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Abstract 

Plants in coastal wetlands act as ecosystem engineers, as they shape ecosystem development through 

bio-geomorphic feedbacks and exert strong control over carbon cycling in these dynamic systems and 

globally important carbon sinks. High primary productivity supplies large amounts of organic matter 

to the soil, while water saturation slows soil organic matter (SOM) decomposition. The fate of the 

sequestered carbon further depends on plant-soil interactions, as plants modify soil conditions such 

as redox potential and pH - key drivers of microbial activity. In addition, plants influence microbial 

decomposition by supplying substrates of differing quality. Compared to upland ecosystems, plant-

mediated control over microbial activity is particularly pronounced in wetlands, where roots not only 

provide organic inputs but also release oxygen, altering redox conditions through radial oxygen loss. 

These interactions are particularly important for methane dynamics - a greenhouse gas with greater 

radiative forcing potential than carbon dioxide - which can be high in wetlands due to the waterlogged 

soils.  

Despite their disproportionate role as carbon sinks, the effects of global warming on ecosystem carbon 

responses in wetlands remain poorly understood. The net climate-carbon feedback of wetlands is 

strongly dependent on plant-soil interactions and their warming-induced alterations, as both plant 

carbon assimilation (inputs) and SOM decomposition (outputs) are temperature-sensitive. Warming-

driven increases in SOM decomposition are likely to enhance plant-available nitrogen, potentially 

alleviating nitrogen limitation and promoting greater biomass production and carbon retention. 

However, if decomposition outpaces plant carbon inputs, this will result in substantial SOM loss, 

creating a positive climate-carbon feedback accelerating climate change. 

This thesis investigates carbon cycling and storage under current and warmer climate conditions in 

coastal wetlands of the North Sea and Baltic Sea, with a particular focus on plant-soil interactions. Four 

complementary studies were conducted. First, carbon stocks (chapter 2) and methane emissions 

(chapter 3) were quantified across German coastal wetlands, addressing both large-scale differences 

(between coasts) and small-scale variation (within sites and plant communities). Second, two studies 

(chapter 4 and 5) were conducted in a mesocosm warming experiment and investigated warming 

effects on transplanted vegetated soil-sods originating coastal wetlands from Denmark, Sweden, and 

Finland spanning distinct soil morphologies and plant communities. Here we assessed warming effects 

on aboveground biomass, soil organic matter (SOM), and microbial communities. 

Across these studies, several key findings emerged. Low-energy Baltic Sea salt marshes contained 

higher soil organic carbon (SOC) stocks than high-energy North Sea marshes. Livestock grazing 

increased SOC stocks in the North Sea by enhancing soil compaction but showed mixed effects in the 

Baltic, driven by changes in plant biomass. Contrary to expectations, grazing effects on soil compaction 
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and plant communities did not increase methane emission but varied strongly among sites. Grazing-

induced shifts in plant community composition and subsequent alterations in belowground biomass 

and hence redox potentials explained methane emission. Grazing often excluded high-emission 

species such as Phragmites australis, highlighting complex underlying plant-soil interactions that vary 

between species and connected functional traits. 

The studies conducted in the mesocosm warming experiment revealed that elevated temperatures 

increased plant-available nitrogen and enhanced aboveground biomass especially in SOM-rich 

systems, though systems with nitrogen-fixing plants and lower SOM content showed weaker 

responses. SOM losses occurred in soils initially rich in SOM, suggesting that ecosystem carbon 

responses to warming depend strongly on initial resource status. Warming also induced significant 

restructuring of soil microbial communities in SOM richer tall-grass communities but not in the SOM-

poorer tall-grass community, likely reflecting differences in successional stage and microbial 

specialization. Taxa that increased under warming were linked to nutrient cycling and organic matter 

breakdown, whereas those that decreased under warming were associated with cold and low-oxygen 

adaptation. 

Together, these studies demonstrate the pivotal role of plant-soil-microbe interactions in regulating 

carbon dynamics in coastal wetlands under both current and future climate conditions. Future 

research should prioritize two key pathways: (1) developing a mechanistic understanding of plant-soil 

interactions and how they are altered under warming, understanding particularly the influence of plant 

traits such as radial oxygen loss and root exudation on microbial activity and SOM decomposition; and 

(2) assessing SOM as a central variable in ecosystem carbon responses to warming, supported by 

further experimental studies to test the generality of this pattern. 
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Zusammenfassung 

Pflanzen in Küstenfeuchtgebieten wirken als Ökosystemingenieure, da sie durch bio-geomorpho-

logische Rückkopplungen die Entwicklung dieser Systeme prägen und zugleich den Kohlenstoff-

kreislauf in diesen dynamischen und global bedeutenden Kohlenstoffsenken stark beeinflussen. Die 

hohe Primärproduktion führt zu einem erheblichen Eintrag organischer Substanz in den Boden, 

ǿŅƘǊŜƴŘ ŘƛŜ ²ŀǎǎŜǊǎŅǘǘƛƎǳƴƎ ŘƛŜ ½ŜǊǎŜǘȊǳƴƎ Ǿƻƴ .ƻŘŜƴƻǊƎŀƴƛǎŎƘŜǊ {ǳōǎǘŀƴȊ ό{haΤ Ǿƻƴ αǎƻƛƭ ƻǊƎŀƴƛŎ 

ƳŀǘǘŜǊάύ ǾŜǊƭŀƴƎǎŀƳǘΦ 5ŀǎ {ŎƘƛŎksal des gebundenen Kohlenstoffs hängt von Pflanze-Boden-

Interaktionen ab, da Pflanzen Bodenbedingungen wie Redoxpotenzial und pH-Wert verändern - 

zentrale Faktoren für mikrobielle Aktivität. Darüber hinaus steuern Pflanzen den mikrobiellen Abbau, 

indem sie organische Substrate unterschiedlicher Qualität bereitstellen. Im Vergleich zu terrestrischen 

Ökosystemen ist die Kontrolle der Pflanze über mikrobielle Aktivität in Feuchtgebieten besonders 

ausgeprägt: Hier liefern Wurzeln nicht nur organische Substanz, sondern geben auch Sauerstoff in den 

Wurzelraum ab und verändern so die ansonsten reduzierende Bodenbedingungen. Diese Prozesse sind 

besonders relevant für die Methandynamik - ein Treibhausgas mit deutlich höherem Strahlungsantrieb 

als Kohlenstoffdioxid -, die in Feuchtgebieten aufgrund der Wassersättigung im Boden sehr hoch sein 

können. 

Trotz ihrer herausragenden Bedeutung als Kohlenstoffsenken sind die Auswirkungen der globalen 

Erwärmung auf den Kohlenstoffhaushalt von Feuchtgebieten weitgehend unerforscht. Die Netto-

Klima-Kohlenstoff-Rückkopplung hängt entscheidend von Pflanze-Boden-Interaktionen und deren 

Erwärmungs-induzierten Veränderungen ab, da sowohl die pflanzliche Kohlenstoffassimilation 

(Eintrag) als auch der mikrobiell vermittelte SOM-Abbau (Austrag) temperaturabhängig sind. Ein durch 

Erwärmung gesteigerter SOM-Abbau kann den pflanzenverfügbaren Stickstoff erhöhen, somit eine 

potenzielle Stickstofflimitierung verringern und so das Biomassewachstum und den damit 

verbundenen Kohlenstofffeintrag fördern. Übersteigt jedoch der Abbau den Kohlenstoffeintrag, führt 

dies zu erheblichen SOM-Verlusten und damit zu einer positiven Klima-Kohlenstoff-Rückkopplung, die 

den Klimawandel weiter verstärkt. 

Diese Dissertation untersucht den Kohlenstoffkreislauf sowie die Kohlenstoffspeicherung in 

Küstenfeuchtgebieten der Nord- und Ostsee mit einem besonderen Fokus auf Pflanze-Boden-

Interaktionen im Ist-Zustand und unter zukünftiger globaler Erwärmung. Vier komplementäre Studien 

wurden durchgeführt. Zunächst wurden Kohlenstoffvorräte (Kapitel 2) und Methanemissionen (Kapitel 

3) in deutschen Küstenfeuchtgebieten quantifiziert, wobei sowohl großräumige Unterschiede 

(zwischen Küsten) als auch kleinräumige Variationen (innerhalb von Standorten und Pflanzen-

gemeinschaften) betrachtet wurden. Anschließend wurde in zwei Studien, die in einem Erwärmungs-

Mesokosmos-Experiment durchgeführt wurden (Kapitel 4 und 5), Bodensoden mit 
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Pflanzengemeinschaften aus Küstenfeuchtgebieten aus Dänemark, Schweden und Finnland in einer 

kontrollierten Erwärmungsanlage untersucht, um Effekte erhöhter Temperaturen auf pflanzliche 

Biomasseproduktion, SOM-Dynamik und mikrobielle Gemeinschaften zu erfassen. 

Die Ergebnisse zeigen: Ostsee- Salzmarschen wiesen höhere Vorräte an Bodenorganischem 

Kohlenstoff (SOC; soil organic carbon) auf als die meso-tidalen Nordsee-Salzmarschen. Beweidung 

erhöhte die SOC-Vorräte an der Nordsee durch Verdichtung des Bodens, zeigte jedoch in der Ostsee 

uneinheitliche Effekte, die durch Veränderungen der unterirdischen Pflanzenbiomasse bedingt waren. 

Entgegen den Erwartungen führten Beweidungseffekte auf Boden und Pflanzengemeinschaften nicht 

zu höheren Methanemissionen, sondern variierten stark zwischen den Standorten. Beweidungs-

induzierte Veränderungen in der Pflanzengemeinschaft und der damit verbundenen Wurzelbiomasse 

und deren Einfluss auf Boden-Redoxpotentiale, erklärten die Unterschiede in den Methanemissionen. 

