHG emissions, to fight 

climate change, and to restore their natural ecosystem services. The current literature shows 

that rewetting measures were conducted in many countries already. In general, rewetting is 

supposed to stop the peat degradation and thus CO2 and N2O emissions, while CH4 emissions 

arise (e.g., Günther et al., 2020). The latter are offset by the uptake of CO2 due to plant growth, 

so that a rewetted peatland displays a net C sink at least on a long-term perspective (Günther 

et al., 2020). Nevertheless, due to irreversible alterations of the density of drained peat, it was 

hypothesized that even after rewetting, highly degraded peatlands could still produce large 

amounts of N2O if the water level is below ground surface (Liu et al., 2019).  

Another positive aspect is that rewetting aims to bring back the unique biodiversity of 

these ecosystems. Moreover, by fostering the growth of different plant species, a rewetted 

peatland can potentially act as a nutrient sink due to plant uptake and microbial processes like 

denitrification within the peat (Fisher and Acreman, 2004), thus improving the water quality. 

However, if the drainage was long-lasting, there is a high risk that the damage could be too 

severe to be able to get back near the natural state (Kreyling et al., 2021). So far, mostly 

controlled laboratory experiments were conducted and showed the release of nutrients from 

rewetted peat (e.g., Zak and Gelbrecht, 2007; Van de Riet et al., 2013), that could potentially 
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be exported into adjacent waters. For instance, this release can be strongly affected by the 

salinity of the overlying water. Due to cation exchange, saline water induces the displacement 

of NH4
+, leading to its release from the soil (e.g., Rysgaard et al., 1999). Sulfate (SO4

2-), as 

being highly abundant in saline water, was shown to influence the biogeochemistry in 

anaerobic sediments, potentially leading to an increased N and phosphorus (P) mineralization 

in wetlands (“internal eutrophication”; Smolders et al., 2006). Additionally, SO4
2- can also 

impact the P and iron (Fe) cycling, ultimately resulting in decreasing Fe:P ratios, so that P 

might be released into the water (Geurts et al., 2008; van Dijk et al., 2019, and references 

therein). To avoid nutrient leaching, topsoil removal (TSR) can be an effective measure to 

remove the largest stock of nutrients (Harpenslager et al., 2015; Zak et al., 2017). However, 

this measure is very cost intensive and not always feasible.  

Coastal peatlands along the Baltic Sea 

Peatlands constitute approximately 14 % of the total Baltic Sea drainage basin (Vasander et 

al., 2003). Many of these are located at the interface between terrestrial and marine 

ecosystems and thus, exposed to natural and anthropogenic pressures from both sites. Sea 

level rise is the most dominant threat to coastal peatlands in the future.  

Most coastal peatlands are rather small, however, they display independently draining 

coastal catchments. Hannerz and Destouni (2006) updated the catchment area of the Baltic 

Sea and identified much more individual sub-catchments than previously considered. They 

calculated that unmonitored coastal sub-catchments, which are not connected to rivers, make 

up 13 % of the total Baltic Sea drainage basin, inhabiting 24 % (~20 million people) of the total 

population. This estimation is in line with reports from the Helsinki Commission (HELCOM). 

The Commission reported that nearly all coastal catchments are unmonitored concerning their 

nutrient inputs (HELCOM, 2019) and that their N retention capacity is currently unknown 

(HELCOM, 2018; Figure 2).  
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Figure 2: Left: Baltic Sea catchment area with monitored (green) and unmonitored (purple) sub-
catchments (from HELCOM, 2019). Right: Percentage of nitrogen retention of all sub-catchments. Areas 
with no data available are shown in gray (from HELCOM, 2018) 

In Mecklenburg-Vorpommern (MV), northeastern Germany, where the study sites of this thesis 

are located, ~90 % of all peatlands have been drained for agriculture (Landesamt für Umwelt 

und Natur MV, 1997), from which drained coastal peatlands make up ~13 % by covering an 

area of ~360–400 km² (Bockholt, 1985; Holz et al., 1996). Today, more than 20 % of formerly 

agriculturally used coastal peatlands are already rewetted in MV (Schiefelbein, 2018). Due to 

drainage and subsequent peat shrinkage, these peatlands are nowadays low-lying (below 

mean sea level) and thus, highly vulnerable to rising sea levels. Additionally, the risk of flooding 

is even more pronounced in the southern Baltic Sea due to an isostatic subsidence of the coast 

(Johansson et al., 2014). Rewetting measures of coastal peatlands are therefore also intended 

to allow a controlled extension of the sea towards the land.  

While nutrients originating from the terrestrial side are still increasing (e.g., Beusen et 

al., 2016), the marine side of the coast plays an enormously important role for the retention of 

nutrients, called the coastal filter (e.g., Asmala et al., 2017; Carstensen et al., 2020). The 
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mechanism behind this filter is highly complex and regulated by several factors, such as for 

instance the sediment type, the biota and the physical environment (Carstensen et al., 2020). 

The two main processes behind the filter function are denitrification for N and burial for P, both 

happening mostly within the sediment. 

It was shown that this coastal filter function can be highly efficient in the Baltic Sea, 

retaining 53 % of P, but only 16 % of N inputs from land (Asmala et al., 2017). However, 

estimates of coastal retention capacities are mostly based on data from rivers, estuaries and 

lagoons, whereas diffuse inputs are neglected. It can be assumed that these diffuse inputs add 

up quickly, displaying a large, currently unconsidered source of nutrients. This assumption of 

a large source is based on the two facts that (1) coastal areas were and are still used for 

agricultural purposes and (2) any potential retention capacity is highly limited due to the short 

spatial distance between the nutrient source and the coast, leading to a much shorter retention 

time for processes to occur. 

Stable isotopes as tool to identify sources and processes 

To gain knowledge of potential transforming processes and sources of elements such as N, 

the use of isotopes became widespread and established since a few decades (e.g., Kendall, 

1998; Fry, 2006; Casciotti, 2016). Most elements such as C, N, sulfur or oxygen exist in 

different forms called isotopes. So-called heavy isotopes are forms of elements that contain 

one or more additional neutron in their nucleus, whereas light isotopes contain the same 

amount of protons and neutrons. Heavy isotopes are naturally rare compared to their lighter 

counterparts. For instance, 14N, the light isotope of molecular N with a mass number of 14, 

constitutes 99.635 %, whereas the heavy isotope 15N makes up 0.365 % of all N2 within the 

atmosphere. For O2, the ratio is 99.76 % (16O) to 0.1995 % (18O). Some heavy isotopes are 

non-radioactive and very stable, thus called stable isotopes. For instance, 15N and 18O are 

stable isotopes which can be used to disentangle the sources and processes that affect e.g. 

the in-situ NO3
- concentration. The ratio of stable isotopes is given in relation to an international 

standard and in delta (δ) notation, according to Eq. (1) as: 
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δ [‰] = ( 𝑅𝑠𝑎𝑚𝑝𝑙𝑒𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1) ∗ 1000 (1) 

where R is the ratio of the heavy to the light isotope. 

However, δ15N and δ18O are not constant, but rather affected by numerous biological 

and physical processes. The origin of varying isotope ratios for different processes and sources 

is based on the finding that usually the lighter isotopes are favored over the heavier ones, 

called kinetic fractionation (e.g., Mariotti et al., 1981). This preference for the lighter isotopes 

is based on a lower energy input to break up the weaker molecular bonds which makes the 

uptake more beneficial for plants and microbes. As a result, if the uptake of an N species 

occurs, the remaining pool of this species will become enriched, so that its δ15N will increase 

due to the preferential uptake of 14N. On the other hand, the produced/transformed species will 

display a lowered δ15N than the substrate.  

In a closed system, the end product of a process is going to have the same isotope 

ratio as the substrate when a complete conversion of the substrate occurred. In an open 

system, however, a complete substrate conversion will never occur which is why it is necessary 

to know the fractionation factors of different processes and the δ ratios of different sources. 

Fractionation factors (“α”) can be calculated according to Eq. (2) by Fry (2006): 

α = (1000 +  𝛿𝐴1000 + 𝛿𝐵) (2) 

where δA is the δ value of substance A (the substrate) and δB the δ value of substance B (the 

product). The corresponding enrichment factor (“ɛ”) displays the difference between the δ 

values of the substrate and the product and can be calculated according to Eq. (3): 

ε = 1000 ∗ (α − 1) (3) 

Fractionation factors for microbial processes like nitrification and denitrification are usually 

determined by using pure cultures of bacteria and archaea in the laboratory to ensure 

controlled conditions. However, fractionation factors cover a range of values for each process, 
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e.g. due to different physiological conditions across the species such as substrate affinity, 

different environmental conditions such as pH or different reservoir sizes. Additionally, single 

steps during the processes exhibit different fractionation factors which makes the interpretation 

even more difficult (e.g., Buchwald and Casciotti, 2010). 

With regard to δ15N, nitrification was found to have fractionation factors between 1.019 

and 1.036 (Montoya, 1994), corresponding to enrichment factors of 19 – 36 ‰. For 

denitrification, fractionation factors between 1.017 and 1.029 (enrichment factors of 17 – 29 ‰) 

were determined (Montoya, 1994). It is noticeable that the range of values overlaps for these 

two processes. To be able to identify the dominant ongoing process, the additional use of the 

O isotopes (16O/18O) was established, the so-called dual isotope approach (e.g., Sigman et al., 

2005). The idea behind this approach is to gain a more detailed insight into processes and 

sources by using two tracers that can be influenced by fractionation in a way that is 

characteristic for the respective process/source. For instance, if O2 gets incorporated within a 

process, then the δ18O of the product will be affected. During nitrification, O2 will either be taken 

from the dissolved pool (δ18O-O2 of 24.2 ‰, Sigman et al., 2009, and references therein) or 

from the water itself (ranging from –24 ‰ to 4 ‰; Kendall et al., 2007). It was reported that 

nitrification seems to incorporate less than one out of six O atoms from dissolved O2 (Casciotti 

et al., 2002; Sigman et al., 2009). To check if nitrification occurs, it is therefore helpful to 

additionally measure the δ18O-H2O to identify its potential influence on the δ18O-NO3
-.  

Measurements of Chlorophyll-a, particulate organic matter (POM, as N and C) 

concentrations and its isotopes (δ15N-PON and δ13C-POC) can be helpful to trace if 

phytoplankton is growing and if e.g. NO3
- is assimilated. The uptake of any N species leads to 

changes in the remaining substrate pool (e.g., δ15N-NO3
-) as well as in the uptaking organism 

(e.g., δ15N-PON). Due to the preferential uptake of 14N, the substrate pool becomes enriched 

(increasing δ15N), whereas the organism becomes depleted (decreasing δ15N; e.g., Savoye et 

al., 2003). POC concentrations and δ13C-POC values, together with Chlorophyll-a 

concentrations, can additionally be used to identify sources of the available POM. Freshly 

produced phytoplankton was reported to have POC:Chlorophyll-a ratios of < 200, while ratios 
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> 200 are characteristic for degraded phytoplankton (Cifuentes et al., 1988). δ13C-POC can be 

used to distinguish between marine and terrestrial POM sources. Generally, low δ13C-POC 

values around –30 ‰ are reported for terrestrial sources (e.g., Müller and Voss, 1999), 

whereas marine sources show higher, more 13C enriched values around –22 ‰ (e.g., Voss 

and Struck, 1997). 

Isotope data of NO3
- can not only be used to identify ongoing processes, but also to 

unravel its different sources. The dual-isotope approach has led to numerous publications 

dealing with the identification of NO3
- sources (e.g., Mayer et al., 2002; Deutsch et al., 2006; 

Wankel et al., 2006). Kendall (1998) established a graphical scheme of different NO3
- sources, 

consisting of nitrification, fertilizer, atmospheric deposition, soil N and manure/sewage 

(Figure 3). These five major sources can be distinguished by having distinctly different 

signatures of 15N-NO3
- and 18O-NO3

-. Due to the high anthropogenic input of N into the 

environment, many studies revealed that high NO3
- concentrations e.g. in rivers and streams 

were attributed to a high agricultural use in their catchment areas by using stable isotopes 

(e.g., Kaushal et al., 2011; Liu et al., 2018). However, to my knowledge, natural stable isotopes 

of NO3
- were not yet used in peatlands to unravel its sources and cycling.  

 

Figure 3: Scheme of δ15N and δ18O values of different NO3
- sources (from Kendall, 1998) 
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Aims of this thesis 

Overall, the long-term effects of rewetting on the N cycling in (coastal) peatlands is mostly 

unknown and understudied, especially regarding brackish environments. It also remains 

unclear if nutrients are not only released from the peat shortly after rewetting, but also exported 

into adjacent waters. If an export occurs, it is crucial to investigate the amounts and the 

duration of these additional nutrient inputs that are currently unmonitored. Additionally, insights 

into the internal N cycling are necessary to be able to estimate a potential retention of nutrients.  

Therefore, this thesis examines the effects of rewetting in coastal peatlands, specifically 

on N dynamics and nutrient exports. By comparing two rewetted coastal peatlands in different 

stages, this thesis tries to reveal long-term effects of rewetting measures in the southern Baltic 

Sea region. In detail, the following hypotheses were addressed: 

1. Rewetting leads to the leaching of nutrients out of the peat and subsequently, to an export 

into adjacent waters. 

2. The freshly rewetted peatland contains more nutrients within the peat, leading to more 

leaching and a higher N turnover than within the longer rewetted peatland. 

3. Local POM and NO3
- sources and processes differ between the two rewetted peatlands 

due to their different rewetting stages as revealed by stable isotope signatures. 
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2. Material and methods 

2.1 Study sites 

Both study sites are located in the state of Mecklenburg-Vorpommern (MV) in northeastern 

Germany, approximately 25 km apart (Figure 4). 

 

Figure 4: (a) Overview of the study sites location in the southern Baltic Sea. (b) Both study sites (red 
dots) and the respective monitoring stations (blue dots; used for nutrient data) at the northeastern 
German coast. (c) Stations in the longer rewetted peatland (Karrendorf, KW). (d) Stations in the recently 
rewetted peatland (Drammendorf, DW) 

The climate is oceanic with a mean annual air temperature and precipitation height of 9.1°C 

and 626 mm (Deutscher Wetterdienst, DWD, 1991 – 2020). Both sites can be classified as 

highly degraded coastal peatlands (von Post degradation status H6–H8; Stanek and Silc, 

1977). The overlying water matches the water level of the adjacent brackish Bodden with a 

salinity between 7 and 10. The remaining peat layers show a thickness of up to 2m. Topsoil 

removal was not conducted prior to rewetting at both study sites. 
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2.1.1 Karrendorfer Wiesen 

The longer rewetted study site, the “Karrendorfer Wiesen” (KW), is located south of the 

Greifswalder Bodden and covers an area of approximately 3.5 km2. It was diked around 1850 

to be intensively used as cropland and, in low-lying areas, as pasture for cattle grazing. 

Fertilizer usage on the higher-elevated areas is documented between 1972 and 1989 and 

consisted of applications of N, P, and potassium (up to 80, 60, and 120 kg ha–1 yr–1, 

respectively; Seiberling, 2003). In 1993, the dike was partially removed to re-establish the 

water exchange with the Greifswalder Bodden. Some areas at KW are permanently inundated, 

resulting in water depths up to 50 cm, whereas others are irregularly flooded. After rewetting, 

land use shifted entirely to extensive cattle grazing, which is still conducted. 

2.1.2 Drammendorfer Wiesen 

The recently rewetted study site, the “Drammendorfer Wiesen” (DW), comprises approximately 

0.9 km2 and lies in the western part of the Island of Rügen, bordering on the Kubitzer Bodden. 

The dike was erected around 1900 and the area was used as grassland and pasture thereafter. 

From ~1980 until the rewetting, low-lying areas, permanently flooded today, were not fertilized 

and were used only for cattle grazing and mowing (three times per year). N fertilizer 

(~50 – 100 kg N ha–1 yr–1) was applied once per year in higher-elevated areas that were not 

later affected by the rewetting (Dr. M. Möller and S. Klatt, pers. comm., 2023). Rewetting was 

performed in November 2019 by removing parts of the dike, thus re-establishing a hydrological 

connection to the Kubitzer Bodden. The mean water depth of the permanently inundated area 

is ~50 cm, comparable to the inundated areas of the KW. Similar to the latter, DW is currently 

used for extensive cattle grazing.  