Häufig wurden hoch emittierende Arten wie Phragmites australis durch Beweidung ausgeschlossen, 

was die komplexen und artspezifischen Pflanzen-Boden-Interaktionen unterstreicht. 

Die Studien aus dem Mesokosmos-Experiment zeigten, dass Erwärmung den pflanzenverfügbaren 

Stickstoff erhöhte und vor allem in SOM-reichen Systemen die oberirdische Biomasse steigerte, 

während Systeme mit stickstofffixierenden Pflanzen und geringerem SOM-Gehalt schwächer auf 

Erwärmung reagierten. SOM-Verluste traten in ursprünglich SOM-reichen Böden auf, was darauf 

hindeutet, dass die Reaktion von Feuchtgebietsökosystemen auf Erwärmung stark vom 

Ausgangszustand abhängt. Zudem führte Erwärmung zu einer signifikanten Umstrukturierung der 

mikrobiellen Gemeinschaften in SOM-reicheren Böden, aber nicht in SOM-ärmeren Böden - vermutlich 

aufgrund unterschiedlicher Sukzessionsstadien und mikrobieller Spezialisierung. Taxa, die unter 

Erwärmung in Abundanz zunahmen, waren mit dem Abbau komplexer organischer Substanzen und 

dem Nährstoffkreislauf verbunden. Im Gegensatz dazu nahmen Abundanzen von Taxa ab, die vor allem 

an kalte, sauerstoffarme Bedingungen angepasst sind. 

Zusammenfassend verdeutlichen diese Studien die zentrale Rolle von Pflanze-Boden-Mikroben-

Interaktionen für die Steuerung des Kohlenstoffkreislaufs in Küstenfeuchtgebieten unter aktuellen 

Bedingungen und zukünftigen Klimaszenarien. Zukünftige Forschung sollte zwei Schwerpunkte 

verfolgen: (1) ein detailliertes mechanistisches Verständnis der Pflanze-Boden-Interaktionen und der 

Erwärmungseffekt auf diese, wobei insbesondere die Rolle spezifischer Pflanzeneigenschaften wie 

radialem Sauerstoffverlust und Wurzelexsudation für mikrobielle Aktivität und SOM-Abbau untersucht 

werden sollte; sowie (2) die Betrachtung von SOM als zentrale Variable für die Kohlenstoffdynamik 

unter Erwärmung in Küstenfeuchtgebieten, ergänzt durch experimentelle Studien, um die 

Allgemeingültigkeit dieses Musters zu prüfen. 
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Chapter 1: General Introduction 

1.1. Carbon cycling in coastal wetlands  

Coastal wetlands deliver a range of critical ecosystem services, such as serving as nesting habitat for 

breeding avifauna, facilitating nutrient cycling, providing nursery ground for fish, supporting 

recreational activities, offering coastal protection, and storing substantial amounts of carbon (Friess et 

al. 2020). Notably, the role of coastal wetlands as carbon sink has gained increasing attention over the 

past decade (Mcleod et al.; Lovelock and Duarte 2019; Macreadie et al. 2021). Carbon sequestration 

results from the imbalance between buried organic matter as carbon input into soils and the 

decomposition of organic compounds through microbial activity as carbon output (Duarte et al. 2005; 

Lovelock and Reef 2020). The decomposition rate of organic compounds is relatively slow in coastal 

wetlands compared to upland soils, primarily due to waterlogged soil conditions that lead to lower 

redox potentials (Neubauer and Megonigal 2021). Simultaneously, coastal wetlands are characterized 

by high net primary productivity, which is fostering carbon cycling. The high primary productivity in 

coastal wetlands contributes not only to positive plant-soil interaction by increasing the physical 

accretion of coastal wetlands through forming both soil volume and sediment deposition rates but also 

to the accumulation of soil organic matter (SOM) via vegetation-derived plant litter (Kirwan and 

Megonigal 2013; Morris et al. 2016). Consequently, plant productivity serves as a critical determinant 

of the resilience and long-term carbon sequestration capacity of coastal wetlands in times of climate 

change (Kirwan and Megonigal 2013; Spivak et al. 2019). The persistence of soil organic carbon is an 

emergent property shaped by the interplay of plant-soil interactions, including biological processes 

(e.g., litter input quantity and quality versus microbial decomposition), environmental conditions, and 

chemical as well as physical stabilization mechanisms (Schmidt et al. 2011; Dungait et al. 2012; Cotrufo 

et al. 2013; Neiske et al. 2025). The balance between plant-derived carbon inputs versus respiration-

mediated carbon output is strongly influenced by bio-geomorphological factors as well as by biotic 

interactions. Microbial respiration and activity are tightly linked to both the quantity and quality of 

organic plant inputs, highlighting the central role of biotic feedbacks in controlling carbon persistence. 

Understanding plant-soil-microbe interactions, particularly in wetland ecosystems, is crucial for 

predicting future carbon-climate feedback and the climate mitigation potential of these blue carbon 

ecosystems under global change (Schmidt et al. 2011; Ren et al. 2022; Haviland and Noyce 2024). The 

following sections discuss the range of abiotic and biotic factors influencing the carbon cycle dynamics 

(Fig. 1) in coastal wetlands, with particular emphasis on plant productivity and plant-mediated 

processes.  
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Figure 1. Coastal wetland plants act as ecosystem engineers by controlling carbon inputs and outputs while interacting with 

both aboveground and belowground environments. Specifically, they (1) slow water flow, trapping sediments and 

allochthonous carbon; and (2) stabilize soils through their roots, which also contribute to the SOM pool, together supporting 

vertical marsh accretion. Belowground, plants further influence microbial communities by (3) releasing oxygen through radial 

oxygen loss (ROL), providing microbes a highly efficient terminal electron acceptor and creating hotspots of microbial 

respiration; and (4) releasing exudates, low-molecular-weight carbon compounds that are readily metabolized by microbes. 

Both oxygen inputs and exudates can enhance SOM decomposition. 

1.1.1. Environmental challenges and plant adaptation 

Coastal wetlands occur at the interface between land and sea and withstand extreme conditions, 

forging the development of dynamic systems shaped by regular tidal and/or irregular wind-driven 

inundation. These dynamic processes create systems adapted to rapidly changing environments which 

often are also able to withstand extremes. Plant adaptations to environmental challenges such as 

flooding, hypoxic or anoxic soils, and increased salinities involve morphological changes, such as the 

development of specific tissues, altered growth strategies, and osmotic regulation (Adam 1990). To 

cope with mechanical stresses from water movement and wind, wetland plants have evolved 

structural adaptations like increased stem flexibility, variation in stem height, and enhanced anchoring 

through well-developed root systems (Schoutens et al. 2021). Salt intrusion into the soil during tidal 

inundation induces a physiological drought by inducing osmotic stress, leading to water deficit 

conditions and ion toxicity within plant tissues (Parida and Das 2005; Munns and Tester 2008). The 

accumulation of salt ions constitutes as a further stress factor that potentially disrupts critical 

physiological processes, including protein synthesis, photosynthesis, and lipid metabolism. 
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Additionally, the accumulation of salt ions in the rhizosphere can impair nutrient uptake by interfering 

with the absorption and transport of essential minerals (Parida and Das 2005; Lambers and Oliveira 

2019). Consequently, coastal wetland plants have developed various adaptations to cope with osmotic 

stress. These strategies include active salt excretion through specialized structures such as salt glands, 

salt accumulation within tissues, and salt dilution via succulence, allowing plants to store water in 

specific tissues to reduce salt concentrations in physiologically more active plant parts (Munns and 

Tester 2008). Additionally, the waterlogged conditions induce metabolic stress in the rhizosphere by 

affecting root respiration and nutrient availability (Bradley and Morris 1990). As a response, many 

wetland plants develop high stem and root porosity through the formation of aerenchyma, which 

facilitate oxygen transport within the plant (Armstrong 1980; Pedersen et al. 2021). This allows plants 

to oxygenate the rhizosphere which in turn enables root respiration and nutrient uptake in 

waterlogged soils (Lai et al. 2012; Pedersen et al. 2021). 

1.1.2. Coastal wetland plants as ecosystem engineers 

Coastal wetlands are complex ecosystems continuously shaped by the force of tides and/or periodic 

flooding. These dynamic hydrological processes drive intricate biogeochemical interactions and 

establish feedback loops between pioneer plants establishing on bare intertidal flats and sediment 

properties (Fagherazzi et al. 2012; Nolte et al. 2013a; Fig. 1). In this context, wetland plants function 

as ecosystem engineers: they slow water flow and trap sediments during inundation, thus promoting 

vertical accretion of the soil (Allen 2000; Bouma et al. 2005). This interaction ultimately fosters the 

self-sustaining development and succession of coastal wetlands on tidal flats within the intertidal zone 

(Olff et al. 1997; Fagherazzi et al. 2012). In coastal areas where tidal influence and sedimentation rates 

are limited (e.g. in the Baltic Sea), wind-driven periodic inundation can play a similar role in shaping 

these systems (Adam 1990; Dijkema 1990). Beyond trapping sediments, plants also contribute to 

vertical soil accretion through their belowground growth and the deposition of organic matter such as 

root litter (Kirwan and Megonigal 2013; Allen 1990; Fig. 1). Based on the prevailing mechanisms driving 

vertical growth, coastal wetlands can be classified into two main types: organogenic and minerogenic 

systems. In minerogenic systems, vertical accretion is primarily controlled by sediment deposits of 

sand, clay or mud, often linked to tidal range (Nolte et al. 2013; Allen 1990). In contrast, organogenic 

systems typically exhibit slower vertical accretion, which is strongly driven by organic matter 

accumulation (Allen 1990; Kirwan and Megonigal 2013). 

1.1.3. Effects of wetland soil properties on primary productivity  

In coastal wetlands, plant community composition and primary productivity exhibit a direct and highly 

variable response to various environmental parameters, including sediment type, salinity, and 

elevation, as well as to the interactions among these factors (Willis and Hester 2004; Howard 2010; 
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Suchrow and Jensen 2010; Wilburn et al. 2024). Besides the important role of inundation itself in 

determining plant community composition along elevational gradients (Suchrow and Jensen 2010), 

plant productivity is constrained by environmental stressors associated with inundation, among which 

increased salinity plays a prominent role (Naidoo and Kift 2006). Physiological disruptions due to 

stressful environmental conditions can induce alterations in plant community composition, by 

selectively disadvantaging salt-sensitive species ό²ƛťǎƪƛ Ŝǘ ŀƭΦ нлмлύ. Previous studies along estuarine 

gradients (thus along salinity gradients) have demonstrated a reduction in overall plant productivity 

with increasing salinity (Hansen et al. 2017; Neiske et al. 2025).  

Sediment and soil texture, often linked to the flooding regime (Temmerman et al. 2003), plays a critical 

role in shaping plant responses to interacting abiotic factors  (Chapman et al. 2012; Pezeshki and 

DeLaune 2012). Soil characteristics such as grain size distribution and soil porosity determine water 

and nutrient availability, as well as soil redox conditions, all of which directly influence plant 

productivity (Pezeshki and DeLaune 2012; Haque et al. 2018; Feng et al. 2020). Plant responses to 

changes in soil properties are species-specific (Liu et al. 2023) and vary across spatio-temporal scales 

(Contreras-Cruzado et al. 2017). Furthermore, soil texture is a key determinant of carbon persistence, 

primarily due to the reduced bioavailability of organic compounds, either through adsorption onto 

mineral surfaces or through encapsulation within soil aggregates of humic substances (Schmidt et al. 

2011; Dungait et al. 2012; Cotrufo et al. 2013; Neiske et al. 2025).  

1.1.4. Plant-microbe interactions 

The fate of organic carbon inputs into soils largely depends on microbial activity, as microbes re-

mineralize organic carbon by secreting extracellular enzymes to fuel their metabolism. Microbial 

communities play a central role in ecosystem functioning, as they provide essential nutrients to plants, 

enhance plant performance through multitrophic interactions, and contribute to overall soil fertility 

(Fierer 2017; Banerjee and van der Heijden 2023). The composition and activity of soil microbial 

communities are shaped by a range of abiotic factors in soils, including pH, redox potential, water 

content, temperature, and the availability of nutrients and organic carbon, as well as by biotic 

interactions with plants (Philippot et al. 2013; Fierer 2017).  

Plant-microbe interactions occur through multiple pathways. Indirectly, plants modify the rhizosphere 

and soil environment by altering chemical properties such as pH and redox conditions (Fig. 1), thereby 

influencing microbial habitats (Hinsinger et al. 2006; Wang and Kuzyakov 2024). These effects are 

especially pronounced in wetland ecosystems, where species-specific plant-soil interactions play a 

crucial role in shaping microbial processes (Robroek et al. 2016). Moreover, plants directly affect 

microbial communities through the release of root exudates, rhizodeposits, and litter (Fig. 1). Root 

exudates are low-molecular-weight organic compounds exuded into the rhizosphere that provide 
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easily accessible substrates for microbial metabolism (Megonigal et al. 1999; Oburger and Jones 2018). 

In addition to supplying organic carbon, wetland plants also transport oxygen into the rhizosphere, 

particularly plant species with extensive aerenchyma tissues (Armstrong 1980; Lai et al. 2012). The 

ability of plants to oxidize their rhizosphere depends also on background redox state of the wetland 

soil and varies among species, therefore shifts in plant species composition can alter their sediment 

redox conditions in different directions (Lai et al. 2012; Koop-Jakobsen et al. 2021; Mittmann-Goetsch 

et al. 2024). The combined input of labile organic compounds and of oxygen can trigger a priming 

effect, whereby microbial activity is stimulated, potentially accelerating the decomposition of existing 

SOM and potentially leading to increased carbon losses (Kuzyakov 2010; Lei et al. 2023; Mueller and 

Megonigal 2024). 

1.1.5. Effect of wetland soil properties on soil organic matter decomposition  

In water-saturated soils, oxygen availability becomes a key limiting factor for microbial activity, as 

oxygen is rapidly depleted, creating anoxic conditions. The efficiency of microbial degradation of 

organic compounds is strongly influenced by the availability of terminal electron acceptors. Under 

aerobic conditions, microbes utilize oxygen, the most energy-yielding terminal electron acceptor, 

enabling enhanced oxidation of organic compounds. This results in high SOM decomposition rates and 

rapid carbon turnover, with CO2 produced as a byproduct of aerobic respiration (Pezeshki and DeLaune 

2012). Under more reducing conditions, microbial metabolism shifts to rely on alternative electron 

acceptors with lower Gibbs free energy yields (e.g., nitrate, manganese(IV), iron(III), sulfate, and 

carbon dioxide), resulting in slower SOM decomposition rates (Pezeshki and DeLaune 2012). In the 

absence of oxygen, SOM decomposition further slows down, and microbial communities transition to 

fermentative pathways (Chapman et al. 2019). 

1.1.6. Methane production in anaerobic soils 

During anaerobic metabolism, the activity of methanogens may increase methane production in 

coastal wetlands, depending on the availability of terminal electron acceptors  (Chapman et al. 2019). 

Elevated methane production and finally emissions may counteract the climate mitigation potential of 

these carbon sinks, as methane is a more potent greenhouse gas than CO2 in terms of radiative forcing 

(Rosentreter et al. 2021b; Forster et al. 2024). However, methane production is governed by a range 

of environmental and biological factors. Different microbial communities, employing distinct 

metabolic strategies, compete for available electron donors. In the absence of oxygen and other high-

energy-yielding terminal electron acceptors, methanogenic archaea can mineralize organic carbon via 

hydrogenotrophic, acetoclastic or methylotrophic methanogenesis, producing methane as a 

byproduct (Conrad 2020). Further, methanogenesis relies on the availability of labile organic matter as 

an electron donor, and is therefore closely linked to plant activity, which supplies easily degradable 
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organic carbon compounds to rhizospheres (Oburger and Jones 2018; Haviland and Noyce 2024). In 

the presence of more beneficial terminal electron acceptors, methanogens are readily outcompeted 

by microbial communities that utilize the more energetically favorable terminal electron acceptors, 

such as sulfate. Sulfate availability is positively correlated with increasing salinity and is thus typically 

abundant in coastal tidal wetlands. As a result, sulfate-reducing bacteria often dominate under these 

conditions, thereby suppressing methanogenesis and reducing methane emissions in coastal wetlands 

(Bridgham et al. 2006; Poffenbarger et al. 2011). 

Once methane is produced in the soil, it needs to pass the soil matrix to be emitted into the 

atmosphere. This occurs via three primary pathways: diffusion, ebullition, and plant-mediated 

transport. Diffusion is driven by concentration gradients between methane-rich zones (e.g., soil pores 

or sediment layers) and the surrounding environment (e.g., overlying water column or atmosphere). 

Due to the slow rate of diffusion through soils, methane άǘǊŀƴǎǇƻǊǘŜŘέ Ǿƛŀ ǘƘƛǎ ǇŀǘƘǿŀȅ is often 

oxidized by methanotrophic bacteria before it reaches the soil surface (Bridgham et al. 2013; Neubauer 

and Megonigal 2021). Ebullition, by contrast, is a rapid release of methane gas via bubbles that form 

and escape due to changes in hydrostatic pressure, typically driven by temperature fluctuations, 

atmospheric pressure changes, or shifts in water levels (Neubauer and Megonigal 2021). Plant-

mediated transport occurs through aerenchyma, which facilitate both passive and convective gas flow 

between the soil to the atmosphere. This pathway allows methane to bypass oxidative zones in the 

soil, reducing the likelihood of microbial consumption and thus potentially increasing methane 

emissions. However, the same tissues that transport methane also deliver oxygen to the rhizosphere, 

enabling aerobic methane oxidation or outcompeting methanogens by promoting aerobic respiration 

and partially offsetting methane emissions from plant roots (Noyce et al. 2023; Haviland and Noyce 

2024). Accordingly, plants can both increase methane emissions by supplying labile organic 

compounds to rhizospheres and by facilitating gas transport from the soil, and decrease methane 

emissions by enhancing methane oxidation through oxygen release into the soil (Waldo et al. 2019; 

Haviland and Noyce 2024; Määttä and Malhotra 2024). 

1.2. Global change in coastal wetlands 

Coastal wetlands face numerous challenges in the context of global change. As described previously, 

carbon cycling in coastal wetlands is governed by complex plant-soil interactions, which remain poorly 

understood. This complexity is further amplified as coastal wetlands face multiple challenges, including 

global warming, increased atmospheric CO2 concentrations, accelerated rates of sea-level rise, and 

increasing storminess (Spivak et al. 2019; Macreadie et al. 2021; Lovelock et al. 2022). These 

environmental shifts may alter carbon inputs, microbial activity, and decomposition dynamics in 

unpredictable feedbacks (Reich et al. 2020). For instance, Noyce et al. (2023) reported that elevated 
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atmospheric CO2 unexpectedly reduced methane (CH4) emissions. This finding contrasts with earlier 

studies, which demonstrated increased CH4 emissions under elevated CO2, largely due to greater 

inputs of labile organic compounds to rhizospheres fueling methanogenesis. Noyce et al. (2023) 

suggest that the reduction in methane emissions they observed may reflect a legacy effect: long-term 

CO2 enrichment increased the accumulated stem density of the dominant grass species, which in turn 

enhanced oxygen priming to the rhizosphere. These changes suppressed the activity of methanogens 

or promoted methanotrophy, thereby mitigated the anticipated rise in CH4 emissions. This study alone 

underscores the intricate plant-soil interactions among various environmental variables, even when 

considering only a single global change driver. Additionally, the resilience of wetlands in the face of 

accelerated rates of rising sea levels is closely linked to interacting abiotic and biotic factors such as 

accommodation space and plant growth (Rogers et al. 2019; Kirwan and Mudd 2012). Aboveground 

plant structures interact with sediments during inundation (Bakker et al. 1993; Fagherazzi et al. 2012), 

while belowground productivity contributes to soil stability (Ford et al. 2016; Battisti et al. 2019), both 

of which are essential for vertical accretion - a crucial mechanism for coping with accelerated rates of 

sea level rise (Allen 2000; Kirwan and Megonigal 2013; Mudd et al. 2009). How plants may acclimate 

or adapt and how plant community composition may shift in response to accelerated rates of sea-level 

rise is further influenced by other global change factors, such as elevated CO2 and temperature, 

complicating the plant-soil feedback loops. Despite the recognized importance of coastal wetlands in 

climate change mitigation, the impacts of global environmental change on their carbon cycling 

processes remain insufficiently explored. Few existing studies, such as Noyce et al. (2023) highlight the 

complexity of ecosystem responses, emphasizing the need for more integrated research to understand 

how these vital ecosystems will function under future climate scenarios. In this thesis, I investigated 

the effects of warming on the carbon dynamics of coastal wetlands. To disentangle the individual and 

interactive effects of warming on carbon cycling, I explore the impacts of warming on various 

ecosystem properties and their interrelations in the following sections. 