Overall, the low-lying areas at both sites were used solely for cattle grazing, while areas 

of higher elevation were fertilized with similar amounts of N. 

2.2 Sampling 

At both study sites, surface water was sampled for nutrients (NO3
-, NO2

-, NH4
+ and PO4

3-), 

Chlorophyll-a, POM (consisting of POC and PON) concentrations and isotopes (δ13C-POC and 
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δ15N-PON), H2O isotopes (δ18O), NO3
- isotopes (δ15N and δ18O), N2O concentrations, 

nitrification rates and NH4
+ assimilation rates. Porewater samples were taken for the analysis 

of nutrients (see above). Sediment cores (Ø ~8 cm, length 30 cm, 3 – 5 per sampling) were 

obtained to measure N2 production rates.  

At KW, surface water samples were taken monthly from April 2019 to September 2020, 

except of September 2019 and March 2020, by using a beaker (see Supplementary Table 1). 

The peatland site was sampled at two stations (KW3 in the channel, KW4 in the flooded area; 

Figure 4c) and the adjacent bay at three stations (KW1, KW2 and KW5; Figure 4c). Porewater 

samples for nutrients were taken at one peatland station (KW4) during each sampling. 

Sediment cores were obtained from the peatland and the bay in triplicates approximately every 

three months by using acrylic liners. 

DW was sampled before and after its rewetting in November 2019. Prior to rewetting, 

surface water samples for nutrients (NO3
-, NO2

-, NH4
+, and PO4

3-) and Chlorophyll-a were 

collected from the bay off DW at station D1 (Figure 4d) and irregularly at a second station right 

in front of the removed dike section, which was abandoned after rewetting and therefore 

merged with station D1. Both stations were sampled from the land, and sampling was 

conducted monthly from June to November 2019, except for August.  

After rewetting, DW was sampled with a small boat from December 2019 to December 

2020 in different intervals. From December 2019 to January 2020, surface water samples were 

taken weekly, from February to September 2020 biweekly and from October to December 2020 

monthly (see Supplementary Table 1) by using a horizontal 5 L Niskin bottle. For nutrient 

concentrations, the peatland site was sampled at six stations and the bay at 2 – 3 stations 

(Figure 4d). Samples for the other variables (see above) were taken at two stations in the 

peatland (D5, BTD8). In the bay, these samples were taken at three stations (D1, D3, D14; the 

latter from March 2020 on) until mid-July 2020 and afterwards at two stations (D1, D14). 

Porewater samples for nutrients were taken from July 2020 to December 2020 at 2 – 4 stations 

in the peatland. Sediment cores were obtained in triplicates only from bay station D1 
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approximately every three months by using acrylic liners. Cores could not be obtained from 

peatland stations at DW due to a very dense peat soil surface. 

Porewater at KW was retrieved by using acrylic liners with drilled holes in regular 

distances to extract soil and to insert rhizons into the soil core (Rhizosphere Research 

Products B.V., The Netherlands; further details see Seeberg-Elverfeldt et al., 2005). At DW, a 

porewater lance was used (M.H.E. Products, USA). All porewater samples were immediately 

filtered with single-use 0.45 µm syringe filters in the field and stored frozen until the nutrient 

analysis was carried out. 

Environmental variables such as surface water temperature, salinity, O2 and pH were 

measured on site by using a HACH HQ40D multimeter (HACH Lange GmbH, Germany) 

equipped with three outdoor electrodes (LDO10105, CDC40105, PHC10105). The precision 

of the electrodes was ± 0.3°C, ± 0.8 %, ± 0.1 and ± 0.02 for temperature, O2 saturation, salinity, 

and pH, respectively. 

Nutrient and NO3
- isotope samples were filtered immediately onboard by using single-

use 0.45 µm syringe filters and stored frozen until analysis. Subsamples for the analysis of 

δ18O-H2O were filtered with single-use 0.45 µm syringe filters, collected in 1.5 ml glass vials 

sealed with a PTFE-coated septum cap and stored at 4°C in the dark until analysis. Water 

samples for POM, Chlorophyll-a, nitrification rates, and NH4
+ assimilation rates were taken with 

plastic canisters which were kept cool and dark until further processing in the lab. Samples for 

N2O concentrations were taken with 250 ml glass crimp vials by using the overflow technique. 

All vials were crimp-sealed with butyl rubber stoppers onboard. In the lab, samples were 

treated with 500 µl saturated mercury chloride solution and stored at 4°C in the dark until 

analysis. For POM analysis, samples were filtered onto pre-combusted Whatman® GF/F filters 

(4 h at 450°C, poresize 0.7 µm) which were then stored frozen until analysis. For Chlorophyll-a 

analysis, non-combusted GF/F filters were used for filtration. Water for the determination of 

nitrification rates, NH4
+ assimilation rates and for sediment cores was stored bubbled and 

stirred overnight in the dark at 4°C (for nitrification rates and NH4
+ assimilation rates) and at in 

situ temperature (for sediment cores) to be processed on the next day.  
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2.3 Sample analysis 

2.3.1 Nutrient concentrations 

The nutrient analysis was carried out via photometry according to Grasshoff et al. (2009) by 

using a continuous segmented flow analyser (Seal Analytical QuAAtro, SEAL Analytical 

GmbH, Germany). Detection limits were 0.05 µmol L-1 for NO2
- , 0.1 µmol L-1 for PO4

3-, 

0.2 µmol L-1 for NO3
- and 0.5 µmol L-1 for NH4

+. For such measurements below the detection 

limit, using the actual values of these measurements is recommended (e.g., Fiedler et al., 

2022) to achieve a robust statistical analysis. Since these data were not available for all 

measurements, random values between zero and the respective detection limit were 

generated with a uniform distribution for a robust statistical analysis. 

2.3.2 Chlorophyll-a concentrations 

Chlorophyll-a was analyzed fluorometrically after the pigment was extracted from GF/F filters 

by incubation with 96 % ethanol for 3 h (Wasmund et al., 2006). Measurements were 

conducted by using a fluorometer (TURNER 10-AU-005, Turner Designs, USA) at a 

wavelength of 670 nm. 

2.3.3 Particulate organic matter 

POM filters were dried at 60°C before analysis, packed into tin capsules and pelletized. PON 

and POC concentrations were measured by using an elemental analyzer (EA IsoLink, Thermo 

Fisher Scientific, USA). Calibration was done before each sample run by using acetanilide 

(Merck) with a C– and N–content of 71.09 % and 10.36 %, respectively. δ13C-POC and δ15N-

PON analysis was carried out from the same filters. After combustion, the gas was injected via 

a split interface into an isotope ratio mass spectrometer (IRMS, Delta V Advantage, Thermo 

Fisher Scientific). IAEA-C3, -C6, -N1, -N2 and NBS 22 were used as reference standards and 

N2 and CO2 as reference gases. The accuracy of the isotopic analysis was ± 0.2 ‰. 

2.3.4 N and O isotopes in nitrate (15N and 18O) 

NO3
- isotopes (δ15N-NO3

- and δ18O-NO3
-) were determined by using the denitrifier method 

according to Sigman et al. (2001) and Casciotti et al. (2002). Shortly, a denitrifying bacterium 
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(Pseudomonas aureofaciens), which is lacking the N2O reductase, converts NO3
- and NO2

- to 

N2O. The N2O is then extracted by an autosampler, purified (Finnigan GasBench II) and 

analyzed by a continuous-flow IRMS (Delta V Advantage, Thermo Fisher Scientific). IAEA-N3 

(δ15N = 4.7 ‰, δ18O = 25.6 ‰) and USGS-34 (δ15N = –1.8 ‰, δ18O = –28 ‰) were used as 

reference standards and were measured after every 10th sample. NO2
- was not removed from 

any sample. The precision of the method is ± 0.2 ‰ (according to Sigman et al., 2001).  

2.3.5 N2O concentrations and saturations 

N2O concentrations were measured on two gas chromatographs (Shimadzu GC-2014, 

Shimadzu Corporation, Japan, and Agilent 7890B, Agilent Technologies, USA) using the purge 

and trap technique [for details see Pönisch (2018) and Sabbaghzadeh et al. (2021)]. For quality 

control, a N2O calibration standard (1533 ppb for the Shimadzu and 1982 ppb for the Agilent 

GC) was measured twice per day, before and after the measurements. The standard deviation 

was < 1 %. 

N2O saturations were calculated from the measured N2O concentrations in the surface 

water and the theoretical N2O concentrations in brackish water at equilibrium with the 

atmosphere. The latter was calculated at standard atmospheric pressure (1 atm) with a dry 

mole fraction of 333.2 ppb-N2O (World Meteorological Organization, 2021) by calculating the 

saturated water vapor pressure (at 100 % humidity) and using the solubility coefficients, 

following the descriptions of Weiss and Price (1980). 

2.3.6 O isotopes in water (δ18O-H2O) 

δ18O-H2O isotopes were analyzed with a laser cavity-ring-down-spectroscopy system (CRDS; 

Picarro L2140-I; see Böttcher and Schmiedinger, 2021) and used to identify the potential 

contribution of nitrification to the production of NO3
-. This is possible due to the finding that 

during nitrification, less than one of six O atoms are derived from dissolved O2, meaning that 

more than five of six O atoms are used from H2O (Casciotti et al., 2002; Sigman et al., 2009). 

The theoretical δ18O-NO3
- can be calculated according to Eq. (4): 
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δ18O-NO3
- = 5/6 δ18O-H2O + 1/6 δ18O-O2 (4) 

 

where δ18O-O2 in the surface ocean is prescribed as 24.2 ‰ (Sigman et al., 2009). Finally, 

theoretical and measured values of δ18O-NO3
- were compared to reveal the importance of 

nitrification onto the NO3
- pool.  

2.4 Rate calculations 

2.4.1 Nitrification and NH4
+ assimilation rates 

Nitrification and NH4
+ assimilation rates were determined simultaneously by using the 15N-NH4

+ 

tracer incubation method (Ward, 2005; Veuger et al., 2013; Damashek et al., 2016). For each 

station, water was filled into six 300 ml polycarbonate bottles by using the overflow technique. 

All bottles were closed with a butyl septum to be able to inject the 15N-NH4
+ tracer into the 

bottles. The injection volume of 15N (as 15N-NH4Cl, 98 atom%, SigmaAldrich) was adjusted for 

every batch of samples to ensure an enrichment of approximately 10 % of the ambient NH4
+ 

concentration. After injection, three bottles were filtered immediately to be used as t0, while the 

other three were incubated for 15 – 23 h at in situ temperature in the dark (tfinal). The incubation 

time for nitrification rates is usually shorter, however, a previous study showed that 15NO3
– 

increased linearly during a 96 h incubation (Bartl et al., 2018), which justifies the longer 

incubation time of my measurements. After the incubation, triplicates were filtered with 

precombusted GF/F filters (4 h at 450°C). The filtrates and filters were stored frozen until 

analysis. Filtrates containing 15N of NO2
- + NO3

- were analyzed via the denitrifier method after 

Sigman et al. (2001) and Casciotti et al. (2002), as described above but with Pseudomonas 

chlororaphis, to calculate nitrification rates with Eq. (5):  

𝑁𝑅 =  (15𝑁 − 𝑁𝑂𝑥) 𝑥 (𝑁𝐻4 +)𝑡𝑜𝑡(15𝑁 − 𝑁𝐻4 +)𝑎𝑑𝑑𝛥𝑡  
(5) 

where 15N-NOx is the excess concentration of 15N-NO3
– + 15N-NO2

–, (NH4
+)tot the total NH4

+ 

concentration (ambient + tracer), (15N-NH4
+)add the added tracer concentration, and Δt the 
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incubation time. Nitrification rates are reported as the mean ± standard deviation based on 

triplicates for t0 and tfinal.  

Filters were used to determine PON concentrations and 15N-PON for the calculation of 

NH4
+ assimilation rates (AAR) according to Dugdale and Wilkerson (1986) by using Eq. (6): 

𝐴𝐴𝑅 =  𝑉𝑚 𝑥 [𝑃𝑂𝑁𝑚] (6) 

 

where Vm is the mean specific 15N uptake rate and PONm the mean concentration of PON at 

the beginning and the end of the incubation. Vm was calculated as the mean of Vo and Vt, 

where Vo is based on the initial and final δ15N-PON and Vt on the natural and final δ15N-PON 

values. 15N-PON was determined by coupling the elemental analyzer (EA IsoLink, Thermo 

Fisher Scientific) to the IRMS (Delta V Advantage, Thermo Fisher Scientific). The precision of 

the isotope measurements was ± 0.1 ‰.  

The sum of NH4
+ assimilation rates and nitrification rates yields the “total dark NH4

+ 

consumption”. The contributions of both processes to the total dark NH4
+ consumption were 

calculated as means of all seasons to show a potential dominance of one process. 

2.4.2 N2 production rates 

N2 production rates were determined by measuring the ratio of N2:Ar according to Kana et al. 

(1994). Sediment cores with fully oxygenated overlying water were stirred at low speed with a 

magnetic stirrer and incubated at in situ temperature in the dark. Samples were taken at the 

start and the end of the incubation. The incubation was started by closing the cores with rubber 

plugs to ensure no oxygen exchange with the environment. Incubation of control cores with 

only water was not conducted due to difficulties with water leakage. Thus, a potential gas 

exchange through the cores cannot be considered.  

Water samples were taken with 12 ml Exetainer vials (Labco, High Wycombe, UK) and 

poisoned immediately with 100 µl 7M zinc chloride solution. To ensure oxic conditions 

throughout the entire incubation, the incubation time was adjusted to keep the oxygen within 

~20% of the initial concentration. Samples were analyzed with a membrane inlet mass 

spectrometer (MIMS; Bay Instruments, USA). Distilled water was measured as blank after 
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every 6th sample to calculate a drift factor for the correction of N2:Ar ratios. To gain N2 

concentrations, the theoretical argon concentration (µmol L-1) of each sample based on the 

respective temperature and salinity was calculated according to Weiss (1970). Finally, the 

theoretical argon concentration was multiplied with the corrected N2:Ar ratio to yield the N2 

concentration in µmol L-1. N2 production rates were calculated according to Dalsgaard et al. 

(2000) with the simplified Eq. (7):   

𝐹𝑥  =  (𝐶𝑓 − 𝐶𝑖) ∗ 𝐻 𝑡 ∗ 10 (7) 

 

where Fx is the flux of N2 (µmol m-2 h-1), Ci and Cf are the concentrations of N2 at the beginning 

and the end of the incubation (µmol L-1), respectively, H is the height of the water column (cm) 

and t is the incubation time (h). 

2.5 Reference nutrient data from monitoring stations 

Nutrient monitoring data of one monitoring station (monitored by the Landesamt für Umwelt, 

Naturschutz und Geologie (LUNG) MV; station KB90 in the Kubitzer Bodden, see Figure 4) 

were used to compare these with the pre- and post-rewetting nutrient concentrations in the 

bay off DW. This comparison was conducted to see the potential export of nutrients out of the 

peatland after rewetting. Additionally, these data were used to calculate a total possible 

nutrient export. NO3
-, NO2

-, NH4
+, and PO4

3- data from 2016 to 2020 were used.  

To compare nutrient concentrations of the bays of both study sites with long-term 

monitoring data, a second monitoring station was used (GB1 in the Greifswalder Bodden, 

monitored by the LUNG MV; see Figure 4). For this, NO3
-, NO2

-, and NH4
+ data of both 

monitoring stations were used for the years 1981 to 2020.  
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2.6 Nutrient export calculation 

The chapter 2.6 is published in  

Pönisch, D.L., Breznikar, A., Gutekunst, C.N., Jurasinski, G., Voss, M., and Rehder, G. (2023). 
Nutrient release and flux dynamics of CO2, CH4, and N2O in a coastal peatland driven by 
actively induced rewetting with brackish water from the Baltic Sea. Biogeosciences, 20, pp. 
295–323. https://doi.org/10.5194/bg-20-295-2023 

Some sentences were adapted to match the scope of this thesis. 
 