1.2.1. Warming effects on plant-soil interactions 

One of the key abiotic consequences of warming for terrestrial and coastal ecosystems is a reduction 

in soil moisture via higher evapotranspiration, often coupled with a precipitation deficit, which affects 

multiple soil properties with direct implications for biotic processes. The decreasing soil moisture 

potentially leads to increased soil salinity in coastal regions, especially in times of reduced precipitation 

(Lorrain-Soligon et al. 2023). Moreover, shifts in soil moisture influence the redox conditions of the 

soil, with drier conditions favoring more aerobic states and likely increasing SOM decomposition and 

thus carbon turnover in wetland soils (Pezeshki and DeLaune 2012). These changes alter microbial 

community composition and plant-microbe interactions, affecting ecosystem functioning (Philippot et 

al. 2013; Jansson and Hofmockel 2020; Philippot et al. 2024). Reduced soil moisture can also impair 
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nutrient availability and uptake by plants and microbes, further influencing productivity and carbon 

cycling (Pezeshki and DeLaune 2012; Jansson and Hofmockel 2020). Furthermore, drought can impose 

significant water stress on plants. To maintain water flow, plants rely on stomatal transpiration, which 

drives the upward movement of water from roots to leaves. However, under water-limited conditions, 

plants close their stomata to conserve water (Lambers and Oliveira 2019). Since stomata are also 

essential for CO2 uptake, this closure often leads to a reduced primary productivity (Boeck et al. 2008; 

Hoeppner and Dukes 2012). In response to reduced water availability, plants can further adapt 

physiologically by increasing water use efficiency, adjusting osmotic pressure, or developing 

succulence (Lambers and Oliveira 2019). Additionally, plants may reallocate biomass to root growth to 

enhance water and nutrient acquisition (Eziz et al. 2017; Noyce et al. 2019). 

1.2.2. Warming effects on plants 

As all biological processes are temperature-sensitive, warming is expected to positively affect various 

kinetic reactions, such as enzymatic activity (including carbon assimilation by RuBisCo), CO2 diffusion 

rates, tissue and cell growth, and nutrient uptake (Bassirirad 2000; Sage and Kubien 2007; Crous 2019). 

Ultimately, the increased reaction rates at elevated temperatures are anticipated to enhance primary 

productivity (Rustad et al. 2001; Sage and Kubien 2007). Plant species and microbial communities have 

adapted to different climatic zones and thus exhibit specific temperature optima for their metabolic 

processes (Mendelssohn and Morris 2002; Münzbergová et al. 2017). However, extreme warming may 

surpass the optimal temperature ranges for individual species, potentially leading to thermal stress 

and reduced biomass production. Plants adapted to greater temperature fluctuations, such as those 

found in higher latitudes, are likely to have a greater capacity to acclimate their photosynthetic thermal 

optimum upwards (Crous 2019). 

Temperature is a key driver of plant phenology in terrestrial ecosystems, and warmer temperatures 

are likely to extend the growing season by promoting earlier spring greening and delaying senescence 

in the fall (Menzel 2013). This extension provides plants with a longer period for photosynthesis, which 

could lead to increased annual primary productivity  (Wang et al. 2022; Liu et al. 2025). However, the 

extension of growing season varies across ecosystems, and in some cases may result in shifts rather 

than in an elongation of the growing season. For instance, Liu et al. (2022a) found in their meta-analysis 

that the growing season was primarily delayed in herbaceous communities, with both later greening 

and senescence observed. Additionally, it is likely that warming has a stronger effect on elongating the 

growing season in higher compared to lower latitudes (Liu et al. 2025). 

Lastly, productivity-diversity theory suggests that longer growing seasons may favor a few highly 

productive plant species, outcompeting subdominant species and potentially reducing overall 

community diversity (Pärtel et al. 2007; Fridley et al. 2016). Previous studies investigating the effects 
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of warming in wetlands have shown shifts in plant community structure, often accompanied by a loss 

in species richness (Weltzin et al. 2003; Charles and Dukes 2009; Baldwin et al. 2014). Plant diversity 

can be positively associated with increased plant productivity (Duffy et al. 2017) and has been shown 

to enhance soil organic carbon storage across ecosystems (Lange et al. 2015; Chen et al. 2020). 

Consequently, warming-induced shifts in the diversity of plant communities may exert a significant 

influence on future carbon cycling. 

1.2.3. Warming effects on plant-microbe interactions 

Microbial communities can demonstrate resilience against disturbances depending on different 

community properties such as spore dormancy, growth strategies, and the taxonomic composition 

(Philippot et al. 2021). Microbial activity will directly respond to warming through enhanced metabolic 

processes until a certain threshold driven by faster kinetic reactions (Luo 2007). Additionally, microbial 

communities will be indirectly affected by changes in environmental conditions, such as soil moisture, 

pH, and redox potential, as well as by complex feedbacks with associated plant communities (Philippot 

et al. 2021; Philippot et al. 2024). In terrestrial ecosystems, a warming-induced reduction in soil 

moisture is expected to limit microbial activity due to a lower accessibility of substrates and nutrients 

(Schimel 2018). In contrast, decreased soil moisture in wetland ecosystems may lead to increased 

oxygen availability, potentially boosting microbial activity and accelerating SOM decomposition rates 

(Charles and Dukes 2009; Noyce et al. 2023; Haviland and Noyce 2024). Warming-driven shifts in plant 

community composition and structure are likely to have concurrent effects on microbial activity and 

community composition, though the outcome remains challenging to predict due to the various 

potential biotic feedbacks (Philippot et al. 2013). Generally, increased primary productivity (under 

warmer temperatures) is expected to enhance microbial activity, potentially leading to the 

decomposition of previously sequestered carbon stored in SOM (Kuzyakov 2002; Mueller and 

Megonigal 2024). This priming effect is because higher primary productivity is associated with 

increased exudation, thereby providing more input of labile carbon compounds to the soil (Fu and 

Cheng 2002; Mueller et al. 2016; Dijkstra et al. 2006). If plant communities shift in composition, it is 

likely that corresponding changes will also alter microbial community composition and activity 

(Philippot et al. 2013). Previous studies in terrestrial ecosystems have reported significant shifts in 

microbial community composition with warming (Luo et al. 2014; Nottingham et al. 2022b; Li et al. 

2024a), with some studies highlighting a more profound warming-induced shift in organic soils rather 

than in minerogenic systems (Deslippe et al. 2012; DeAngelis et al. 2015). However, other studies show 

ambiguous or negligible warming effects on microbial community composition (Castro et al. 2010; 

Contosta et al. 2015; Cheng et al. 2017).  
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While plants play a critical role in mediating microbial responses to temperature increases, the 

feedback loop under climate change is further complicated by bidirectional effects from plant-microbe 

interactions. On the one hand, increased SOM turnover driven by microbial activity could accelerate 

nutrient mineralization, potentially improving nutrient availability for plants and enhancing 

productivity (van der Heijden et al. 2008; Dijkstra et al. 2010; Bai et al. 2013). On the other hand, 

microbial immobilization of nutrients potentially reduces nutrient availability for plants e.g. Jiang et al. 

(2025) who found higher ammonium immobilization under warming, thereby exacerbating plant stress 

and potentially diminishing productivity.  

Plant-soil-microbe dynamics under future climate scenarios have crucial implications for the overall 

functioning of coastal wetlands as carbon sinks as the net balance of these reciprocal interactions 

determines whether warming will shift the ecosystem carbon balance towards a net-positive or net-

negative carbon-climate feedback (Melillo et al. 2002b; Davidson and Janssens 2006; Charles and 

Dukes 2009; Kirwan and Blum 2011; Smith et al. 2022). As laid out above, these dynamics are highly 

variable and require a deeper understanding of plant-soil interactions as driver of carbon cycling.  

1.3. Framework of this study 

The studies that are part of this thesis were conducted in coastal wetlands along the North Sea and 

Baltic Sea coasts. The Wadden Sea and Baltic Sea coastal wetlands are relatively young ecosystems, 

having developed over the past 8,000 years following the last glacial period (Elschot et al. 2024; 

HELCOM 2018). Over the past ~500 years, human activity has significantly influenced the development 

and morphology of these ecosystems, particularly through cultivation and agricultural land-use, which 

continue to shape the structure of most European coastal wetlands (Dijkema 1990; Rupprecht et al. 

2023). 

Despite their comparable geological age and shared history of anthropogenic influence, coastal 

wetlands of Wadden Sea and Baltic Sea shorelines differ substantially. These differences are primarily 

driven by distinct hydrological regimes, which strongly influence plant community composition, 

sediment deposition, and small-scale distribution along elevation gradients in Wadden Sea wetlands 

and affect the large-scale distribution of plant community composition along landscape gradients in 

Baltic Sea wetlands. A more detailed description of these contrasting hydrological and ecological 

characteristics is provided in the following sections. 

1.3.1. Coastal wetlands of the North Sea 

Europe and more specifically its North Sea coast ƛǎ ƘƻƳŜ ǘƻ ǘƘŜ ǿƻǊƭŘΩǎ largest tidal flat, the Wadden 

Sea. The Wadden Sea ranges from Denmark to the Netherlands with 11,456 km² being listed as a 

UNESCO world heritage site (CWSS 2017). Furthermore, within this unique landscape, about 42,500 ha 
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are covered by minerogenic coastal wetlands, namely salt marshes (Elschot et al. 2024). Cultivation 

and diking resulted in a loss of 80 % of Wadden Sea salt marshes in the past 400 years (Dijkema 1987). 

In Germany, the largest share of the Wadden Sea is protected by national parks, which has led to a 

stagnation in salt marsh loss and a recent increase of total salt marsh area (Elschot et al. 2024). 

Nonetheless, most of the Wadden Sea salt marshes at the mainland are still heavily impacted by former 

land use, often resulting in low plant diversity  (Kleyer et al. 2003; Rupprecht et al. 2023; Elschot et al. 

2024). 

The North Sea coast in Germany is characterized by meso- to macrotidal dynamics, resulting in strong 

tidal influence on Wadden Sea salt marshes. These high tidal amplitudes create pronounced small-

scale hydrological gradients, where even slight differences in elevation lead to clearly distinguishable 

plant communities along an elevational gradient reflecting succession (Olff et al. 1997; Suchrow and 

Jensen 2010). Salt marsh species occur across an elevational gradient spanning about 2.5 meters (-63 

cm below to +198 cm above mean high tide in Schleswig-Holstein, Germany; Suchrow and Jensen 

2010). The pioneer zone, closest to the water edge, is inundated during high tide and dominated by 

the highly adapted Salicornia europaea agg. and Spartina anglica. The highest diversity can be found 

in the low marsh with species as e.g. Puccinellia maritima and Atriplex portulacoides. Elymus athericus 

and Festuca rubra dominated-communities indicate the peak of saltmarsh succession in the high marsh 

and experience event-based inundation during storm floods (Suchrow and Jensen 2010; Leuschner and 

Ellenberg 2018).  

1.3.2. Coastal wetlands of the Baltic Sea 

The Baltic Sea is characterized by several environmental gradients mostly due to its semi-enclosed 

nature. Sea water enters through the Kattegat, whereas freshwater influx from river run-off is more 

pronounced in the inner parts (Weisse et al. 2021). With increasing distance to the Kattegat, salinity 

and tidal influence on coastal wetlands decreases. Tidal amplitude of the Baltic Sea close to the 

Kattegat is about 20 to 30 cm while it ranges only between 2 and 5 cm in the inner Baltic (Weisse et al. 

2021). Overall, inundation in Baltic coastal wetlands is mostly driven by irregular events such as storm 

surges (Dijkema 1990). These dynamics lead to a high variability in soil salinity along the latitudinal 

gradient of the Baltic Sea as well as within individual coastal wetland sites (Kniebusch et al. 2019). In 

drier periods, patches located at higher elevations can display much higher soil salinity due to 

dominating evapotranspiration compared to low laying areas (Dijkema 1990). The high heterogeneity 

of soil salinity, water saturation and soil texture within sites and along the latitudinal gradient shape 

differences in plant community composition (Hulisz et al. 2016; Vehmaa et al. 2024). Therefore, plant 

communities tend to display a patchiness instead of a clear zonation, as observed in their Wadden Sea 

counterparts (Dijkema 1990; Pätsch et al. 2019). Furthermore, the latitudinal gradient of the Baltic Sea 
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is associated with changes in climatic conditions and isostatic land uplift (Dijkema 1990). Isostatic uplift 

is particularly high in the Gulf of Bothnia with annual land rise of 5-9 mm (Schwarzer et al. 2008). Being 

microtidal, low-saline systems, Baltic coastal wetlands are often dominated by tall-growing plants with 

low salinity tolerance as e.g. Phragmites australis. In these systems, the establishment of halophytes 

is facilitated by livestock grazing. Here, trampling by grazers increases soil compaction and salinity, 

thereby promoting the growth of salt-tolerant plants as e.g. Agrostis stolonifera and Juncus gerardii 

(see Dijkema 1990; Jutila 1999; Dupré and Diekmann 2001).  

1.4. Objectives of this study 

To investigate both current and possible future carbon cycling and carbon storage potential, and to 

evaluate the role of vegetation in mediating these processes, I conducted and participated in four 

complementary studies in coastal wetlands of the North Sea and Baltic Sea. In the study presented in 

chapter 2, current standing carbon stocks were quantified in both North Sea and Baltic Sea coastal 

wetlands in Germany, while the study presented in chapter 3 focused on current methane emissions 

and its drivers in a subset of the same sites. These two studies examined both larger scale variation 

(across coasts and sites) and small-scale differences (within sites, based on plant community 

composition). In the two following studies presented in chapter 4 and 5, soil-sods from Baltic Sea 

coastal wetlands with different origin (Denmark, Sweden, Finland) were transplanted into a controlled 

warming mesocosm facility at University of Hamburg. The different origins captured a wide range of 

soil morphologies and two different plant community types (tall-grass vs. small-grass community) were 

collected in each country. This study design, spanning the large-scale gradient of the Baltic Sea, allowed 

us to address carbon cycling and carbon storage potentials in times of climate change across distinct, 

yet similar coastal wetlands. Within this experimental setup, the study presented in chapter 4 assessed 

the effects of warming on aboveground biomass and soil organic matter (SOM) dynamics, while 

chapter 5 investigated warming-induced shifts in microbial community composition. Together, these 

studies provide novel insights into the role of plant-soil interactions in regulating carbon fluxes under 

current environmental conditions, as well as under projected future warming scenarios. 
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Coastlines 

 

2.1. Abstract 

Blue carbon ecosystems, such as salt marshes, store comparably large amounts of organic carbon in 

their soils and function more effectively as carbon sinks than most other terrestrial ecosystems. Here 

we provide the first comprehensive study, quantifying soil organic carbon (SOC) stocks in grazed and 

non-grazed German salt marshes. In Germany, salt marshes are found along the low-energy, microtidal 

coastline of the Baltic Sea as organogenic ecosystems and along the high-energy, mesotidal coastlines 

of the North Sea as minerogenic ecosystems. One-meter soil cores were taken across 14 sites covering 

three distinct salt marsh types: Baltic Sea, North Sea mainland and North Sea island. Baltic salt marshes 

held on average the greatest SOC stocks with 221±56.3 (mean±SE) Mg SOC/ha followed by North Sea 

mainland salt marshes with 187±24.9 Mg SOC/ha and North Sea island salt marshes with 78±9 Mg 

SOC/ha. Our findings indicate that livestock grazing resulted in a 1.5-fold increase in SOC density. The 

microtidal Baltic salt marshes store more SOC in their topsoil than mesotidal North Sea salt marshes, 

most likely due to the higher sediment deposition rates in North Sea mainland salt marshes causing 

SOC dilution through mineral inputs. We conclude greater aeration in high-marsh soils might 

counterbalance SOC accumulation under proceeding succession. Positive livestock grazing effects were 

relatively consistent within North Sea salt marshes, likely caused by trampling-induced changes in soil 

biogeochemistry. By contrast, grazing had variable effects on SOC in Baltic Sea salt marshes, with 

belowground plant productivity identified as the primary driver.  
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2.2. Introduction 

Salt marshes and other blue carbon ecosystems, such as seagrass meadows and mangroves, are 

characterized by high rates of organic carbon sequestration in soils and function more effectively as 

carbon sinks than many other terrestrial and aquatic ecosystems (Mcleod et al. 2011; Lovelock and 

Duarte 2019; Macreadie et al. 2021). Blue carbon ecosystems globally cover less than 0.2 % of the 

ocean surface but account for 50 % of the marine SOC burial. At the same time, the global area of blue 

carbon ecosystems declines at a rapid rate, with an estimated annual decline of 1-2 % for salt marshes 

(Duarte et al. 2013). Soil carbon sequestration is the outcome of organic matter input to the soil and 

its microbial decomposition as output (Duarte et al. 2005; Lovelock and Reef 2020). The fate of organic 

matter inputs to the soil depends on various variables influencing carbon persistence. Flooding leads 

to waterlogged soils that reduce decomposition through shifts in microbial functioning towards 

anaerobic metabolism (Neubauer and Megonigal 2021). SOC stocks of blue carbon ecosystems are fed 

by both autochthonous and allochthonous organic inputs. Autochthonous organic matter is derived 

from in-situ primary productivity, while allochthonous organic matter stems from external sources, 

such as aquatic primary production, and is deposited in the salt marshes through sedimentation 

(Needelman et al. 2018). 

Salt marshes cover approximately 5.5 million ha globally (Mcowen et al. 2017) estimating a global total 

of ~862 to 1,350 Tg SOC (157-245 Mg/ha) (Macreadie et al. 2021). Studies assessing the global SOC 

stocks of salt marshes show large variability (Alongi 2020; Macreadie et al. 2021; Maxwell et al. 2023), 

emphasizing the need of regional studies for estimating national blue carbon stocks. In Europe, 

national budgets of salt marsh SOC stocks were compiled recently for UK (Mason et al. 2022) and 

Denmark ό[ŜƛǾŀπ5ǳŜƷŀǎ Ŝǘ ŀƭΦ нлнпύ. In Germany, salt marshes are widespread along the North Sea 

coast and to a lesser extent along the coast of the Baltic Sea. Blue carbon stocks have only been 

assessed in a handful of case studies (Mueller et al. 2019b; Buczko et al. 2022; Mueller et al. 2023). A 

comprehensive study describing carbon storage in salt marshes along both German coastlines of North 

Sea and Baltic Sea is still missing. 