To calculate the bulk exchanges of dissolved inorganic nitrogen (DIN-N) and PO4-P between 

the flooded peatland and the bay for both study sites, the water level was transformed to water 

volume by creating a hypsographic curve with increments of 0.1 m and a resolution of 1x1 m 

(see Supplementary Figure S1).  

Water level data from nearby monitoring stations (for KW: “Stahlbrode”, 54.23° N, 

13.29° E; for DW: “Barhöft”, 54.43° N, 13.03° E) and topography data with a resolution of 

1x1 m were obtained from the Wasserstraßen- und Schifffahrtsamt Ostsee (WSA) and the 

Landesamt für innere Verwaltung MV, respectively. To ensure that the water level data of the 

monitoring stations were comparable with the actual water level within the study sites, on-site 

water level data of DW were compared with the data from the corresponding monitoring station. 

For data between August and December 2020, a strong correlation was found (rS = 0.95, 

p < 0.001, 15–min intervals, Supplementary Figure S2). For KW, no on-site water level data 

were available. 

A water level of −1.6 m above sea level, as the lowest recorded water level within the 

last 25 years, was used as the starting point to derive the cumulative water volumes of the 

peatlands. The water volumes were then assigned to the corresponding water levels to finally 

calculate the water volume changes (Q, in m3 s−1) according to Eq. (8): 

𝑄(𝑡) =  𝑑𝑉 𝑑𝑡  (8) 

 

where V is the water volume and t the time. Positive volume changes (Q > 0) indicate an inflow 

of water into the peatland and vice versa. For each season, the mean inflow (Qin) and outflow 

(Qout) volumes were calculated, according to Eqs. (9) and (10): 
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𝑄𝑖𝑛 =  1𝛥𝑇  ∫ 𝑄𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑑𝑡𝑡+𝛥𝑇
𝑡   𝑓𝑜𝑟 𝑄 > 0 (9) 

𝑄𝑜𝑢𝑡 =  1𝛥𝑇  ∫ 𝑄𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑑𝑡𝑡+𝛥𝑇
𝑡   𝑓𝑜𝑟 𝑄 < 0 (10) 

 

where ΔT denotes the season length. Note that Qout is negative. Seasonal mean values of 

nutrient concentrations (DIN and PO4
3−) were calculated and converted from µmol L−1 to kg m−3 

by using the molecular masses of the basic elements N and P to derive DIN-N and PO4-P. 

After the conversion, nutrient masses of the peatland (cpeatland) and the bay (cbay), respectively 

for each study site, were multiplied by Qout and Qin and integrated to calculate the net nutrient 

transport (NNT, in tonnes) according to Eq. (11): 

𝑁𝑁𝑇 =  ∫ 𝑄𝑖𝑛 𝑐𝑏𝑎𝑦 𝑑𝑡𝑡+𝛥𝑇
𝑡 + ∫ 𝑄𝑜𝑢𝑡 𝑐𝑝𝑒𝑎𝑡𝑙𝑎𝑛𝑑 𝑑𝑡𝑡+𝛥𝑇

𝑡  (11) 

 

Negative values indicate a net nutrient export from the peatland into the bay, and positive 

values display a net nutrient import into the peatland. Uncertainty ranges for the seasonal NNT 

(uNNT, as the 95 % confidence level) were calculated by using an error propagation, according 

to Eq. (12): 

𝑢𝑁𝑁𝑇 =  √(𝑐𝑏𝑎𝑦 𝑑𝑡 𝑢𝑄𝑖𝑛)2 +  (𝑐𝑝𝑒𝑎𝑡 𝑑𝑡 𝑢𝑄𝑜𝑢𝑡)2 + (𝑄𝑜𝑢𝑡 𝑑𝑡 𝑢𝑐𝑝𝑒𝑎𝑡)2 +  (𝑄𝑖𝑛 𝑑𝑡 𝑢𝑐𝑏𝑎𝑦)2
 (12) 

 

where terms with “u” denote the respective 95 % confidence level. To derive the annual 

uncertainty range of the NNT, all seasonal errors were added up. 

 In January 2020, exceptionally high PO4
3- concentrations of 7 µmol L-1 were measured 

at KW during a high water level (~60 cm above local mean water level). For the export 

calculation, this high concentration was treated as an outlier and thus, not considered. 
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2.7 N2O flux calculations based on air-sea gas exchange parameterization 

The chapter 2.7 is published in  

Pönisch, D.L., Breznikar, A., Gutekunst, C.N., Jurasinski, G., Voss, M., and Rehder, G. (2023). 
Nutrient release and flux dynamics of CO2, CH4, and N2O in a coastal peatland driven by 
actively induced rewetting with brackish water from the Baltic Sea. Biogeosciences, 20, pp. 
295–323. https://doi.org/10.5194/bg-20-295-2023 

Some sentences were adapted to match the scope of this thesis. 
 

The air–sea gas exchange (F; in g m-2 h-1) is a function of the gas transfer velocity (k) and the 

concentration difference between the bulk liquid (Cw) and the top of the liquid boundary layer 

adjacent to the atmosphere (Ca). It was calculated as reported in Wanninkhof (2014) and as 

shown in Eq. (13): 

𝐹 = 𝑘 (𝐶𝑤 −  𝐶𝑎)  (13) 

 

where k was derived from an empirical relationship between a coefficient of gas transfer 

(0.251) and the wind speed (U2; Wanninkhof, 2014) and Schmidt number (Sc), as expressed 

by Eq. (14):  

𝑘 = 0.251 (𝑈2)(𝑆𝑐/660)(−0.5) (14) 

 

Wind speeds originated from the nearby (~15 km away) monitoring station of Putbus and were 

measured at 10m height (DWD; 54.3643° N, 13.4771° E; WMO-ID 10093). The average wind 

speed was defined as ± 3 h from midday because the wind speed over 24 h was lowest at 

night and highest at midday and because sampling was usually conducted within the selected 

time interval. The Schmidt number was approximated by a linear interpolation between the 

freshwater and seawater values. Atmospheric equilibrium conditions (Ca) were calculated 

using the atmospheric dry mole fraction of N2O from the station of Mace Head (National 

University of Ireland, Galway; data from the NOAA Global Monitoring Laboratory (GML) carbon 

cycle cooperative global air sampling network; Lan et al., 2019). Due to its minor seasonality 

during the investigation period, an annual mean value of the atmospheric N2O concentration 
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was used. Equilibrium concentrations were then calculated using the solubility coefficient (K0) 

from Weiss and Price (1980). Flux calculations were conducted only for DW. 

2.8 Data processing and statistical analysis 

All data analyses and visualizations were performed in R (R Core Team, 2020), using functions 

of the packages tidyverse (Wickham et al., 2019), psych (Revelle, 2021), and car (Fox and 

Weisberg, 2019).  

Potential relationships between the measured variables were investigated in linear 

regression analyses. The significance level was set to p < 0.05. To describe temporal patterns, 

meteorological seasons were assigned as follows: winter (December to February), spring 

(March to May), summer (June to August), and autumn (September to November). For the 

pre- and post-rewetting comparison of DW, data from summer and autumn 2019 (pre-

rewetting) were compared with those from summer and autumn 2020 (post-rewetting) by using 

the Mann–Whitney–U–test. 

General trends at the two study sites were statistically analyzed by merging (1) the data 

from individual stations within the peatland and bay areas at each study site and (2) KW data 

from 2019 and 2020.  

The use of means for each area within the study sites (peatland and bay, respectively) 

was validated in a two-way analysis of variance (ANOVA, with factors “season” and “area”). If 

data were not normally distributed, a log–transformation was conducted. To compare seasons 

between the study sites, the Kruskal–Wallis–test was used.  

The results showed that, within the study sites, the temporal variability was significantly 

higher than the spatial variability among the stations (p < 0.05). Thus, mean values and 

standard deviations are reported for the peatland and bay areas of both study sites. In Sect. 

3.1 and 4.1, dealing with the immediate rewetting effects at DW, means for each sampling date 

are reported. In Sect. 3.2, 3.3, 4.2, and 4.3, dealing with the comparison of both study sites, 

means for each month are reported. Raw data (single values) can be found in the published 

data sets.  
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To validate pooling of data from 2019 and 2020 for KW, the local meteorology of the 

two years were compared with regard to air temperature and precipitation height data from two 

nearby monitoring stations (Putbus, WMO-ID 10093, and Greifswald, WMO-ID 10184; DWD; 

see Supplementary Figure S3). No significant differences between years were found (Mann–

Whitney–U–test). To ensure detailed graphical insights into potential differences between the 

two years, monthly means (± standard deviations) of all variables are displayed separately for 

both years in the figures. 

At DW, one of the stations in the bay (D3) was significantly different from the other bay 

stations regarding some variables. However, the more physically influenced variables 

(temperature, salinity, and O2) were not differing. To obtain a larger data pool especially for 

the pre-rewetting period, D3 was included for the abovementioned physically influenced 

variables with regard to the pre- and post-rewetting comparison. For the comparison of DW 

and KW, D3 was excluded for any variable, as well as for the nutrient export calculation. 

Porewater nutrient concentrations at KW and DW were compared based only on data 

from July to December, to ensure an overlap of the sampling. For KW, data from 2019 and 

2020 were used.  
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3. Results 

3.1 Rewetting effects in Drammendorf 

The chapters 3.1.1 to 3.1.3 are published in  

Pönisch, D.L., Breznikar, A., Gutekunst, C.N., Jurasinski, G., Voss, M., and Rehder, G. (2023). 
Nutrient release and flux dynamics of CO2, CH4, and N2O in a coastal peatland driven by 
actively induced rewetting with brackish water from the Baltic Sea. Biogeosciences, 20, pp. 
295–323. https://doi.org/10.5194/bg-20-295-2023 

Some sentences were adapted to match the scope of this thesis. 
 

3.1.1 Surface water properties (temperature, salinity, O2, and Chlorophyll-a) 

In the first year after rewetting, no significant differences between the peatland and the bay 

were found with respect to surface water temperature, salinity, and O2 saturation (Figure 5a-c; 

Table 1), suggesting a pronounced water exchange between the peatland and the bay that 

was driven by frequent changes in the water level (Supplementary Figure S4).  

Additionally, no significant differences between summer and autumn 2019 and summer 

and autumn 2020 were found in the bay. Temperature and salinity measurements near the 

peat surface showed no significant differences between the surface and bottom water over the 

year (nsurface = 140; nbottom = 86; data not shown), which suggested that vertical exchange 

processes and mixing were highly pronounced. However, a significant difference in O2 

saturation between the surface and bottom water in summer (p < 0.01) indicated that local and 

temporary gradients are possible. Chlorophyll-a concentrations after rewetting showed clear 

seasonal and spatial differences, with significantly higher concentrations in the peatland in 

spring and summer (up to ~125 μg L-1; Figure 5d; Table 1). A comparison of pre- and post-

rewetting Chlorophyll-a concentrations in the bay in summer and autumn showed higher 

concentrations after rewetting (pre-rewetting concentrations of 2.5 ± 0.9 μg L-1; post-rewetting 

concentrations of 15.4 ± 11.5 μg L-1).  
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Figure 5: Time series of the mean (a) temperature, (b) salinity, (c) O2 saturation, and (d) Chlorophyll-a 
concentration (± standard deviation) in the surface water at Drammendorf from June 2019 to December 
2020. Data from the flooded peatland (n = 6) are shown in blue and data from the bay in black (n = 2 or 
3, as explained in Sect. 2.8). The vertical black line indicates the rewetting event. Figure adapted from 
Pönisch and Breznikar et al. (2023) 
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3.1.2 Nutrient dynamics and exports 

3.1.2.1 Pre- and post-rewetting spatiotemporal dynamics and comparison with a 

nearby monitoring station  

In the bay, all N nutrient concentrations were substantially higher at the first sampling after 

rewetting than prior to rewetting, while PO4
3- concentrations were only slightly higher post-

rewetting (Figure 6). This increase in N nutrients led to a drastic increase in the N:P ratio from 

~73 in autumn 2019 before rewetting to ~1600 shortly after rewetting in winter 2019. A 

comparison of the same pre- and post-rewetting seasons (summer and autumn 2019/2020) 

showed generally higher N nutrient concentrations in the bay after rewetting, which could not 

be confirmed statistically (Mann–Whitney–U test; Table 1). During winter, all N nutrients were 

high in the peatland and bay. After a rapid decrease in spring, N nutrient concentrations 

reached their lowest values in summer, after which NH4
+ and NO2

- increased again in autumn. 

PO4
3- concentrations followed a different pattern, with the highest concentrations determined 

in summer and fewer fluctuations over the year. The spatial differences in nutrient 

concentrations between the bay and the peatland after rewetting varied greatly between the 

nutrient species. From the N nutrients, only NO2
- concentrations were significantly higher once 

in winter, shortly after rewetting, whereas NH4
+ and NO3

- concentrations showed no significant 

differences in any season (Table 1). Significantly higher PO4
3- concentrations in the peatland 

occurred during spring and summer (p < 0.05). Some significant correlations between nutrient 

species were found, especially between NO2
-/NH4

+ and NO3
-/NO2

-, both in the peatland and 

the bay.  

Nutrient concentrations of the monitoring station showed a low interannual variability 

during the years 2016–2020 and often lower concentrations than the bay off DW (Figure 7). A 

detailed comparison of nutrient data from the monitoring station with those from the bay 

showed that, before rewetting, only the NH4
+ concentrations were significantly higher in the 

bay. After rewetting, NO3
- and NO2

- concentrations in the bay increased and were significantly 

higher than at the monitoring station (p < 0.001 and p < 0.05, respectively). In spring, N nutrient 

concentrations were similar at the two locations, whereas in summer, all N nutrients were 
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significantly higher in the bay (p < 0.01). In autumn, NO2
- and NH4

+ concentrations increased 

again and, thus, showed significantly higher concentrations in the bay. PO4
3- again followed a 

pattern different to that of the N nutrients. Shortly before rewetting, its concentrations in the 

bay were significantly lower than those at the monitoring station (p < 0.05). After rewetting, 

PO4
3- concentrations showed no significant differences in any season.  

 

Figure 6: Time series of the mean (± standard deviation) (a) PO3
4-, (b) NO3

-, (c) NO2
-, and (d) NH4

+ 

concentrations in the surface water at Drammendorf from June 2019 to December 2020. Data from the 
flooded peatland (n = 6) are shown in blue and data from the inner bay (until 11 March 2020, n = 1; 
thereafter, n = 2) in black. The vertical black line indicates the rewetting event. Figure adapted from 
Pönisch and Breznikar et al. (2023) 

 
3.1.2.2 Nutrient export from the rewetted peatland into the bay 

The rewetted peatland was a net source of DIN-N and PO4-P for the bay (Supplementary 

Table 2). During the first year after rewetting, 10.8 ± 17.4 t DIN-N yr-1 and 0.24 ± 

0.29 t PO4-P yr-1 were exported into the bay (given as mean ± 95 % confidence level). DIN-N 

export was highest during the winter directly after rewetting (8.6 ± 9.9 t) and lowest during 

summer (0.3 ± 0.5 t). DIN-N and PO4-P were always exported from the peatland into the bay 

in all seasons.  
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Figure 7: Seasonal nutrient concentrations of (a) NO3
-, (b) NH4

+, (c) NO2
-, and (d) PO4

3- at the nearby 
monitoring station (red) and in the bay off Drammendorf (blue) from pre- to post-rewetting. The vertical 
black line indicates the rewetting event. Note that 5-year data (2016–2020) are shown for the monitoring 
station (see Sect. 2.5). ns stands for not significant, and the asterisks denote the following: * p < 0.05, 
** p < 0.01, and *** p < 0.001 (Mann-Whitney-U-test). Figure adapted from Pönisch and Breznikar et al. 
(2023) 

 
3.1.3 N2O concentrations and fluxes 

The highest N2O concentration of 486.3 nmol L-1 was measured in the peatland one week after 

rewetting (Figure 8), followed by 4–5 weeks of still-elevated N2O concentrations between 19.9 

and 91.8 nmol L-1.  