Salt marshes of the North Sea and the Baltic Sea coast greatly differ with respect to geomorphology 

and other abiotic conditions (Elschot et al. 2024; Dijkema 1990). North Sea salt marshes along the 

mainland coast form in front of dikes and are exposed to strong hydrodynamics and mesotidal 

conditions. Island salt marshes of the North Sea coast form under less exposed conditions in the lee of 

back-barrier islands (Elschot et al. 2024). The Baltic salt marshes differ in morphology and 

hydrodynamic exposure due to the semi-enclosed nature of the Baltic Sea, resulting in microtidal to 

non-tidal conditions and a salinity of 5-10 psu which is much lower than at the North Sea coast with 

32-34 psu (Dijkema 1990). The mesotidal conditions at the North Sea coast lead to clearly 

distinguishable vegetation zones along an elevation gradient, where the highest zone reflects the 
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oldest stages in succession (Olff et al. 1997; Suchrow and Jensen 2010). In contrast to the fast-accreting 

minerogenic salt marshes of the North Sea, the microtidal Baltic salt marshes are characterized by low 

sediment deposition rates and slow-accreting organogenic soils (Dijkema et al. 2010; Nolte et al. 

2013a). 

Salt marsh SOC stocks can show strong variability in response to sedimentation, vertical accretion rate 

and succession. Higher SOC stocks are generally connected to progressing influence of vegetation e.g. 

in later successional stages (Connor et al. 2001; Spohn et al. 2013; Ouyang and Lee 2014; Hansen et al. 

2017). 

The majority of salt marshes in Germany have been impacted by anthropogenic activity over the past 

centuries. This is primarily due to land reclamation and agricultural practices. Even today, livestock 

grazing remains a prevalent activity in many salt marshes (Rupprecht et al. 2023). Livestock grazing can 

have variable effects on salt marsh SOC stocks due to a variety of mechanisms. First, grazing can 

increase root:shoot ratios by partially removing the aboveground biomass (Davidson et al. 2017), 

which can decrease sediment trapping (Schulze et al. 2021). Second, grazing can increase root 

productivity leading to greater belowground organic matter input to the soil (Elschot et al. 2015). Third, 

grazers compact the soil via trampling (Nolte et al. 2015) thereby reducing oxygen availability through 

increased water-logging (Keshta et al. 2020), which ultimately may slow down organic matter 

decomposition (Schrama et al. 2013; Elschot et al. 2015; Mueller et al. 2017). For salt marshes in the 

Netherlands and Denmark, an increase in the SOC stock under grazing has been reported (Elschot et 

ŀƭΦ нлмрΤ [ŜƛǾŀπ5ǳŜƷŀǎ Ŝǘ ŀƭΦ нлнпύ.  

The objective of this study is to provide a comprehensive overview of salt marsh SOC stocks along the 

North Sea and Baltic Sea coasts of Germany. Our study is based on SOC assessments in 14 marsh sites 

comprising a total of 146 soil cores. We aim to identify geomorphological and land-use factors affecting 

salt marsh SOC stocks along the German coasts by addressing the following hypotheses: 1) Baltic salt 

marshes have a greater SOC stock than North Sea salt marshes due to predominantly organogenic soil 

formation; 2) In North Sea salt marshes, SOC density increases with succession and is greatest in 

mature high-marsh zones; 3) Livestock grazing increases SOC density via soil biogeochemical changes 

and 4) decreases the proportion of allochthonous SOC via reduced plant-mediated sediment trapping.  
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2.3. Materials and Methods 

In order to assess the differences in SOC stocks between contrasting geomorphological settings of salt 

marshes in Germany, three distinct salt marsh types were sampled: Baltic Sea salt marshes, North Sea 

mainland salt marshes and North Sea island salt marshes. In North Sea salt marshes, sampling plots 

were arranged along transects on the elevation gradient representing pioneer, low marsh, and high 

marsh vegetation zones. Effects of livestock grazing on SOC storage were assessed in an additional 

campaign. 

2.3.1. Field site description 

Located along the SE North Sea coastline, the Wadden Sea stretches from Denmark, via Germany to 

the Netherlands. Here, minerogenic salt marshes cover about 42,500 ha from which 25,060 ha are 

located along the German North Sea coast (Elschot et al. 2024). North Sea mainland salt marshes are 

developing along the mainland coast, mostly in front of dikes. Most salt marshes of this type developed 

through land-reclamation activities along the coast over past centuries. Today, these salt marshes are 

hydrologically disturbed by artificial drainage ditches or their remnants. Furthermore, management 

practices like livestock grazing and mowing still apply to approximately 50 % of all North Sea salt 

marshes (Elschot et al. 2024). Typically, grazed North Sea mainland salt marshes are located closer to 

the dike than non-grazed areas. This consequently entails that these grazed salt-marsh soils tend to be 

older (Elschot et al. 2024). North Sea island salt marshes cover approximately 25 % of the German 

Figure 1: Overview map of study sites in Germany. Three distinct salt marsh types were sampled. Baltic Sea, North Sea 

mainland and North Sea island salt marshes indicated by different colors. 
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North Sea salt marshes and form in lee of barrier islands. This sheltered geomorphic setting leads to 

lower sediment deposition rates compared to the more exposed mainland salt marshes (Olff et al. 

1997; Elschot et al. 2024). North Sea island salt marshes have a larger share of hydrologically 

undisturbed relief, and they can be described as mostly natural (Elschot et al. 2024). The German North 

Sea coast as high-energy coast with mesotidal ranges constitutes salt marshes with clearly 

distinguishable vegetation communities across the elevation gradient (Olff et al. 1997; Suchrow and 

Jensen 2010). The gradual increase of elevation results in different flooding frequencies which are then 

reflected by three vegetation zones: pioneer zone, low marsh, and high marsh. The low-energy coasts 

of the Baltic Sea lead to salt marshes that often lack a clear vegetation zonation as flooding is mostly 

due to irregular wind-driven water-level changes (Dijkema 1990). In contrast to the extensive North 

Sea salt marshes, Baltic salt marshes usually do not exhibit a clear elevation gradient but rather show 

small-scale vegetation heterogeneity representing different abiotic conditions and/or successional 

stages. In comparison to North Sea salt marshes as prograding systems, Baltic salt marshes are often 

smaller and most likely older. Today, they cover a total of 8,050 ha in Germany of which about half is 

grazed by livestock (Wanner 2009). Baltic salt marshes typically develop in the shelter of dunes and 

lagoons and do not differentiate morphologically between mainland and island coasts. Due to storm 

floods, marine sediments occasionally deposit on the marsh surface (Dijkema 1990). Under non-grazed 

conditions, Baltic salt marshes mostly develop into tall-grass communities dominated by Phragmites 

australis. In contrast, livestock grazing promotes small-stature vegetation and the establishment of 

halophytes (Dijkema 1990).  
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Figure 2: Overview of study sites and sampling positions. Color code of circles depicts 

zonation within North Sea salt marshes: pioneer zone (blue), low marsh (green) and 

high marsh (yellow). Baltic salt marshes show no clear zonation (blue points represent 

άƴƻ ȊƻƴŜέύΦ ¢ǊƛŀƴƎƭŜǎ ǊŜǇǊŜǎŜƴǘ ƴƻƴ-grazed areas; circles represent grazed areas. 
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2.3.2. Study design for assessing SOC stocks and density of different salt marsh types and 

vegetation zones 

By including salt marshes of the North Sea mainland coast, the North Sea islands and the Baltic Sea 

coast, all three relevant salt marsh types based on extent along the German coastlines are represented 

in this study (Fig. 1,2). The 14 study sites were sampled using a transect design to cover gradients of 

different plant communities and management types. The sampled transects of the North Sea salt 

marshes spanned this gradient in elevation and included all three vegetation zones, i.e. high marsh, 

low marsh and pioneer zone. Based on previous ground truthing, transects at the Baltic coast were laid 

to capture small-scale vegetation heterogeneity. Soil cores from all 14 study sites were taken between 

November 2021 and September 2022 (Table S. 1a).  

2.3.3. Soil sampling and vegetation analysis 

In each of the 14 study sites, 8-12 plots (Table S. 1a) were sampled. For assessing vegetation 

composition and structure, plant species composition and coverage, as well as the percentage of bare 

soil and dead plant matter were recorded for each plot within a 100 x 100 cm square. Vegetation height 

was measured at five points within each plot. To quantify aboveground biomass, plants were cut 2 cm 

above the soil on a 25 x 25 cm square centered in each plot. Biomass samples were put into paper 

bags, transported to the laboratory, and weighed after drying at 60°C for a minimum of three days. 

For the quantification of SOC content, soil bulk density, SOC ʵ13C signature, and nitrogen content, a 

single 1-m soil core was taken from the center of each plot (Fig. 2). An Eijkelkamp peat sampler was 

used for taking soil cores, which allowed compaction-free sampling of a half-cylindrical core with a 

diameter of 5 cm. The use of the peat sampler for mineral soils required pre-coring with a narrow (3-

cm diameter) gouge auger to reduce friction resistance during coring (Mueller et al. 2023). Each core 

was sliced into 10 cm increments, transferred into plastic bags and transported to the laboratory for 

further processing. 

2.3.4.  Analysis of soil parameters 

Fresh soil samples were homogenized and weighed before and after being air dried at 60°C for at least 

five days. Dry soil bulk density was calculated from sample dry weight and volume. Gravimetric water 

content was calculated from the ratio of sample fresh weight to dry weight. Prior to elemental and 

isotope analysis, macroscopic root residues were removed using tweezers.  

Electrical conductivity, pH and sand content were measured in subsamples. For electrical conductivity, 

5 g of milled dry soil was dissolved in 25 mL of deionized water, and measured with a benchtop 

conductivity meter (Cond 7310). Soil pH was measured by dissolving 2 g of milled dry soil in 5 mL 0.01 

M CaCl2 solution. The samples were shaken regularly for a period of 1 h and afterwards measured with 
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a benchtop pH meter (Multi 9310 IDS). Mud and sand contents were approximated by passing 

subsamples of 2-5 g through a 0.06-mm test sieve.  

To remove inorganic carbon (carbonate minerals) from soil samples, we applied the following 

acidification procedure: A fraction of all soil samples was milled and acidified with 10% HCl until no 

visible effervescence was observed. The acidified samples were weighed before and after acidification 

and the difference in dry weight was used as a correction factor before elemental (carbon and 

nitrogen) analysis. For quantifying carbon and nitrogen contents, 2-35 mg of acidified dry soil was 

weighted into tin capsules and analyzed with an element analyzer (EURO EA 3000, Euro Vector, Italy). 

The evolved CO2 was further passed to a coupled isotope ratio mass spectrometer (nu Horizon, Nu 

Instruments Limited, UK) for assessing the ʵ13C signature. Obtained nitrogen data were used for 

calculating the C/N ratio of samples. C/N and ʵ13C signatures were used to examine SOC origin (i.e. 

allochthonous vs. autochthonous) (Khan et al. 2015; Mueller et al. 2019a).  

SOC data with carbon contents below 0.1% lack precision. Nevertheless, these SOC measurements, 

which account for 19.1 % of the total dataset, were retained in subsequent statistical analyses rather 

than being discarded or set to zero. However, carbon contents were occasionally too low for accurate 

ʵ13C assessments, leading to the exclusion of these isotopic data from further analysis.  

SOC density (g C / cm3) was calculated from soil bulk density (g dry soil / cm3) and SOC content (g C / g 

dry soil). SOC stock (Mg C/ha) was calculated in two steps. First, for each 100-cm core, the SOC density 

values of all 10-cm increments were averaged to determine the mean SOC density per core. Second, 

the mean SOC stock per site was calculated across all cores and converted to a per-hectare basis. 

Missing values in individual 100-cm cores (5.2% of the total dataset) were estimated through 

interpolation. Interpolated values were only used for SOC stock calculation. The upscaled total German 

salt marsh SOC stock (Tg SOC) was calculated by multiplying the mean, standard error, median and 

interquartile range (IQR) of type-specific salt marsh SOC stock with the areal extent of the respective 

salt marsh type. The data regarding the areal extent were taken from Wanner (2009) for Baltic salt 

marshes and Elschot et al. (2024) for North Sea salt marshes. In addition to the North Sea island and 

mainland salt marshes, Elschot et al. (2024) reports on Hallig marshes and summer polders, which 

collectively account for approximately 12% of the potential total salt-marsh extent of German salt 

marshes. However, Hallig marshes and summer polders are strongly hydrologically altered due to dikes 

and revetments that impair natural flooding. They were not sampled in the present study and are 

excluded from the calculation of the total German salt-marsh SOC stock.  

2.3.5. Additional study for assessing effects of livestock grazing on SOC stocks  

Livestock grazing effects on SOC stocks were additionally assessed in a separate campaign, that 

followed a parallel design (instead of a transect design) and allowed comparison of grazed vs non-
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grazed plots in similar successional stages/ marsh ages (Fig. 3). The additional campaign was carried 

out in four of the study sites (North Sea mainland: Pohnshalligkoog, Nessmersiel; Baltic Sea: 

Schleimünde, Heiligenhafen). These assessments were restricted to the top 30 cm of soil because 

grazing histories vary across sites, making it difficult to accurately attribute any effects on the deeper 

soil layers to grazing.  

Sampling took place in October to November 2023. Four or five cores each were taken from grazed 

and non-grazed areas in each of the four selected study sites resulting total in 38 cores (Table S. 1b). 

Samples were processed as described for the SOC stocks. Loss on ignition was used to determine soil 

organic matter (SOM). Carbon and nitrogen content, ɻ13C signature, pH and electrical conductivity 

were measured in samples of 0-10 cm and 20-30 cm depth and interpolated for the 10-20 cm section 

(text S. 1.2). 

Aboveground and belowground biomass was harvested in September 2023. Aboveground plant 

samples were cut from a 30 x 30 cm square, dried at 60°C for 5 days and weighed. Belowground 

biomass was retrieved with an Edelman corer (diameter 5 cm; depth 20 cm) centered within the 

aboveground biomass square. The belowground biomass samples were washed free from soils, and 

dried at 60°C for 5 days and weighed.  

 

Figure 3: Overview of study sites with additional plots to compare grazed (triangle) and non-grazed (circle) areas. 
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2.3.6. Data analysis 

This study distinguishes soil properties between topsoil (0-30 cm) and subsoil (30-100 cm) core 

sections, and calculated average ʵ13C, SOC, soil bulk density and electrical conductivity, sand content 

and pH for these soil sections. For analyzing effects of vegetation zone, only data from non-grazed 

North Sea salt marshes were included, because only for these salt-marsh types vegetation zonation 

was clearly discernable. In order to investigate livestock grazing effects, the dataset comprised data 

from the additional livestock grazing campaign, as well as from high marsh grazed and non-grazed plots 

in Jadebusen, Leybucht, Baltrum and Spiekeroog (Fig. 2, yellow points). The analysis of the grazing 

effect on ɻ 13C was constrained to data from the uppermost 10 cm, as the grazing effect on vegetation 

is expected to decrease with increasing depth.  

As most data was not normally distributed, Kruskal-Wallis tests were used to test for the effect of 

vegetation zone (pioneer zone, low marsh, high marsh) and grazing (grazed, non-grazed) on SOC, ɻ13C, 

soil bulk density, aboveground and belowground biomass, sand content and gravimetric water 

content. Prior to running the statistical tests and creating the graphs, the mean of these measures was 

calculated as follows: SOC stock graphs display the mean of top- and subsoils of the respective salt 

marsh type and site. In order to display and test the zonation effect on non-grazed North Sea salt 

marshes, mean values for each vegetation zone-site combination were calculated for both topsoil (0-

30 cm) and subsoil (30-100 cm) and used in separate Kruskal-²ŀƭƭƛǎ ŀƴŘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ǇŀƛǊǿƛǎŜ 

comparison. When displaying and testing for grazing effects, mean values for each grazing treatment-

site combination were calculated for the topsoil and used in Kruskal-Wallis tests.  

Data has been processed using Rstudio (Version 2024.04.2).  

2.4. Results 

2.4.1. Salt marsh SOC stocks of the German Baltic and the North Sea 

In German salt marshes, approximately 5.40 ± 0.928 Tg SOC were stored (Table 1.b). On average, the 

German salt marshes stored 168±26.2 Mg SOC/ha within the top 100 cm of soil (Table 1.b). Based on 

single cores, the SOC stock ranged from 12 to 695 SOC Mg/ha across the 0ς100 cm profile. Baltic salt 

marshes displayed greatest average SOC stock (Fig. 4, Table 1.b), caused primarily by high SOC contents 

within the topsoil (Fig. 4, Table 1.a), whereas the high average subsoil SOC content in the Baltic salt 

marshes was strongly excelled by the high subsoil content of the study site Schleimünde (Fig. 4). North 

Sea mainland and island salt marshes had similar SOC contents in their topsoil (Fig. 4, Table 1.a). 

However, the North Sea island salt marshes stored the least SOC within the entire one-meter soil 

profile (Fig. 4, table 1 b). North Sea mainland sites exhibited the highest SOC stock within the subsoil, 

with a SOC stock exceeding more than twice that of the topsoil (Fig. 4, Table 1 a). North Sea island salt  
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marshes showed the least variability in SOC stocks, whereas Baltic Sea salt marshes had the highest 

variability in SOC stocks (Fig. 4, Table 1 b). 

Table 1: Salt marsh-type specific a) mean values of SOC stock, SOC density, SOC content and 1ɻ3C in SOC for topsoil (0-30 cm) 

and subsoil (30-100 cm) b) mean, median and sum values of total area in ha that is covered by salt marshes, SOC in Mg/ ha and 

SOC in Tg. ± SE ς Standard Error. 1 Wanner (2009). 2 Elschot et al. (2024)  

a)          

Saltmarsh type 
Depth-
profile 

SOC stock 
(Mg/ha) ±SE 

SOC density 
(g/cm³) ± SE 

SOC content 
(%) ±SE 

SO13C signature 
ό҉ύ ±SE 

Baltic Sea subsoil 116 53.5 0.016 0.00

8 

2.34 1.4

4 

-24.45 0.97 

topsoil 106 30.2 0.035 0.01

0 

7.86 2.1

4 

-27.34 0.49 

North Sea 

island 

subsoil 22   5.1 0.003 0.00

1 

0.21 0.1

0 

-24.31 0.18 

topsoil 57   6.8 0.017 0.00

2 

2.19 0.2

0 

-24.38 0.03 

North Sea 

mainland 

subsoil 130 18.9 0.018 0.00

3 

1.53 0.3

3 

-23.73 0.16 

topsoil 57   6.1 0.017 0.00

2 

2.05 0.3

6 

-23.94 0.22 

b)          

 

total 

area   

in ha 

 SOC (Mg/ha) Tg SOC 

 

mean ±SE median ±IQR 

Upscaling 

based on mean ±SE 

Baltic Sea 8050 1 
 

221 56.3 240 118 1.78 0.453 

North Sea island 5370 2 
 

78   9.0 84   13 0.42 0.048 

North Sea mainland 17120 2 
 

187 24.9 171 41 3.20 0.426 

total 
30540 

 

168 26.2 154 143 5.40 0.928 

Figure 4: SOC stocks (Mg/ha) of different salt marsh types (left) and the individual study sites (right) across the top 30 cm and 