During winter, significant positive correlations were determined in the peatland between 

N2O and NH4
+ (rs = 0.61; n = 45; p < 0.001) and between N2O and NO2

- (rs = 0.46; n = 45; p < 

0.01). From spring onwards, N2O decreased rapidly, both in the peatland and the bay, with the 

lowest values of 4.7 to 7.9 nmol L-1 reached in summer. Other positive correlations of N2O with 

N nutrients in the peatland included NO3
- (rs = 0.74; n = 35; p < 0.001) and NO2

- (rs = 0.70; n = 

35; p < 0.001) in spring and all N species in autumn (NO3
-: rs = 0.85, n = 30, p < 0.001; NO2

-: 

rs = 0.70, n = 30, p < 0.001; NH4
+: rs = 0.80, n = 30, p < 0.001). Spatial differences in N2O 

concentrations between the bay and the peatland were low and not significant in winter, spring, 
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or autumn, whereas significantly lower concentrations were measured in the peatland during 

summer (Table 1). 

The rewetted peatland was a small source of N2O, with an annual mean (± standard 

deviation) flux of 0.02 ± 0.07 mg m-2 h-1 in the first year after rewetting (Supplementary Figure 

S5). The highest N2O flux of 0.4 mg m-2 h-1 occurred one week after rewetting, followed by 

lower N2O fluxes between 0.007 and 0.2 mg m-2 h-1 within the following 4–5 weeks. Afterwards, 

N2O fluxes remained constantly close to zero. Negative fluxes, indicating N2O uptake, were 

measured only in summer 

 

Figure 8: Time series of the mean N2O concentration (cN2O; ± standard deviation) after rewetting in the 
surface water at Drammendorf from December 2019 to December 2020. Data from the flooded peatland 
(n = 6) are shown in blue and data from the bay in black (until 11 March 2020, n = 1; thereafter, n = 2). 
The vertical black line indicates the rewetting event. Figure adapted from Pönisch and Breznikar et al. 
(2023) 
 

.  
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3.2 Comparison of the two study sites 

3.2.1 Physicochemical properties of the surface water (temperature, salinity, O2 

saturation, pH) 

The peatland areas of the two study sites showed similar environmental conditions across all 

seasons, but also some significant differences (Figure 9). At KW, the water temperatures were 

significantly higher in spring and summer compared to DW. The salinity at both sites fluctuated 

around 8 and increased towards summer where DW had significantly higher salinities. The 

lowest O2 saturations around 85 – 90 % were found in winter and autumn at both sites, 

whereas highest O2 saturations up to ~120 % occurred in spring. The pH fluctuated around 8 

at both sites and showed significantly lower values down to 7.4 at DW in summer. Spatial 

differences between the peatland and bay areas within the study sites were overall low for all 

environmental variables (Supplementary Figure S6).  

 

3.2.2 Nutrient concentrations 

3.2.2.1 Surface water in the peatlands 

Surface water nutrient concentrations differed between KW and DW (Figure 10). In particular 

the concentrations of dissolved inorganic N (DIN; sum of NO3
-, NO2

- and NH4
+) were higher at 

DW than at KW, however, only the winter showed significantly higher concentrations. Winter 

was the first season after the rewetting of DW, with highest DIN concentrations of ~212.0, ~3.0 

and ~91.0 µmol L-1 for NO3
-, NO2

- and NH4
+, respectively. The typical seasonal pattern of lowest 

DIN concentrations in summer and increasing concentrations towards autumn was found at 

both sites. 

PO4
3- concentrations fluctuated around ~0.5 µmol L-1 at both sites and were frequently 

higher at KW, except in spring. The highest PO4
3- concentration of ~7 µmol L-1 was 

encountered only once at KW during a high water level in winter (~60 cm above local mean 

water level). In contrast to DIN, the lowest PO4
3- concentrations occurred in spring and not in 

summer.  



Results 
__________________________________________________________________________ 

35 

 

Figure 9: Monthly mean (± standard deviation) (a) water temperature, (b) salinity, (c) oxygen saturation, 
and (d) pH at Drammendorf (DW, blue) and Karrendorf (KW, orange and darkred). The dashed line in 
plot (c) shows the O2 equilibrium with the atmosphere (100 % saturation). Winter was set as starting 
point for the timeline because it was the first season after the rewetting of DW 
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Figure 10: Monthly mean (± standard deviation) surface water nutrient concentrations of (a) NO3
-, (b) 

NO2
-, (c) NH4

+, and (d) PO4
3- at Drammendorf (DW, blue) and Karrendorf (KW, orange and darkred). 

Winter was set as starting point for the timeline because it was the first season after the rewetting of DW 

 

3.2.2.2 Porewater in the peatlands 

Between July and December, porewater nutrient concentrations of the peat were generally 

higher at DW than at KW (Figure 11). NO2
-, NH4

+ and PO4
3- showed significantly higher 

porewater concentrations at DW, whereas NO3
- concentrations did not differ significantly 

between the study sites. Compared to the surface water measurements, NH4
+ and PO4

3- 

concentrations in the porewater of both study sites were one order of magnitude higher, while 

NO2
- and NO3

- concentrations were in the same order of magnitude.  

  



Results 
__________________________________________________________________________ 

37 

If not only values between July and December, but all sampling events are considered, 

also NO2
- concentrations were significantly higher in the porewater than in the surface water 

at both study sites. NO3
- concentrations showed no significant differences between the 

porewater and the surface water at both sites. 

 

Figure 11: Porewater nutrient concentrations of (a) NO3
-, (b) NO2

-, (c) NH4
+, and (d) PO4

3- at the peatland 
sides of Drammendorf (DW, blue) and Karrendorf (KW, orange). Only concentrations of the overlapping 
sampling months are considered (July to December). Numbers at the bottom of each boxplot display 
the number of used values. Significance levels of the site comparisons are shown on top (ns = not 
significant, ** = p < 0.01, *** = p < 0.001; Mann-Whitney-U-test)   

 

3.2.2.3 Spatial gradients in nutrient concentrations within the study sites and 

comparison to monitoring stations 

Both study sites revealed different spatial gradients (peatland vs. bay) with regard to their 

nutrient concentrations (Supplementary Figure S7). At KW, nutrient concentrations did not 

differ significantly between the peatland and the bay in any season. At DW, significantly higher 
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nutrient concentrations in the peatland were found for NO2
- in winter and PO4

3- in spring and 

summer. 

Clear differences between the study sites were found for the nutrient concentrations of 

the bays. When compared to long-term means of nearby monitoring stations, NH4
+ and NO3

- 

concentrations revealed minor differences for KW (Figure 12). In contrast, NH4
+ and NO3

- 

concentrations in the bay off DW were often much higher than at the monitoring station, 

especially in winter and autumn, leading to concentrations far outside the 95 % confidence 

level.  

 

Figure 12: Monthly mean concentrations of (a) NO3
- and (b) NH4

+ in the bay sites off Drammendorf (DW, 
blue) and Karrendorf (KW, orange) compared to mean concentrations of two nearby monitoring stations 
with data from 1981 to 2020 (LUNG, gray, with 95 % confidence level)   
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3.2.3 Nutrient exports 

For both study sites, net DIN and PO4
3- exports were calculated (Supplementary Table 2). At 

KW, a total of 6.1 ± 20.3 t DIN-N km-2 yr-1 and 0.04 ± 1.79 t PO4-P km-2 yr-1 was released into 

coastal waters. The highest and lowest export of DIN-N occurred in autumn and summer, 

respectively. In contrast to DIN-N that was exported in all seasons, PO4-P was imported during 

winter and spring.  

At DW, a total of 21.6 ± 34.8 t DIN-N km-2 yr-1 and 0.5 ± 0.6 t PO4-P km-2 yr-1 was 

exported into the Baltic Sea. The highest exports of DIN-N and PO4-P were found in winter, 

while the lowest exports occurred in summer and autumn, respectively. Overall, DW exported 

roughly three times more DIN-N than KW, when the area-normalized exports are compared. 

PO4-P exports were one order of magnitude higher at DW.  

 

3.2.4 Biological variables 

3.2.4.1 Chlorophyll-a and POM concentrations 

Chlorophyll-a concentrations displayed a typical seasonality at both study sites, only the 

magnitude differed between the sites (Figure 13a). The highest Chlorophyll-a concentrations 

of up to 125 µg L-1, coinciding with high POC and PON concentrations, occurred in summer 

and were significantly higher at DW than at KW (Figure 13b and c). The particulate C:N ratios 

decreased from ~10 in winter to ~8 in summer and were not significantly different between the 

sites in any season (Figure 13d).  

POC:Chlorophyll-a ratios, as indicators of fresh or degraded organic matter, displayed 

a clear distinction between the sites (Figure 13e). At KW, most POC:Chlorophyll-a ratios were 

> 200 in all seasons, whereas at DW most ratios were < 200, except in winter. 
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Figure 13: Monthly mean (± standard deviation) (a) Chlorophyll-a (Chla) concentrations, (b) PON 
concentrations, (c) POC concentrations, and (d) C:N ratios in particulate matter at Drammendorf (DW, 
blue) and Karrendorf (KW, orange and darkred). (e) Plot of POC:PON and POC:Chla ratios 
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3.2.4.2 NH4
+ assimilation rates and total dark NH4

+ consumption 

NH4
+ assimilation rates varied between ~23 and ~4900 nmol L-1 d-1 at both study sites 

(Figure 14). The rates revealed a typical seasonality with the lowest activity in winter and the 

highest consumption in summer. Highest rates were found in summer at both sites (DW: mean 

± standard deviation of 1482.5 ± 1849.9 nmol L-1 d-1; KW: mean ± standard deviation of 303.2 ± 

242.0 nmol L-1 d-1), however, rates were significantly higher at DW than at KW. 

At DW, NH4
+ assimilation rates correlated only in summer with the NH4

+ concentration, 

while the rates of KW were positively correlated with NH4
+ from winter to summer. At KW, 

nitrification accounted for 13.5 % and NH4
+ assimilation for 86.5 % of the total dark NH4

+ 

consumption, with the highest contributions of nitrification occurring in winter and autumn. At 

DW, nitrification accounted for 2.0 % and NH4
+ assimilation for 98.0 %. Due to NO3

- + NO2
- 

concentrations < 1 µmol L-1 and thus, no nitrification rate measurements of spring and summer 

for DW, a seasonal comparison was not possible. 
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Figure 14: Monthly mean (± standard deviation) NH4
+ assimilation rates at Drammendorf (DW, blue) and 

Karrendorf (KW, orange and darkred) 

 

3.2.4.3 Nitrification rates and N2O 

Nitrification rates were generally higher at KW with an annual mean of 77.9 ± 161.3 nmol L-1 d-1, 

compared to 5.6 ± 9.1 nmol L-1 d-1 at DW (Figure 15a). However, nitrification rates at KW were 

only significantly higher in winter, as a result of only one sampling event during which a very 

strong resuspension with high PON and POC concentrations was observed.  

Nitrification rates of both study sites correlated significantly positive with NH4
+ (KW: 

rs = 0.73, n = 23, p < 0.001; DW: rs = 0.57, n = 41, p < 0.001) and NO3
- concentrations (KW: 

rs = 0.53, n = 21, p < 0.05; DW: rs = 0.33, n = 41, p < 0.05) when data of all seasons are 

combined. 

The two study sites showed clear differences in the magnitude of N2O saturations, but 

also in the temporal variability (Figure 15b). At DW, the rewetting led to the highest observed 

N2O saturations of up to 4000 % in winter (mean: 486 ± 874 %), while N2O saturations at KW 

were significantly lower (mean: 96 ± 3 %). From spring on, N2O saturations in DW decreased 

strongly. During summer, DW showed a higher undersaturation compared to KW. Overall, the 
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range of N2O saturations at DW was between ~30 and ~4000 % and therefore much larger 

than at KW, where N2O saturations ranged between ~80 and ~140 %. 

N2O concentrations (nmol L-1) correlated positively with the nitrification rates in autumn 

at DW (rs = 0.94, n = 6, p < 0.05), but not with rates at KW. At both sites, annual significant 

positive correlations occurred between N2O and DIN (KW: rs = 0.63, n = 31, p < 0.001; DW: 

rs = 0.83, n = 147, p < 0.001) and N2O and O2 (in mg L-1; KW: rs = 0.84, n = 31, p < 0.001; DW: 

rs = 0.50, n = 148, p < 0.001). 

3.2.4.4 N2 production rates 

N2 production rates in the peatland site at KW varied between –500 and 1200 µmol m-2 h-1, 

indicating the occurrence of N2 production (positive rates) and N2 uptake (negative rates; 

Figure 16a). The highest N2 production rate occurred in spring, while the highest uptake was 

observed in autumn. When referring to the means, four of six rates showed a net production 

of N2. No correlations between N2 production rates and NO3
- concentrations in the surface 

water and porewater were found. 

N2 production rates in the bays of both study sites fluctuated between –200 and 

1000 µmol m-2 h-1 and showed no clear seasonal trends (Figure 16b). Rates at KW were 

generally higher than at DW and all means indicated a net N2 production.  

 



Results 
__________________________________________________________________________ 

44 

 

Figure 15: Monthly mean (± standard deviation) (a) nitrification rates (in nmol L-1 d-1) and (b) N2O 
saturations (in %) at Drammendorf (DW, blue) and Karrendorf (KW, orange and darkred). Nitrification 
rates with NO3

- + NO2
- values < 1 µmol L-1 were excluded, leading to a discontinous timeline in spring 

and summer. In (b), the dashed horizontal lines indicate the atmospheric equilibrium (100 % saturation) 
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Figure 16: Monthly mean (± standard deviation) N2 production rates (a) in the peatland and (b) the bay 
sides at Drammendorf (DW, blue) and Karrendorf (KW, orange and darkred) 
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3.3 Isotope values of POM, NO3
-, and H2O 

3.3.1 C and N isotopes in POM (δ13C-POC and δ15N-PON) 

δ13C-POC values of both study sites ranged between –34 ‰ and –22 ‰, covering the entire 

range from terrestrial to marine values (Figure 17a, Figure 18). Between the sites, no 

significant differences were found in winter and spring, whereas summer and autumn showed 

significantly lower δ13C-POC values at DW. At KW, the peatland and the bay did not differ in 

any season. At DW, the peatland site once showed lower δ13C-POC values in summer 

compared to the bay (Supplementary Figure S8). 

 

Figure 17: Monthly mean (± standard deviation) (a) δ13C-POC and (b) δ15N-PON values at Drammendorf 
(DW, blue) and Karrendorf (KW, orange and darkred)  

 
δ15N-PON values fluctuated between 4 ‰ and 32 ‰ (Figure 17b). At both sites, highest values 

were observed in winter, while lowest values occurred in spring (KW) and autumn (DW). Winter 

was the only season with significantly higher δ15N-PON values at KW. At both study sites, no 
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correlations between δ15N-PON and PON concentrations, NH4
+ assimilation rates, DIN 

concentrations or nitrification rates were found. Additionally, no significant differences between 

the respective peatland and bay occurred in either site (Supplementary Figure S8). 

 

Figure 18: Plot of C:N ratio and δ13C-POC at DW (blue) and at KW (orange). The reference values for 
marine and terrestrial POC and C3 plants are taken from Lamb et al. (2006) 

 
3.3.2 N and O isotopes in NO3

- (δ15N-NO3
- and δ18O-NO3

-) and O isotopes in H2O 

(δ18O-H2O) 

In spring and summer, isotope values of NO3
- could often not be determined at both study sites 

due to NO3
- + NO2

- concentrations < 1 µmol L-1, leading to a discontinuous time series 

(Figure 19). Thus, seasonal comparisons between the study sites were only conducted for 

winter and autumn. 

In general, KW showed a larger range of δ15N-NO3
- values (5.2 – 17.5 ‰) than DW 

(2.6 – 9.9 ‰), but the peatland sites were not significantly different in winter and autumn 

(Figure 19a). δ15N-NO3
- values at KW and DW were lowest in winter and autumn. At KW, they 

showed an increase of ~10 ‰ in spring that was preserved throughout summer. At DW, the 
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standard deviation of δ15N-NO3
- values was comparatively high in December. This was due to 

the merging of December 2019 and December 2020 which showed distinctly different δ15N-

NO3
- values of 8.0 – 9.8 ‰ and 2.6 – 4.6 ‰, respectively. Differences between the peatland 

and the bay were only observed at KW in 2019, where δ15N-NO3
- values were constantly higher 

in the bay, except in May (Supplementary Figure S8). At KW, δ15N-NO3
- correlated significantly 

negative with nitrification rates (rs = –0.60, n = 14, p < 0.05, all seasons). At DW, a significant 

positive correlation with δ15N-PON occurred (rs = 0.37, n = 29, p < 0.05, all seasons). 

δ18O-NO3
- values also showed a larger range at KW (1.6 – 43.1 ‰) than at DW 

(1.1 – 8.0 ‰; Figure 19b). The seasonal pattern was comparable at both sites, with low values 

in winter and autumn which were not significantly different between the sites. At KW, an 

increase of ~30 ‰ was observed in spring. Differences between the peatland and the bay were 

again only present at KW, with the bay permanently showing higher (~5 – 10 ‰) δ18O-NO3
- 

values compared to the peatland site (Supplementary Figure S8). 

δ18O-H2O values were quite similar in both sites, fluctuating between –6.6 and –3.0 ‰ 

(Figure 19c). Over the year, KW and DW had the lowest δ18O-H2O values in winter, while they 

increased towards spring and summer. During summer, δ18O-H2O values were significantly 

higher at DW. Unlike for the NO3
- isotopes at KW, no consistent trend of differences between 

the peatland and the bay was observed (Supplementary Figure S8). By contrast, the peatland 

site of DW had higher δ18O-H2O values in spring and summer compared to its bay. 

The correlation of NO3
- concentration and δ15N-NO3

- was highly different between the 

peatland areas of the study sites (Figure 20a). At KW, a significant negative correlation was 

found over all seasons, while no significant correlation occurred at DW. 

The correlation of δ15N-NO3
- and δ18O-NO3

- also showed differences between the sites 

(Figure 20b). Both NO3
- isotopes were linearly correlated at KW, with a regression line slope 

of 2.4. The fractionation factor, based on all measured δ15N-NO3
- values, was calculated to be 

1.012. At DW, no significant correlation was present and thus, no fractionation factor was 

calculated. 
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Figure 19: Monthly mean (± standard deviation) (a) δ15N-NO3
-, (b) δ18O-NO3

-, and (c) δ18O-H2O values 
at Drammendorf (DW, blue) and Karrendorf (KW, orange and darkred) 
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Figure 20: Correlation plots of (a) δ15N-NO3
- and NO3

- concentration and (b) δ15N-NO3
- and δ18O-NO3

- 
at Drammendorf (DW, blue) and Karrendorf (KW, orange) 
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Theoretical and measured δ18O-NO3
- values were compared to identify a potential influence of 

δ18O-H2O on δ18O-NO3
- during nitrification (Figure 21). Measured δ18O-NO3

- values were 

always higher than the theoretical ones, indicating that, in the water column, nitrification did 

not have a major impact on the NO3
- pool. 

 

Figure 21: Correlation plot of measured δ18O-NO3
- vs. theoretical δ18O-NO3

- at Drammendorf (DW, blue) 
and Karrendorf (KW, orange). The theoretical value is based on the assumption that during nitrification, 
approximately five out of six oxygen atoms are incorporated from H2O (Casciotti et al., 2002; Sigman et 
al., 2009) 

 
The identification of NO3

- sources by using its isotopes revealed that KW and DW are supplied 

mostly by NO3
- from the soil and from manure (Figure 22). At KW, some values could not be 

assigned to the defined sources. 
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Figure 22: Correlation plot of δ15N-NO3
- vs. δ18O-NO3

- including the isotopic ranges of different natural 
and anthropogenic NO3 

– sources (adapted from Kendall, 1998; Ding et al., 2014) 
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4. Discussion 

4.1 Immediate effects of rewetting in the Drammendorfer Wiesen 

4.1.1 Nutrient dynamics and export 

The seasonal dynamics of nutrients followed a typical pattern throughout the year. After 

rewetting, NH4
+, NO3

-, and NO2
- concentrations in the surface water of the peatland were high 

in winter and autumn, which is usually due to mineralization of OM followed by nitrification 

(Voss et al., 2010). In contrast, the low DIN concentrations in spring and summer reflected the 

consumption of nutrients by plants and phytoplankton. The very high Chlorophyll-a 

concentration (up to 125 µg L-1) in the peatland indicated a high abundance of phototrophic 

organisms, probably driven by the higher availability of nutrients compared to the bay. Lowest 

nutrient concentrations occurred in spring and summer and thus, rewetting during these 

seasons would likely be more beneficial to reduce a potential nutrient export into the bay, at 

least during the first few months after rewetting. However, although no significant differences 

between pre- and post-rewetting (summer and autumn 2019 vs. summer and autumn 2020) 

nutrient concentrations of the bay were found, the Chlorophyll-a concentrations were 

significantly higher after the rewetting, likely indicating an impact of nutrients from the peatland.  

The export of nutrients from the peatland to the bay was confirmed by generally higher 

mean concentrations in the peatland, revealing that the peatland likely served as a nutrient 

source for the bay. The mineralization of upper, oxygenized peat layers is promoted by 

drainage and can lead to an accumulation of nutrients within the soil (Zak and Gelbrecht, 2007; 

Cabezas et al., 2012). If a drained peatland is rewetted, nutrient concentrations in the 

porewater and ultimately in the surface water increase (Van de Riet et al., 2013; Harpenslager 

et al., 2015; Zak et al., 2017). This nutrient leaching is driven by concentration differences 

across the soil–water interface, but it also depends on factors such as salinity (Rysgaard et 

al., 1999; Steinmuller and Chambers, 2018), the oxygen availability in the peat (Lennartz and 

Liu, 2019), and the effects of the latter on microbial processes (Burgin and Groffman, 2012), 

as well as on the degree of peat decomposition (Cabezas et al., 2012). Highly degraded peat, 
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such as at DW, can store and release more nutrients than less degraded peat (Cabezas et al., 

2012), meaning that the highly degraded peat at DW was prone to leach considerable amounts 

of nutrients. Porewater nutrient concentrations in the peat revealed DIN and PO4
3- 

concentrations up to one order of magnitude higher compared to the surface water, providing 

further support for the leaching of nutrients out of the peatland and ultimately, into the bay.  

The annual nutrient exports (mean ± 95 % confidence level) from the peatland were 

estimated to be high in relation to the small size (~0.5 km2 at 0 m above sea level), yielding to 

absolute values of 10.8 ± 17.4 t DIN-N yr-1 and 0.24 ± 0.29 t PO4-P yr-1. For comparison, the 

Warnow, a small river near the city of Rostock, MV, that flows into the Baltic Sea and drains 

an area of ~3300 km2, had a mean annual DIN-N and PO4-P export of 1200 ± 500 and 19.9 ± 

7.6 t yr-1, respectively, over the last 25 years (HELCOM, 2019). Thus, the total nutrient export 

from the peatland to the bay accounted for ~1 % and ~3 % of the annual DIN-N and PO4-P 

loads of the Warnow, respectively. When area-normalized, DW exported 21.6 t DIN-N km-2 yr-1 

and 0.48 t PO4-P km-2 yr-1, while the Warnow River exported only 0.36 t DIN-N km-2 yr-1 and 

0.01 t PO4-P km-2 yr-1. 

The high uncertainty range of the calculated nutrient exports is due to several reasons. 

First, the exports derive from highly fluctuating nutrient concentrations in the surface water 

within the seasons, which is also visible in the high standard deviations (Table 1). Thus, also 

the 95 % confidence level of the nutrient exports is high and reflects the natural dynamic. 

Second, a default error propagation was conducted for the export calculation that leads to even 

higher ranges in addition to the high natural dynamic. Compared to the Warnow, a highly 

different range of uncertainties for the two sources is noticeable. While the uncertainties of my 

calculations are mostly higher and in the same order of magnitude compared to the means, 

the uncertainties of the data for the Warnow are one order of magnitude lower. The most likely 

reason for this is the different timescale of the two data sets. The export calculation for DW 

was conducted by taking only the first post-rewetting year into account in which the system 

was still transitioning, leading to very dynamic nutrient concentrations. By contrast, the 

uncertainties in the river exports were a result of using 25 years of data, leading to lower 
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uncertainties than using data from only one year. Additionally, uncertainty ranges of the river 

exports were calculated as standard deviation and not as 95 % confidence level, as was done 

for the exports of DW. Therefore, this must be taken into account when the uncertainty ranges 

are compared. Nevertheless, the results of this thesis highlight the importance of currently 

unmonitored and small, independently draining areas along the coastline of the southern Baltic 

Sea, especially those that become intentionally flooded (HELCOM, 2019).  

4.1.2 N2O dynamics 

In addition to nutrient exports, GHG are also important in assessing the ecological 

consequences of rewetting. In the first year after rewetting, DW was a source of N2O, although 

the mean annual N2O flux of 0.02 ± 0.07 mg m-2 h-1 was very low (Supplementary Figure S5). 

DW was expected to have a low N2O flux, since permanent inundation leads to anoxic 

conditions in the peat and thus, prevents the production of N2O by nitrification and 

denitrification, due to the lack of O2 and NO3
-, respectively (e.g., Succow and Joosten, 2001; 

Strack, 2008). However, in the first three months after rewetting (winter), a larger range of post-

rewetting N2O fluxes was observed compared to the rest of the year, which indicated that N2O 

was strongly and immediately affected by the rewetting, as shown elsewhere (Goldberg et al., 

2010; Jørgensen and Elberling, 2012). One week after rewetting, the highest N2O flux 

(0.4 mg m-2 h-1) and the highest NH4
+ concentration (78.0 µmol L-1) were measured. In winter, 

a significant positive correlation between these two variables was found (rs = 0.61, n = 45, 

p < 0.001). Additionally, N2O correlated positively with NO2
- in winter (rs = 0.46, n = 45, 

p < 0.01), whereas no correlation with NO3
- was found. N2O, NO2

-, and NO3
- accumulated in 

winter, which is generally interpreted as a result of shifting O2 conditions in the freshly 

inundated ecosystem, favoring incomplete process chains of, for example, nitrification or 

denitrification (e.g., Rassamee et al., 2011). It seems likely that nitrification was responsible 

for the high N2O concentrations in winter, due to the correlations of N2O with its substrate 

(NH4
+) and its main intermediate product (NO2

-), in addition to a trend of increasing NO3
- 

concentrations towards spring.  
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During late spring and early summer, N2O was undersaturated in the surface water, 

which pointed to its consumption within suboxic/anoxic zones of the peat. N2O consumption in 

the surface water was unlikely because anoxic conditions were never observed near the peat 

surface. The change in O2 conditions within the peat, from oxic to hypoxic/anoxic, was 

evidenced by the undersaturation of N2O a few months after rewetting, turning DW into a N2O 

sink, at least temporarily. Changing O2 conditions were probably due to the higher availability 

of fresh OM (measured as Chlorophyll-a) in the peatland compared to the bay, resulting in 

significantly lower N2O concentrations in the peatland in summer (p < 0.001; Table 1).  

N2O fluxes from other drained peatlands were reported to range from 0.002 to 0.45 mg 

m-2 h-1, with a clear trend towards higher fluxes in fertilized or naturally N-rich areas (Flessa et 

al., 1998; Glatzel and Stahr, 2001; Augustin, 2003; Strack, 2008; Minkkinen et al., 2020). 

Augustin et al. (1998) investigated multiple degraded fens in MV and Brandenburg (Germany) 

and calculated N2O fluxes of 0.04 to 0.10 mg m-2 h-1 in extensively and intensively used fen 

grasslands, respectively (Augustin et al., 1998). N2O fluxes in drained peatlands are the result 

of a low water level, enabling the permanent penetration of atmospheric O2 into the peat to 

enhance N2O-producing processes that depend on O2 (Martikainen et al., 1993; Regina et al., 

1999).  

Hence, it is likely that the drained peat of DW was a source of N2O prior to rewetting, 

as the water level was permanently below the soil surface. The mean post-rewetting N2O flux 

of DW (0.02 ± 0.07 mg m-2 h-1) is in the lower range of reported fluxes from drained peatlands. 

Thus, as shown in other studies (Succow and Joosten, 2001; Minkkinen et al., 2020), it seems 

reasonable that the rewetting probably reduced the N2O fluxes, since they were likely high 

prior to rewetting. N2O fluxes of rewetted peatlands are generally in the same range as fluxes 

from pristine ones (Minkkinen et al., 2020), indicating that rewetting can effectively reduce N2O 

emissions back to near-natural levels. Literature values range from 0.01–0.02 mg m-2 h-1, for 

rewetted and undrained boreal peatlands (Minkkinen et al., 2020), respectively, to 0.08 

mg m-2 h-1 for a rewetted riparian wetland near a freshwater meadow (Kandel et al., 2019). 

Although a comparison of N2O fluxes at DW with those from other sites with different salinity, 
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hydrology, and history of use is difficult, the mean annual post-rewetting N2O flux at DW is in 

the lower range of N2O fluxes previously reported for rewetted and pristine peatlands. 

4.1.3 Conclusions 

Over one year, the immediate effects of rewetting a drained coastal peatland with brackish 

water and the subsequent formation of a permanently inundated area were studied. 

Shortly after rewetting, a strong pulse of DIN leaching out of the peat was found, which 

led to a high DIN export in winter, the first season after rewetting. However, nutrient 

concentrations decreased rapidly in spring, likely due to biological consumption processes. 

Thus, the nutrient export after a rewetting in spring or summer would likely be lower compared 

to a rewetting in winter, at least during the first few months thereafter. 

According to literature, drained peatlands were found to be large sources of N2O due 

to their agricultural use and the remineralization of the peat, leading to a high nutrient 

availability. However, the permanent inundation of DW resulted in a rapid decrease of N2O 

emissions and converted the peatland into a N2O sink during summer, where the fluxes were 

similar to pristine peatlands. 

At DW, the formation of salt grass meadows is ongoing and livestock farming will 

continue. However, it can be expected that the nutrient export and N2O emissions will slowly 

decrease due to a decreasing reservoir of substrates. Nonetheless, this decrease will likely 

continue for decades, because the topsoil was not removed prior to flooding to diminish 

nutrients and OM. Nutrient exports from peatlands and the re-establishment of their filter 

function after rewetting are complex processes whose investigation requires long-term 

observations. The pronounced seasonal dynamics at DW highlight the need to conduct 

measurements with a high temporal resolution, such as achieved with sensor-based or eddy-

supported measurements. 
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4.2 Short-term vs. long-term rewetting effects 

4.2.1 Factors regulating the nutrient cycling in rewetted peatlands 

4.2.1.1 Nutrient cycling in the surface water and porewater 

Environmental variables such as salinity and O2 saturation in the surface water were often 

comparable at the two study sites, suggesting similar impacts on nutrient biogeochemistry 

(Figure 9). O2 saturation did not differ between KW and DW during any season and was 

therefore an unlikely driver of differences in microbial processes in the water column. Only 

water temperatures were slightly higher at KW in spring and summer, reaching up to 25°C 

which is not uncommon for shallow coastal bays (e.g., Broman et al., 2021).  

Rewetting of a peatland can lead to high nutrient concentrations in the overlying water 

(Goldberg et al., 2010; Jørgensen and Elberling, 2012; Van De Riet et al., 2013; Harpenslager 

et al., 2015), as also observed in incubation studies (Zak and Gelbrecht, 2007; Cabezas et al., 

2012). Nutrient concentrations (NO2
–, NH4

+, and PO4
3–) at both study sites were significantly 

higher in the porewater than in the surface water, indicating the peat itself as the main source 

of nutrients for the overlying water, even 30 years after rewetting. This suggests that previously 

farmed, highly degraded peat soils contain and are thus able to leach large amounts of 

nutrients, which is in line with the high surface water DIN concentrations determined at DW 

immediately after rewetting.  

The high N2O saturations (up to 4000 %) at DW one week after rewetting indicated high 

microbial activity (see Sect. 4.1.2), likely fueled by the release of nutrients (Figure 15). A 

previous study showed that the state of peat degradation influences N2O emissions after 

rewetting, with a higher degree of degradation and therefore a lower C:N ratio resulting in 

higher emissions (Liu et al., 2019). Lower C:N ratios originate either from drainage and the 

preferential mineralization of C or from fertilization, ultimately leading to an enrichment of N in 

the peat (Berglund et al., 2010; Krüger et al., 2015). These high N loads can strongly increase 

the production of N2O (e.g., Chmura et al., 2016; Roughan et al., 2018), as was observed at 

DW. In contrast to DW, N2O saturation at KW did not reach a corresponding peak; instead, 

much lower deviations around the N2O equilibrium with the atmosphere were determined, 
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which indicated a more balanced system that has mostly equilibrated with the atmosphere 30 

years after rewetting. Other studies from rewetted peatlands also reported such low N2O 

emissions, in some cases even lower than those from pristine peatlands (e.g., Minkkinen et 

al., 2020).  

My results strongly suggest that the abiotic conditions and nutrient concentrations 

within the peat are among the most important drivers of N cycling. The high N2O peak at DW 

immediately after rewetting indicated that the rapid increase in nutrient concentrations 

promoted microbial processes such as nitrification and denitrification, resulting in the 

production of N2O. During nitrification, N2O is produced as a side-product and therefore is more 

likely to be released into the environment than during denitrification, where it is an intermediate 

that is further reduced to N2 (e.g., Stein and Yung, 2003). However, nitrification rates in the 

surface water remained low and other studies point to denitrification rather than nitrification as 

the dominant process of N2O production in a fully water-saturated peat soil (Pihlatie et al., 

2004; Masta et al., 2022), as was also present in my study sites due to a permanent inundation. 

Pihlatie et al. (2004) showed (1) that N2O production was four orders of magnitude higher in 

fully water-saturated peat (100 % water-filled pore space, WFPS) than in less water-saturated 

peat (40 % WFPS) and (2) that the contribution of nitrification decreased with increasing water 

saturation. Thus, it is likely that denitrification was the dominant process of N2O production in 

both study sites.  

To gain an idea about the potential importance of denitrification on N2O production, N2 

production rates were determined by measuring the change in N2:Ar ratios in sediment core 

incubations. Sediment cores could only be obtained from KW and thus, a comparison of both 

peatlands cannot be conducted. At KW, four out of six measurements revealed a net N2 

production, which might have been due to denitrification. No correlation between N2 production 

rates and N2O concentrations was found, which suggests a spatial decoupling of the process 

(occurring in the sediment) and its potential product (measured in the overlying water). 

However, the general pattern of higher N2 production rates in winter and autumn, coinciding 

with highest NO3
- concentrations, and vice versa, was evident (e.g., Seitzinger and Nixon, 
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1985; Deek et al., 2013). Negative N2 production rates in summer and early autumn, indicating 

N2 fixation, revealed that the system can temporarily fix new N although NO2
- and NH4

+ were 

still present in the peat soil (e.g., Fulweiler et al., 2007). 

Despite of the availability of NH4
+ in the peat, nitrification rates were rather low and did 

not seem to play a major role. These low nitrification rates at both sites are difficult to explain, 

especially since these are the first such measurements. Surprisingly, a higher NH4
+ availability 

at DW did not increase nitrification rates which were overall comparable to rates e.g. 

determined in the coastal waters of the Bay of Gdansk (Bartl et al., 2018). However, when 

strong resuspension occurs, high rates are possible (e.g., Happel et al., 2018), as was 

observed at KW, where nitrification rates reached ~600 nmol L–1 d–1 during a resuspension 

event. This high nitrification potential may be restricted to the availability of particulate matter, 

due to the preferential association of nitrifiers with particles (e.g., Brion et al., 2000; Kache et 

al., 2021). Another reason for overall low nitrification rates might have been the competition 

for NH4
+ between nitrification and heterotrophic NH4

+ assimilation. The latter is conducted by 

bacteria which were found to be temperature-dependent (Middelburg and Nieuwenhuize, 

2000), whereas nitrification was revealed as being temperature-independent (Baer et al., 

2014). Thus, heterotrophic NH4
+ assimilation rates are usually highest in summer (Baer et al., 

2014; Bartl et al., 2018), restricting nitrification. At KW, nitrification accounted for 13.5 % (mean 

of all seasons) of the total dark NH4
+ consumption, with the highest contributions occurring in 

winter and autumn (15 – 26 %). At DW, nitrification accounted for only 2.0 % (mean of all 

seasons) of the total dark NH4
+ consumption. These low contributions indicate that 

heterotrophic NH4
+ assimilation by bacteria outcompeted nitrification by far, likely contributing 

to the observed low nitrification rates. Finally, a third reason for low nitrification rates may be 

due to the sample processing. Bartl et al. (2018) found that the production of 15N-NO3
- + NO2

- 

via nitrification displayed a linear increase over 96 h. However, it is not possible to completely 

exclude the occurrence of ammonification that might have taken place during the incubation. 

Ammonification, the transformation of OM into NH4
+, can lead to the dilution of the tracer 

substrate (δ15N-NH4
+) and ultimately, promote an underestimation of nitrification rates.  
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Both peatlands were not only sources but also occasionally sinks for NO3
– and N2O, as 

indicated by lower NO3
– concentrations in the porewater than in the surface water and by N2O 

saturations < 100 %. When the peat is constantly water-saturated, the O2 saturation sinks and 

the soil very likely becomes hypoxic or anoxic. However, as no O2 measurements in the soil 

were conducted, I can only speculate that O2 was quickly depleted within the first few 

centimeters or even millimeters, as is known for wet peatlands (e.g., Joosten and Clarke, 

2002). The occasional undersaturation of N2O in the surface water at DW in spring and summer 

can be explained by a switch from oxic to hypoxic/anoxic conditions within the peat, favoring 

microbial processes that consume NO3
– and N2O, such as denitrification or dissimilatory NO3

– 

reduction to NH4
+ (DNRA). Ultimately, these processes lead to the termination of N2O 

emissions that occurs after rewetting measures (e.g., Regina et al., 1999; Strack, 2008), 

allowing rewetted peatlands to even become a sink for N2O (Minkkinen et al., 2020), which is 

in agreement with my results.  

Concerning the cycling of P, it was noticeable that the two study sites seemingly 

retained the majority of PO4
3- in the peat throughout the year, as indicated by porewater PO4

3- 

concentrations that were one order of magnitude higher than those in the surface water. This 

is in contrast to previous studies, which reported that the availability of SO4
2-, such as in 

brackish water, can lead to the mobilization of P and its subsequent leaching out of the soil 

(Lamers et al., 2002; Zak et al., 2009). Under oxic conditions, P is usually bound to Fe 

hydroxides and thus, stays in the sediment/soil. Under anoxic conditions and with a high 

availability of decomposable organic matter, however, SO4
2- is reduced by sulfate-reducing 

microorganisms to hydrogen sulfide (H2S), which is able to cause a reductive dissolution of 

Fe-P compounds (e.g., Zak et al., 2009). As a result, the dissolution leads to a lower availability 

of Fe(III) hydroxides and a lower binding capacity for P, so that P gets immobilized.  

At DW, the inflow of SO4
2--containing brackish water may have had a short-term 

influence on the mobilization of P, as the highest PO4
3- concentration in the surface water 

(mean of ~1.2 µmol L-1) was measured one week after the rewetting. However, this highest 

surface water concentration did not reach the PO4
3- concentrations of the porewater by far 
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(mean of ~40 µmol L-1). At KW, the same pattern of a short-term impact was found. During one 

sampling, the highest observed water level (~60 cm above the local mean water level), among 

all the samplings I conducted, coincided with the highest PO4
3- concentration of 7 µmol L-1 in 

the surface water. This P release might have been due to the flooding of usually non-flooded 

areas, which released PO4
3- after the intrusion of SO4

2- into the peat. Since I did not conduct 

any O2, Fe, SO4
2-, or H2S measurements in the peat, I can only speculate that the intrusion of 

SO4
2- led to a lower availability of Fe hydroxides so that P was ultimately released.  

The overall low PO4
3- concentrations in the surface water at both study sites indicated 

that most P was likely rather retained within the peat. This retention might have been due to 

the presence of microbial mats on the peat surface that accumulated PO4
3-. At least at KW, 

filamentous microbial mats were found to significantly reduce the release of PO4
3- into the 

surface water by accumulating it into polyphosphates (Choo et al., 2022). Although Choo et al. 

(2022) sampled other stations at KW, the presence of microbial mats at my stations seems 

likely since I occasionally observed some growth of filamentous bacteria in my sediment cores. 

Overall, it is likely that a combination of chemical and biological processes led to the 

pronounced gradient of PO4
3- concentrations between the surface water and the porewater. 

4.2.1.2 Particulate organic matter cycling 

To identify the state and source of POM, C:N and POC:Chlorophyll-a ratios can be used to 

distinguish between marine vs. terrestrial and fresh vs. degraded POM.  

A C:N ratio > 12 reflects terrestrial POM, and a ratio < 12 is attributable to 

phytoplankton-derived POM (Savoye et al., 2003). It is likely that during spring and summer, 

most of the POM at KW and DW originated from phytoplankton growth, since the majority of 

C:N ratios were < 12 (Savoye et al., 2003) and the Chlorophyll-a concentrations were high. In 

summer, Chlorophyll-a and POM concentrations were highest at both sites, however, 

concentrations were significantly higher at DW than at KW (Figure 13). The higher 

phytoplankton growth at DW was likely due to a higher nutrient availability, supporting my 

hypothesis that higher nutrient concentrations generate higher biomass production.  
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According to Cifuentes et al. (1988), a POC:Chlorophyll-a ratio < 200 indicates fresh 

phytoplankton and a ratio > 200 degraded phytoplankton. At DW, the majority of the 

POC:Chlorophyll-a ratios were < 200, consistent with the presence of fresh plankton. However, 

even during the highest phytoplankton growth, POM was probably actively degraded at the 

same time, as suggested e.g. by the low pH of 7.4 at DW during summer, attributable to the 

dominance of OM remineralization and the production of CO2 (Figure 9; e.g., Zhou et al., 2021). 

At KW, POC:Chlorophyll-a ratios were mostly > 200 during all seasons, consistent with the 

availability of more degraded phytoplankton (Cifuentes et al., 1988).  

Overall, the higher nutrient and OM availability at DW offer an explanation for the up to 

ten times higher phytoplankton growth than at KW. As noted above, the POM at DW derived 

mostly from freshly produced phytoplankton; however, there were also clear signs of the 

remineralization of POM during summer, likely due to the die-back of inundated vegetation. At 

KW, the POM pool was characterized by both fresh and degraded phytoplankton. 

4.2.2 Nutrient exports into coastal areas and comparisons with rivers 

Higher N nutrient concentrations (NO3
– and NH4

+, as the most abundant species) in the bay 

off DW, compared to the monitoring stations, support my hypothesis of a nutrient export from 

the freshly flooded peatland into coastal waters (Figure 7; Figure 12). N nutrient concentrations 

in the bay off KW were at or below the 95 % confidence level of the concentrations recorded 

at the monitoring stations, whereas the concentrations at the bay off DW were often much 

higher than the 95 % confidence level. This strongly suggests that the higher nutrient 

concentrations in the bay off DW were caused by the rewetting and the subsequent outflow of 

nutrient-enriched waters. 

The potential importance of rewetted peatlands as a diffuse source of nutrients in 

coastal regions is well demonstrated by a comparison of the annual DIN-N and PO4-P exports 

from KW and DW. The area-normalized DIN-N export from KW was 6.1 ± 20.3 t km-2 yr-1 

whereas at DW it was 3-fold higher with 21.6 ± 34.8 t km-2 yr-1 (Supplementary Table 2). The 

high uncertainty range derives mostly from the seasonal, but also from the spatial differences 
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within the peatland areas. Due to the lack of comparable studies on nutrient exports from 

similar rewetted sites, I compared my data with mean river loads of the largest rivers entering 

the Baltic Sea and with the Warnow. All river loads were much lower than the exports from my 

study sites when the area-normalized exports are compared (Table 2). Area-normalized DIN-

N loads are highest in the Oder and Vistula rivers, with a mean of 0.3 ± 0.1 t DIN-N km-2 yr-1 

from 1995 to 2019 for both rivers (HELCOM, 2021). The Warnow River, near Rostock, drains 

~3300 km2 of mostly agriculturally used land, but exports only 0.4 t DIN-N km-2 yr-1 (HELCOM, 

2021). When converted to absolute loads, ~41000 t DIN-N yr-1 are delivered by the Oder River 

(HELCOM, 2021), compared to 10.8 and 21.5 t DIN-N yr-1 at DW and KW, respectively. Area-

normalized PO4-P exports of my study sites were 0.5 ± 0.6 (DW) and 0.04 ± 1.8 t km-2 yr-1 

(KW), while the highest river exports were those of the Vistula and Daugava rivers with 0.01 

and 0.008 t km-2 yr-1, respectively (means of 1995 to 2019; HELCOM, 2021). The absolute 

PO4-P export was ~2800 t yr-1 for the Vistula River and ~700 t yr-1 for the Daugava River 

(HELCOM, 2021), whereas the value at DW and KW was 0.2 t yr-1, respectively. 

Table 2: Comparison of nutrient exports from coastal peatlands (this study) and from major rivers of the 
Baltic Sea 
 

site 
area 
(km2) 

DIN-N export PO4-P export reference 

  
absolute 
(t yr–1) 

area-
normalized 
(t km–2 yr–1) 

absolute 
(t yr–1) 

area-
normalized 
(t km–2 yr–1) 

 

Karrendorf 
(KW) 

~3.5 
21.5 ± 

71.0 
6.1 ± 20.3 0.2 ± 6.3  0.04 ± 1.8  

this study 

Drammendorf 
(DW) 

~0.9 
10.8 ± 

17.4  
21.6 ± 34.8 0.2 ± 0.3 0.5 ± 0.6 

this study 

Oder ~119000 
~41000 
± 15000 

0.3 ± 0.1 
~855 ± 

530 
0.007 ± 

0.004 
HELCOM 

(2021) 

Vistula ~194000 
~59000 
± 19000 

0.3 ± 0.1 
~2800 ± 

1500 
0.014 ± 

0.008 
HELCOM 

(2021) 

Daugava ~88000 
~18000 
± 4700 

0.2 ± 0.1 
~690 ± 

250 
0.008 ± 

0.003 
HELCOM 

(2021) 

Warnow ~3000 
~1200 ± 

500 
0.4 ± 0.2 

~20 ± 
7.6 

0.007 ± 
0.003 

HELCOM 
(2021) 

 

The much lower area-normalized loads of the rivers are the result of N and P retention 

processes along the water flow from surface soils to groundwater and to the coast, which 
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reduce loads by > 80 % (e.g., Seitzinger et al., 2006; Asmala et al., 2017; Xenopoulos et al., 

2017). When coastal areas such as my study sites drain directly to the coastline, the transport 

time of the water is much shorter, leaving nutrient loads mostly unprocessed. Overall, my 

finding that the area-normalized DIN-N and PO4-P exports of my study sites were much higher 

than the exports of some major rivers of the Baltic Sea suggests that KW and DW are 

significant sources of local nutrient inputs to coastal waters. 

To evaluate the potential magnitude of nutrient inputs from coastal peatlands in MV, 

mean area-normalized exports determined in this thesis (13.9 t DIN-N km-2 yr-1 and 

0.3 t PO4-P km-2 yr-1; means of annual exports from both study sites) were extrapolated to the 

total area of coastal diked and undiked (possibly wet) peatlands used for agricultural purposes, 

which is ~225 km² according to Schiefelbein (2018). Thus, potential nutrient exports are 

~3100 t DIN-N km-2 yr-1 and ~60 t PO4-P km-2 yr-1, which are significant loads compared to 

those of the above-mentioned rivers. However, this extrapolation is a maximum estimate of 

potential exports; the nutrient reservoirs of other coastal peatlands may well be different from 

those of KW and DW. Nonetheless, small coastal catchments directly connected to coastal 

waters may contribute significantly to nutrient inputs into the Baltic Sea, thus highlighting the 

need for better monitoring strategies following rewetting measures.  

4.2.3 Conclusions 

Two rewetted coastal peatlands, both formerly used for agriculture, clearly differed in their 

nutrient reservoirs and nutrient cycling. The recently rewetted DW was characterized by a high 

seasonal dynamic in the first year after rewetting. The larger nutrient reservoir in the peat at 

DW suggests that the reservoir at KW has decreased since rewetting in 1993, as both sites 

have a comparable fertilization history. 

My results suggest high microbial activity (nitrification and denitrification) within the 

peat. At KW, the retention of nutrients, e.g. NH4
+ via nitrification and NO3

- via denitrification, 

and the apparently close connection of these microbial processes ensure a well-balanced N 

cycle, with surface water nutrient concentrations similar to those of the Bodden and low 

phytoplankton growth. At DW, by contrast, nutrients leached out of the soil rather than being 
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retained, thus supporting a high phytoplankton production in the surface water in spring and 

summer.  

The strong hydrological exchange between the peatlands and their adjacent bays 

resulted in a net nutrient export out of both peatlands. However, as KW has been rewetted for 

30 years, the area-normalized DIN export amounted to 6.1 ± 20.3 t km-2 yr-1, representing only 

~25 % of the export at DW which amounted to 21.6 ± 34.8 t km-2 yr-1; PO4-P exports from the 

two sites were much lower (0.04 to 0.5 t km-2 yr-1), likely due to a pronounced retention of P. 

Compared to riverine exports, these exports are high and suggest an intense coastal 

eutrophication potential.  

My calculations show that, despite being rewetted for decades, a peatland can still 

export nutrients into its adjacent waters, but the export rates will be highest immediately after 

rewetting and decrease over time. However, these potentially high, currently unmonitored 

nutrient inputs should be monitored regularly as they contribute to nutrient inputs from former 

agricultural (peat) soils. 
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4.3 Insights into processes and sources of POM and NO3
- by means of 

stable isotopes 

4.3.1 Sources and transformations of POM 

Stable isotopes of POM can give insights into its sources and biological transformations. δ13C-

POC values are commonly used to identify the origin of POM, with low values of around –30 ‰ 

originating from terrestrial and higher values of around –22 ‰ from marine sources, while δ15N-

PON values reveal biological processes like assimilation by phytoplankton or remineralization 

(e.g., McClelland and Valiela, 1998; Kendall et al., 2001; Remeikaitė-Nikienė et al., 2017). The 

C:N ratio, as well as the Chlorophyll-a concentration can additionally provide information on 

the status of POM (fresh vs. degraded), as discussed in Sect. 4.2.1.2. Generally, increasing 

C:N ratios indicate remineralization that leads to the preferential degradation of N and thus, 

higher C:N ratios (Cifuentes et al., 1988; Savoye et al., 2003). 

At both study sites, δ13C-POC values varied greatly over the year, ranging from –34 ‰ 

to –22 ‰ and thus, indicated the occurrence of both marine and terrestrial sources (e.g., Voss 

and Struck, 1997). This broad range likely reflected the highly dynamic water exchange with 

the Bodden, as was also indicated by similar environmental conditions in the peatlands and 

the respective bays of both study sites. While the values during winter were similar at both KW 

and DW, DW showed slightly higher δ13C-POC values in spring which are indicative of marine 

POC, coinciding with elevated Chlorophyll-a concentrations. Thus, it seems reasonable that a 

marine phytoplankton bloom occurred at DW, probably fueled by the high nutrient availability.  

During summer, δ13C-POC values at KW and DW started to differ significantly due to 

decreasing values at DW and increasing values at KW. The low δ13C-POC values at DW 

(around –32 ‰), together with the lowest pH of 7.4, suggested that most POC was 

remineralized (e.g., Zhou et al., 2021) and of terrestrial origin (Figure 17), possibly from the 

peat itself (–29.2 ‰; Müller and Voss, 1999), dead macrophytes such as Phragmites australis 

(–27.0 ‰; Müller and Voss, 1999), or grassland vegetation that died after the rewetting. 

However, highest Chlorophyll-a concentrations and decreasing C:N ratios during summer 
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indicated that phytoplankton growth occurred simultaneously with remineralization at DW, but 

the latter seemed to be the dominant process. At KW, increasing δ13C-POC values (between 

–28 ‰ and –24 ‰), elevated Chlorophyll-a concentrations and lowest C:N ratios during 

summer were likely due to the inflow of growing marine phytoplankton. This contrasts with the 

definition of fresh vs. degraded POM by Cifuentes et al. (1988), which identified most POM at 

KW as degraded rather than freshly produced (see Sect. 4.2.1.2). However, previously 

reported δ13C-POC values for growing, marine phytoplankton in nearby areas include –23.8 ‰ 

in the Arkona Basin (Voss and Struck, 1997) and –25.1 ‰ in the Greifswalder Bodden (Müller 

and Voss, 1999), fitting well to the observed values at KW.  

During autumn, both sites showed the same pattern of increasing δ13C-POC values 

and C:N ratios. This likely indicated the remineralization of POM originating from the Bodden. 

A potentially higher exchange with the adjacent Bodden is emphasized by the water level 

dynamics (see Supplementary Figure S4) that showed more frequent fluctuations and 

generally higher water levels during autumn.  

δ15N-PON values revealed a rather untypical seasonality, especially at KW, and did not 

correlate with any variable. In general, decreasing nutrient concentrations towards summer 

are accompanied by increasing δ15N-PON values (e.g., Savoye et al., 2003). This is due to the 

preferential uptake of 14N leading to an isotopically heavier DIN pool over time and thus to 

highest δ15N-PON values during the growing season in which this heavier pool is consumed 

by phytoplankton. However, this pattern was not observed in either of the two study sites. 

Instead, the highest δ15N-PON values were found in winter and autumn, accompanied by the 

highest nutrient concentrations and C:N ratios. There are two conceivable explanations for this 

pattern. As mentioned above, the amplitude of water level fluctuations was higher in winter and 

autumn (Supplementary Figure S4) and δ15N-PON values were occasionally higher in the bay 

than in the peatland (Supplementary Figure S8). The local planktonic community of the Bodden 

may have had δ15N-PON values similar to those determined for the Greifswalder Bodden 

(12.6 ‰) and for the Oder estuary (15.5 ‰) by Müller and Voss (1999), which are in the range 

of δ15N-PON values found in both study sites. Hence, these findings indicate a stronger 
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hydrological exchange with the adjacent Bodden. In addition, high remineralization, which is 

known to increase δ15N-PON (e.g., Möbius, 2013), may also has been involved in the increase 

of δ15N-PON values in winter and autumn. 

At KW, exceptionally high δ15N-PON values of ~32 ‰ were observed once in January 

when the water level was unusually high. They coincided with the highest C:N ratio of ~10.5 

and occurred about one month after a strong resuspension event. Müller and Voss (1999) 

investigated the isotopes of POM within a peat soil and reported a δ15N-PON value of 4.9 ‰. 

Hence, the occurrence of resuspended peat as a potential source of high δ15N-PON values 

can likely be excluded. To my knowledge, there is no literature reporting such high δ15N-PON 

values. Therefore, it is not possible to trace the high values at KW back to a specific source. 

During summer, the low δ15N-PON values might have originated from the uptake of 

remineralized DIN species that derived from an intense nutrient cycling. This uptake was found 

to result in low 15N values and thus, leads to low 15N in phytoplankton communities (e.g., 

Savoye et al. (2003) and references therein). Although the nutrient concentrations were low 

throughout spring and summer, it seems reasonable that these were the result of intense 

nutrient cycling and uptake at both sites, rather than of constantly depleted nutrient pools with 

a low biological activity. 

4.3.2 N and O isotopes in NO3
-  

In the next two sections, I discuss the potential processes and sources of NO3
- that may have 

had an impact on its isotopic values. However, it has to be considered that the data sets of 

DW and KW contain a different number of values (n = 29 and n = 14, respectively), where 

values of DW originate mainly from winter and autumn, while values of KW cover all seasons.  

4.3.2.1 Identification of potential processes 

When NO3
- is assimilated or denitrified by primary producers or microorganisms, the remaining 

NO3
- pool becomes isotopically enriched due to the preferential consumption of 14N by 

microbial processes and thus, the NO3
- concentration decreases while δ15N-NO3

- increases 

with time (e.g., Fry, 2006). Taking also δ18O-NO3
- into account, NO3

- assimilation and 
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denitrification yield to a regression line slope of 1 when δ15N-NO3
- is plotted against δ18O-NO3

- 

(Granger et al., 2004), while a slope of > 1 indicates nitrification (e.g., Wankel et al., 2007).  

At KW, a significant negative correlation of the NO3
- concentration vs. δ15N-NO3

- hinted 

towards assimilation or denitrification (Figure 20). δ15N-NO3
- did not correlate with 

Chlorophyll-a or δ15N-PON and thus, the dominance of assimilation was not reflected when 

additional variables were considered. However, the fractionation factor of all δ15N-NO3
- values 

was 1.012, indicating NO3
- uptake into POM (Montoya, 1994). Denitrification might also have 

been important, either happening in the water column or in the peat. According to Broman et 

al. (2021), denitrification is possible in an oxic water column if low-oxygen microniches such 

as organic particles are available, as was occasionally the case at both study sites due to 

resuspension. Denitrification likely played a major role in the peat as was indicated by lower 

NO3
- concentrations in the porewater than in the overlying water and by highest N2 production 

rates, as indicator of denitrification activity, during highest NO3
- concentrations (winter and 

autumn).  

The correlation of δ15N-NO3
- vs. δ18O-NO3

- at KW, however, yielded to a slope of 2.4 

and thus, revealed a potential importance of nitrification. Its importance was further indicated 

by a negative correlation of nitrification rates with δ15N-NO3
- values and positive correlations 

of nitrification rates with NO3
- and NH4

+ concentrations. Although nitrification rates were 

generally low at KW, it became clear that the potential for nitrification is very high, as was seen 

during a high resuspension event in December 2019 where the highest rates (up to 

600 nmol L-1 d-1) were measured. As already discussed in Sect. 4.2.1, it seems likely that the 

highest nitrification activity did not occur in the water column, but in the peat soil. This is in line 

with other studies that have observed the highest nitrification rates in areas such as the 

maximum turbidity zone of rivers, due to the preferred particle attachment of nitrifiers (e.g., Xia 

et al., 2009; Damashek et al., 2016; Zhu et al., 2018; Kache et al., 2021). 

δ18O-H2O values can be used to further evaluate the potential importance of 

nitrification. During nitrification, approximately five out of six O atoms are incorporated from the 

water, while the sixth O atom is taken from dissolved O2 (Casciotti et al., 2002; Sigman et al., 
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2009). Taking this ratio and the isotopic values of both sources into account, the theoretical 

δ18O-NO3
- originating from nitrification can be calculated (see Sect. 2.3.6, Eq. 4). The 

comparison of theoretical and measured values showed that the latter were always higher and 

thus, nitrification seemingly did not have a major impact on δ18O-NO3
- at either site. Instead, it 

seems reasonable that the high δ18O-NO3
- values were caused by NO3

- sources with different 

values, which will be discussed below.  

At DW, NO3
- concentrations did not correlate with δ15N-NO3

-. Although the range of 

NO3
- concentrations was much larger than at KW, δ15N-NO3

- values were less fluctuating. 

Additionally, no correlations were found for δ15N-NO3
- vs. δ18O-NO3

-, theoretical vs. measured 

δ18O-NO3
- values, and δ15N-NO3

- vs. nitrification rates. This lack of correlations indicated that 

there was likely no single biological process shaping the NO3
- isotopes. However, a small 

cluster of lower δ15N-NO3
- values was noticeable that could clearly be differentiated from all 

other values, likely originating from nitrification. These lower δ15N-NO3
- values were found in 

November and December 2020, separately assigned to autumn and winter. It can be assumed 

that NO3
- production via nitrification was responsible for these values, since nitrification rates 

were highest during autumn. Low δ15N-NO3
- values could also have originated from N2 fixation, 

which adds isotopically lighter NO3
- to the N pool (e.g., Liu et al., 1996; Bourbonnais et al., 

2009). However, N2 fixation is generally known to be more likely to occur in pristine peatlands 

due to their naturally low N pool (e.g., Vile et al., 2014) and therefore, was an unlikely process 

at DW. Finally, the input of lower δ15N-NO3
- values from the bay off DW can be excluded since 

differences between the peatland and the bay were minor (Supplementary Figure S8). 

4.3.2.2 Identification of potential sources 

To identify potential NO3
- sources, both N and O isotopes are commonly used to distinguish 

different sources such as nitrification, fertilizer, atmospheric deposition, soil N and 

manure/sewage (e.g., Kendall, 1998; Mayer et al., 2002; Kaushal et al., 2011).  

For both study sites, the isotope data of NO3
- revealed that NO3

- derived mainly from 

manure and/or fertilization (Figure 22). Generally, these two sources have higher δ15N-NO3
- 

(manure) and δ18O-NO3
- (fertilizer) values compared to NO3

- from natural sources like the soil 
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or nitrification. Consequently, they have been used to verify the impact of anthropogenic N 

inputs e.g. into coastal environments (e.g., Voss and Struck, 1997; Deutsch et al., 2006; Voss 

et al., 2006). NO3
- from fertilizers is known to leach from soils because it is negatively charged 

like most soils in temperate regions and thus not retained in the soil (Di and Cameron, 2002). 

Therefore, due to the agricultural history of both study sites, including the use of fertilizers and 

manure, it seems reasonable that the isotopic signature of NO3
- displays its anthropogenic 

origin.  

At DW, a clearly distinguishable cluster of δ15N-NO3
- values < 5 ‰ was observed in 

autumn (November 2020) and winter (December 2020) and thus, one year after the rewetting. 

Although these values were still in the range of manure, there was a clear shift towards 

isotopically depleted NO3
- which might have been the result of nitrification. This assumption is 

supported by the increasing NH4
+ and NO2

- concentrations in autumn and the highest 

nitrification rate of ~28 nmol L-1 d-1 in November 2020. It is a hint towards a shift from NO3
- just 

being present in the peat and released into the water to NO3
- being produced internally, likely 

fueled by the huge reservoir of NH4
+ within the peat.  

At KW, some data points did not match with the NO3
- sources defined by Kendall 

(1998). During most seasons, except winter, some high δ15N-NO3
- values of 15 – 18 ‰ and 

δ18O-NO3
- values of 20 – 45 ‰ occurred. One or more of the following three reasons have 

likely been responsible for this finding: 1) some input of NO3
- from atmospheric 

deposition/precipitation occurred, 2) biological processes led to an isotopic enrichment of both 

δ18O-NO3
- and δ15N-NO3

- and 3) NO3
- within the peatland was mixed with NO3

- from the bay, 

where δ15N-NO3
- and δ18O-NO3

- were generally higher in all seasons (Supplementary Figure 

S8). The influence of precipitation can be estimated by taking the precipitation heights of 

nearby monitoring stations into account (DWD data; stations “Putbus”, WMO-ID 10093, and 

“Greifswald”, WMO-ID 10184). The highest δ18O-NO3
- values occurred in summer (of 2019), 

however, the monthly precipitation heights in summer were lower than e.g. in autumn, where 

the δ18O-NO3
- values decreased again (Supplementary Figure S3). Daily precipitation data 
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revealed no heavy rainfalls shortly before the samplings (Supplementary Figure S9) and thus, 

it seems likely that precipitation did not have a major influence on the δ18O of NO3
-.  

Alternatively, biological processes could have influenced the isotopic composition of 

NO3
- due to fractionation. As already discussed in Sect. 4.2.1 and 0.3.2.1, no clear signs of 

one dominating process were found. Instead, several correlations between different variables 

indicated the simultaneous occurrence of assimilation, nitrification, and denitrification, thus 

shaping the isotopes of NO3
- collectively. However, since the data points that did not match 

the defined sources occurred during the growing season, it appears reasonable that NO3
--

consuming processes, such as assimilation or denitrification, have been responsible for the 

observed increase of δ15N-NO3
- and δ18O-NO3

- values at KW towards summer. 

4.3.3 Conclusions 

The isotope data of POM and NO3
- confirmed that the exchange between the peatlands and 

the bays, but also between the water and the peat soil was highly pronounced.  

δ13C-POC values of the peatlands revealed a mixture of marine and terrestrial POC, 

highlighting the intense water exchange with the adjacent Bodden as source of marine POM. 

Lower δ13C-POC values at DW during summer were likely due to the die-back and 

remineralization of inundated vegetation, which was not removed prior to rewetting.  

δ15N-PON values displayed a rather untypical seasonality at both sites. Instead of 

increasing values towards summer, which are usually found due to decreasing N pools as a 

result of assimilation, δ15N-PON values decreased and were lowest during the growing season. 

It is likely that this was the result of high remineralization, occurring together with high 

assimilation. A broader range of δ15N-PON values at KW was indicative of a smaller N pool 

and more intense cycling that led to higher fluctuations than at DW. 

δ15N-NO3
- and δ18O-NO3

- values revealed a different internal NO3
- cycling between both 

sites. At KW, some correlations indicated that NO3
- was strongly influenced by simultaneously 

occurring biological processes like assimilation by phytoplankton or denitrification and 

nitrification by bacteria and archaea. At DW, NO3
- was rather only leaching out of the peat in 

large amounts. No clear signs of biological transformations were found at DW, except for a 
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potential nitrification signal in the second winter after rewetting. Additionally, the historical 

farming and fertilization practices at both sites were clearly reflected in their isotope data. 

Especially in the colder seasons, the isotopic signature in both peatlands revealed the 

agricultural origin of NO3
-. At DW, it was evident that the high amounts of NO3

- in winter, right 

after rewetting, originated from the huge reservoir in the peat.  

Overall, it needs to be considered that most isotope data of NO3
- for DW originated from 

winter and autumn. Thus, the main growing seasons with the highest potential to biologically 

influence NO3
- can neither be assessed, nor compared between the study sites. 
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5. Final conclusions and outlook 

The importance of wet peatlands in terms of their long-term storage of C and N has gained 

global attention. Worldwide, many peatlands are drained for decades to be used for agricultural 

purposes, resulting in high emissions of CO2 and N2O due to the remineralization of the peat. 

Thus, rewetting measures are necessary to not only stop these GHG emissions, but to restore 

the natural capacity to take GHG up and to fight climate change. 

Due to their agricultural history, including the use of fertilizers, drained peatlands are 

highly nutrient-enriched within the peat soil compared to their natural counterparts. While 

nutrient inputs from rivers are generally well-monitored, diffuse surface runoff from small 

catchments, such as peatlands along the coast, are mostly unconsidered. At the coast, low-

lying, drained peatlands are prone to become affected by rising sea levels and increased storm 

surges in the future. Thus, their rewetting is conducted to re-establish buffer zones at the 

terrestrial-marine interface to mitigate more frequent storm surges and to restore their natural 

filter function. However, the consequences on nutrient cycling and potential leaching, 

especially to adjacent coastal waters, is not well-studied and still needs to be quantified.  

This thesis aimed to unravel how the rewetting of coastal, formerly drained peatlands 

affects their N cycling and potential nutrient (DIN and PO4
3-) exports into adjacent coastal 

waters. To address this aim, three hypotheses were worked on: 1) Rewetting leads to the 

leaching of nutrients out of the peat and subsequently, into adjacent waters, 2) the freshly 

rewetted peatland (DW) contains more nutrients within the peat, leading to more leaching and 

a higher N turnover than within the longer rewetted peatland (KW), and 3) local POM and NO3
- 

processes and sources differ between the two rewetted peatlands due to their different 

rewetting stages, as revealed by stable isotope signatures. 

My results indicate that rewetting with brackish water led to an immediate leaching of 

nutrients shortly after rewetting. Nutrient concentrations were higher in the porewater than in 

the surface water and thus, nutrients likely originated from the formerly drained and fertilized 

peat. Ultimately, these nutrients were exported into adjacent coastal waters within weeks after 
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rewetting, as was indicated by higher nutrient concentrations in the bay off DW compared to 

pre-rewetting conditions and to data of an unaffected nearby monitoring station.   

At both study sites, nutrient concentrations in the porewater, except of NO3
-, were one 

order of magnitude higher than in the surface water. This suggests that peat soils can still be 

highly nutrient enriched, even if the rewetting was conducted 30 years ago. However, surface 

water concentrations at DW were significantly higher than those at KW only in winter, the first 

season after its rewetting. Both sites had a net nutrient export of both DIN and PO4
3-, with the 

highest exports occurring in winter and autumn. Annual DIN exports were 75 % lower at KW 

than at DW, revealing that the nutrient reservoir in the peat is still large enough to allow an 

export even after 30 years of rewetting. Since my nutrient export calculations were, to my 

knowledge, the first ones to quantify the eutrophication potential of coastal rewetted peatlands, 

no comparisons with similar sites are possible. Instead, I used riverine nutrient inputs to relate 

my calculations to these export numbers. As a result, I found that both study sites exported 

much more nutrients per area, especially DIN, than the biggest rivers entering the Baltic Sea. 

The investigation of the internal N turnover revealed significant differences across both 

study sites. At DW, phytoplankton growth was much higher in summer, with up to ten times 

higher Chlorophyll-a concentrations than at KW. Both peatlands showed signs of simultaneous 

phytoplankton growth and remineralization, indicating that these processes were closely 

linked. δ13C-POC values revealed both terrestrial and marine POM sources at both sites, 

however, DW was clearly dominated by terrestrial C in summer that likely originated from the 

remineralization of inundated vegetation. Surprisingly, nitrification rates were generally higher 

at KW than at DW, despite a lower nutrient availability. Together with the finding that the 

surface water nutrient concentrations at KW were always similar compared to the Greifswalder 

Bodden, it seems reasonable that microbial processes at KW are already established so that 

nutrients are rather retained than washed out. Isotope data of NO3
- confirmed that, especially 

during the growing season, NO3
- was strongly consumed and transformed at KW, with no clear 

signs of a single dominant process. Due to lacking isotope data of NO3
- at DW, a direct 

comparison of the growing season is not possible. 
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In general, a highly pronounced exchange between the surface water and the peat, as 

well as an intense cycling within the peat was evident at both study sites. Nutrient exports at 

DW were much higher than at KW, suggesting that its internal turnover was not sufficient to 

fully retain the huge nutrient reservoir. However, both sites had in common that NO3
- was at 

times obviously consumed within the peat and thus, removed from the system, as indicated by 

lower NO3
- concentrations in the porewater. This demonstrates that nutrient species need to 

be investigated separately to be able to evaluate their different cycling patterns, influencing the 

assessment of the whole system. The main origin of NO3
- at both study sites was clearly 

confirmed by their isotope data. As expected, the majority of NO3
- originated from their former 

agricultural history, especially during winter. Additionally, the data revealed that biological 

transformations also had an influence on the NO3
- pool at both sites, leading to deviations from 

the isotopic signature of manure. 

Overall, this thesis revealed that rewetted coastal peatlands can contribute to coastal 

eutrophication by releasing high amounts of artificially enriched nutrients, mostly driven by their 

highly dynamic water exchange with the adjacent coast. Although most coastal peatlands are 

rather small compared to e.g. river catchment areas, their nutrient reservoirs and exports 

appear to be large. Topsoil removal is already known to be an efficient measure prior to 

rewetting to eliminate a large fraction of nutrients, however, this measure is not always feasible. 

Due to rising sea levels and actively induced rewetting measures, more coastal peatlands with 

huge reservoirs of nutrients will be flooded in the near future. Thus, future rewetting measures 

should monitor nutrient dynamics to be able to estimate and consider the eutrophication 

potential of coastal peatlands. Additionally, it needs to be considered that in contrast to rivers, 

nutrients from coastal peatlands are exported mostly unfiltered due to the close vicinity to the 

coast. Although the highest amount of nutrients is released right after rewetting, a nutrient 

export can occur even 30 years after rewetting. Nevertheless, it seems that rewetted coastal 

peatlands can slowly shift their nutrient cycling towards a system with a high retention and 

even removal potential, so that the natural filter function might be re-established within a few 

decades.   
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Supplementary Figure S2: Comparison of in-situ water level data at Drammendorf and water level data 
at a nearby monitoring station (“Barhöft”). This comparison was conducted to verify the use of monitoring 
data for the calculation of water volumes (see Sect. 2.6) 

 

 

 



Appendix 
__________________________________________________________________________ 

XX 

 

Supplementary Figure S3: Comparison of monthly (a) precipitation height and (b) air temperature data 
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line ± standard deviation). No significant differences between the years occurred and thus, data of the 
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Supplementary Figure S4: Time series of water level data from the monitoring station (a) near Karrendorf 
(KW) and (b) near Drammendorf (DW). The horizontal blue lines indicate the respective long-term (2010-
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Supplementary Figure S5: Time series of the mean N2O fluxes (± standard deviation) for each sampling 
at Drammendorf from December 2019 to December 2020. The vertical black line indicates the rewetting 
event. Figure adapted from Pönisch and Breznikar et al. (2023) 
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Supplementary Figure S7: Monthly mean (± standard deviation) surface water nutrient concentration of 
(a and b) NO3

–, (c and d) NO2
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+, and (g and h) PO4
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Supplementary Figure S8: Monthly mean (± standard deviation) surface water values of (a and b) δ15N-
PON, (c and d) δ13C-POC, (e and f) δ15N-NO3

-, and (g and h) δ18O-NO3
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Supplementary Figure S9: Time series of the daily precipitation height data from nearby monitoring 
stations (a) for Karrendorf (KW) and (b) Drammendorf (DW). The red dots display the respective 
sampling days 
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Supplementary Table 1: Sampling dates at KW and DW, listed for all seasons 

Study site 
season 

winter spring summer autumn 

KW 

18.12.2019 
28.01.2020 
24.02.2020 

24.04.2019 
22.05.2019 
23.04.2020 
26.05.2020 

25.06.2019 
29.07.2019 
26.08.2019 
24.06.2020 
27.07.2020 
17.08.2020 

09.10.2019 
26.11.2019 
14.09.2020 

DW 
(Pre-
rewetting) 

  19.06.2019 
23.07.2019 

12.09.2019 
21.10.2019 
19.11.2019 

DW 
(Post-
rewetting) 

03.12.2020 
12.12.2020 
18.12.2020 
08.01.2020 
16.01.2020 
21.01.2020 
29.01.2020 
13.02.2020 
27.02.2020 
08.12.2020 

11.03.2020 
31.03.2020 
09.04.2020 
24.04.2020 
07.05.2020 
28.05.2020 

09.06.2020 
24.06.2020 
08.07.2020 
22.07.2020 
04.08.2020 

01.09.2020 
16.09.2020 
07.10.2020 
17.11.2020 
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Supplementary Table 2: Mean seasonal water volume exchanges (Qin / Qout; m3 s-1) and nutrient masses 
(kg m-3) in the bay (cbay), peatland (cpeatland), and the resulting net nutrient transport (NNT; in tonnes) for 
DIN-N and PO4-P at KW and DW. Negative values of NNT indicate an export from the peatland into the 
bay, and vice versa. All errors are given as the 95 % confidence level. Data of DW are obtained from 
Pönisch and Breznikar et al. (2023) 
 

season 
Qin 

 (m³ s-

1) 

Qout 

 (m³ s-1) 

Cbay 

DIN-N  
(kg m-3) 

cpeatland 

 DIN-N  
(kg m-3) 

NNT  
DIN-N (t) 

Cbay 

 PO4-P  
(kg m-3) 

cpeatland 

PO4-P  
(kg m-3) 

NNT  
PO4-P (t) 

winter 
19.4 ± 

1.3 
−19.1 ± 

1.3 
249 x 10-6  

± 56.6 x 10-6 
278 x 10-6  

± 88.5 x 10-6 
−3.8 ± 17.4 

46.8 x 10-6  
± 46.2 x 10-6 

77.2 x 10-6  
± 105 x 

10-6 
0.55 ± 1.52 

spring 
14.1 ± 

0.8 
−14.2 ± 

0.8 
29.1 x 10-6  
± 6.6 x 10-6 

50.8 x 10-6  
± 23.8 x 10-6 

−1.1 ± 4.8 
5.6 x 10-6  

± 2.8 x 10-6 

4.3 x 10-6  
± 2.5 x 10-

6 
0.03 ± 0.71 

summer 
13.2 ± 

0.7 
−13.2 ± 

0.7 
43.5 x 10-6  

± 16.9 x 10-6 
47.6 x 10-6  

± 24.4 x 10-6 
−0.7 ± 6.4 

22.6 x 10-6  
± 6.8 x 10-6 

24.2 x 10-6  
± 11.2 x 

10-6 
−0.43 ± 2.84 

autumn 
15.3 ± 

1.0 
−15.4 ± 

1.0 
107 x 10-6  

± 49.0 x 10-6 
287 x 10-6  

± 257 x 10-6 
−15.9 ± 42.5 

16.1 x 10-6  
± 2.79 x 10-6 

19.2 x 10-6  
± 6.2 x 10-

6 
−0.31 ± 1.20 

total Karrendorfer Wiesen −21.5 ± 71.0  
 −0.16 ± 

6.26 

total per area (t km-2 yr-1) −6.1 ± 20.3   −0.04 ± 1.79 

     

season 
Qin 

 (m³ s-

1) 

Qout 

 (m³ s-1) 

Cbay 

DIN-N  
(kg m-3) 

cpeatland 

 DIN-N  
(kg m-3) 

NNT  
DIN-N (t) 

Cbay 

 PO4-P  
(kg m-3) 

cpeatland 

PO4-P  
(kg m-3) 

NNT  
PO4-P (t) 

winter 
1.9  

± 0.1 
−1.9  
± 0.1 

1270 x 10−6  
± 506 x 10−6 

1840 x 10−6 

 ± 267 x 10−6 
−8.6 ± 9.9 

6.5 x 10−6  
± 5.0 x 10−6 

11.5 x 10−6  
± 3.7 x 

10−6 
−0.08 ± 0.10 

spring 
1.3  

± 0.1 
−1.3  
± 0.1 

243 x 10−6  
± 289 x 10−6 

391 x 10−6  
± 220 x 10−6 

−1.5 ± 3.8 
2.8 x 10−6  

± 2.8 x 10−6 

8.1 x 10−6  
± 3.1 x 

10−6 
−0.05 ± 0.04 

summer 
1.1  

± 0.1 
−1.1  
± 0.1 

44.0 x 10−6  
± 38.2 x 10−6 

82.7 x 10−6  
± 34.6 x 10−6 

−0.3 ± 0.5 
6.8 x 10−6  

± 4.7 x 10−6 

15.2 x 10−6  
± 3.1 x 

10−6 
−0.07 ± 0.05 

autumn 
1.2  

± 0.1 
−1.2  
± 0.1 

301 x 10−6  
± 218 x 10−6 

328 x 10−6  
± 104 x 10−6 

−0.4 ± 3.2 
8.1 x 10−6  

± 6.2 x 10−6 

10.9 x 10−6  
± 3.7 x 

10−6 
−0.04 ± 0.10 

total Drammendorfer Wiesen −10.8 ± 17.4  −0.24 ± 0.29 

total per area (t km-2 yr-1) −21.6 ± 34.8  −0.48 ± 0.58 
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