100 cm. Shown are means ± standard error. 
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2.4.2. Vegetation zone effects in North Sea salt marshes 

 

 

 

Figure 5: SOC content (%) A, SOC density (g/cm³) B, sand content (%) C, gravimetric water content (%) DΣ ʵ13C signature of SOC 

ό҉ ±t5.ύ E, and aboveground biomass AGB (g/m²) F across vegetation zones reflecting progressing succession from pioneer 

zone (PZ), via low marsh (LM) to high marsh (HM) in North Sea salt marshes. Boxplots display the median (centered line), 25-

quatrile and 75-quartile. Red stars display mean values of each site. Shaded boxplots display subsoil, not shaded boxplots 

display the topsoil.  Single data points (means of each site-by-zone combination) are overlaid. Small letters indicate statistical 

significance (p-value < 0.05; * p-value <0.1) between zones based on Dunn test. Differences between topsoil and subsoil were 

not tested.   
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Table 2: aŜŀƴ ǾŜƎŜǘŀǘƛƻƴ ƘŜƛƎƘǘ όŎƳύΣ ŀōƻǾŜƎǊƻǳƴŘ ōƛƻƳŀǎǎ όŘǊȅ ǿŜƛƎƘǘ ό5²Σ ƎκƳчύύΣ ʵ13C signature of SOC, SOC density 

(g/cm³) and SOC content (%) in the topsoil and subsoil for non-grazed North Sea salt marshes. ± SE ς Standard error 

Zone 

Mean 

height 

(cm) 

DW 

AGB 

(g/m²) 

Depth-

profile 

SOC ɻ13C 

signature 

ό҉ύ ±SE 

SOC density 

(g/cm³) ±SE 

SOC content 

(%) ±SE 

pioneer 

zone 
28.04 649.95 

topsoil -22.64 0.29 0.012 0.0017 1.47 0.26 

subsoil -23.26 0.19 0.010 0.0014 0.80 0.12 

low 

marsh 
29.43 1080.42 

topsoil -23.89 0.38 0.019 0.0042 2.52 0.74 

subsoil -23.49 0.27 0.014 0.0018 1.23 0.16 

high 

marsh 
26.52 1054.11 

topsoil -25.43 0.23 0.015 0.0033 2.10 0.76 

subsoil -24.70 0.22 0.013 0.0021 0.97 0.14 

 

In non-grazed North Sea salt marshes, the SOC density peaked in the low marsh with a mean of 

0.019±0.0042 g/cm³ in the topsoil. SOC density was lower in the high marsh and lowest in the pioneer 

zone (Fig. 5 A, Table 2). Despite a similar trend in SOC density was observed in the subsoil, no significant 

difference between zones were identified in the subsoil (Fig. 5 A, Table 2). Topsoil ɻ13C in SOC 

decreased with succession from pioneer zone, via low marsh to high marsh (Fig. 5 E, Table 2). This 

effect was less pronounced in the subsoil (Table 2). Sand content was lowest and gravimetric water 

content was highest in the topsoil of the low marsh (Fig. 5 C, D). Aboveground biomass was lowest in 

the pioneer zone and did not differ between low marsh and high marsh (Fig. 5 F, Table 2).  

2.4.3. Livestock grazing effects 

Livestock grazing increased the topsoil SOC density (Fig. 6 A) by approximately 50%. Grazing effects 

were more pronounced in the top 10 cm compared to deeper soil depths (Fig. S. 4.1.). Soil bulk density 

(g/cm²) slightly increased with livestock grazing (Fig. 6 C). A slight decrease in the ʵ13C signatures was 

observed under grazing (Fig. 6 D). Grazing did not increase belowground biomass and significantly 

decreased aboveground biomass (Fig. 6 E, F).  
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Figure 6:  Livestock grazing effects on SOC density (g/cm²) A, SOC content (%) B, soil bulk density (g/cm²) C, the ɻ 13C signature 

of SOC in the topsoil D, the belowground biomass (g/m²) E and the aboveground biomass (g/m²) F. Boxplots display the median 

(centered line), 25-quatrile and 75-quartile. Single datapoints (site means) are overlaid. Boxes not connected by the same 

letter are significantly different at p < 0.05 based on Kruskal-Wallis test. Note: Data from North Sea pioneer zones and low 

marshes are excluded. 
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2.5. Discussion 

2.5.1. Salt marsh SOC stocks of the German Baltic and North Sea  

We found an average SOC stock of 168±26.2 Mg SOC/ha (mean±SE), which is comparable to global 

averages of 162±259 Mg/ha  for salt marshes reported by Duarte et al. (2013), and approximately half 

compared to values reported in more recent meta-studies (Alongi 2020 with 317.2 ± 19.1 Mg SOC/ha 

(mean±SE); Maxwell et al. 2023 with 231±134 Mg SOC/ha (median ± median absolute deviation); this 

study with 154±143 (median±IQR)). Previous studies from the North Sea region (Elschot et al. 2015; 

aǳŜƭƭŜǊ Ŝǘ ŀƭΦ нлмфōΤ aǳŜƭƭŜǊ Ŝǘ ŀƭΦ нлноΤ [ŜƛǾŀπ5ǳŜƷŀǎ Ŝǘ ŀƭΦ нлнпύ and Baltic Sea region (Buczko et al. 

нлннΤ [ŜƛǾŀπ5ǳŜƷŀǎ Ŝǘ ŀƭΦ нлнпύ indicate similar SOC stocks as reported here. SOC stocks of North Sea 

island salt marshes, which is 78±9 Mg SOC/ha, are below the German average of 168±26.2 Mg/ha 

whereas salt marshes located on the North Sea mainland coast and at the Baltic Sea, 187±24.9, 

221±56.3 respectively, exceed the German average SOC stock. 

The topsoil SOC stock of the North Sea salt marshes is approximately half that of the topsoil SOC 

observed in Baltic Sea salt marshes. The difference in topsoil SOC stock between North Sea mainland 

and islands salt marshes are rather small. Nonetheless, North Sea island salt marshes exhibit the lowest 

carbon stock, primarily due to the underlying sandy parent material, that dominated the one-meter 

profile of this salt marsh type. It can be assumed that this sandy foundation has not been significantly 

influenced by the salt marsh vegetation (Elschot et al. 2015; Pollmann et al. 2021), resulting in little to 

no additional carbon input and thus SOC content steeply declines down-core resulting in the lowest 

SOC stocks in North Sea island salt marshes. In contrast, the high-energy North Sea mainland salt 

marshes are characterized by high rates of fine-grained sediment deposition (Allen 2000; Elschot et al. 

2024). High rates of sediment deposition lead to a fast rates of minerogenic vertical accretion and 

enables rapid soil formation in these relatively young systems. The low-energy Baltic Sea salt marshes, 

on the other hand, form highly organic topsoils due to microtidal conditions that promote peat 

formation (Dijkema et al. 2010; Nolte et al. 2013a). The topsoil SOC stock of Baltic Sea salt marshes are 

greater than the one of North Sea mainland salt marshes. Despite the highly organic topsoils, Baltic 

Sea and North Sea mainland salt marshes SOC stocks are comparable across the whole one-meter 

depth profile. The high sediment deposition rate in North Sea mainland salt marshes leads to a dilution 

of the SOC with minerals (Granse et al. 2024) while simultaneously allowing for fast vertical accretion, 

resulting in the formation of thicker salt marsh soils with less organic-rich topsoil compared to that 

found in slow-accreting Baltic Sea and North Sea island salt marshes (see also Kirwan and Megonigal 

2013). Consequently, 1-m SOC stocks are comparable between low-energy Baltic Sea and high-energy 

North Sea mainland salt marshes. 
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This study and previous research on North Sea and Baltic Sea salt marshes (e.g. Buczko et al. 2022; 

Leiva- Dueñas et al. 2024) reveal considerable spatial variability in SOC stocks both between different 

types of salt marshes and within the same type, emphasizing the necessity for regional assessments. 

Variability between sites both in topsoil and one-meter soil profiles was found to be the highest in 

Baltic Sea salt marshes, where we also found the highest variability in plant community composition 

(Fig. S. 2). Numerous studies emphasize the strong control of plant community composition on SOC 

dynamics (Langley et al. 2009; Langley and Megonigal 2010; Saintilan et al. 2013), therefore it is likely 

that the high variability in SOC stocks in Baltic Sea salt marshes is driven by larger variability in plant 

community composition and associated plant traits. Nevertheless, the differences in plant 

communities also indicate varying environmental settings at the different sites (Hulisz et al. 2016). For 

instance, sites in the southeastern Baltic (Große Kirr & Großer Wotig) had the highest topsoil SOC. Both 

sites lay within a lagoon which entails reduced water exchange, riverine inflow and shallow waters 

which provides protection from storm surge deposits and erosion (Hulisz et al. 2016). Moreover, the 

resulting lower salinity and flooding increase plant productivity which in turn increases the organic 

carbon input into the soil (van de Broek et al. 2016; Hansen et al. 2017).  

In contrast, the northern Baltic marsh sites (Schleimünde, Wendtorf, and Heiligenhafen) are less 

sheltered as they are situated behind beach ridges and dunes. These locations are more prone to storm 

surges, which can lead to erosion and increased salinity (Hulisz et al. 2016), resulting in low SOC stocks, 

as observed in Wendtorf. Additionally, storm surges can cause the redeposition of sand over the 

marshes (Dijkema 1990), which may lead to the burial of marshes, an occurrence suggested for 

Schleimünde. In this location, we found inconsistent presence of an organic layer in the topsoil, while 

denser peat layers were identified at greater depths. This phenomenon has been observed previously 

where reed peat layers were found under beach ridges in Heiligenhafen (Wanner 2009). 

In German salt marshes (excluding Hallig and summer polder salt marshes) approximately 5.40 ± 0.928 

Tg SOC are stored. This is somewhat higher than the value estimated in the review by Macreadie et al. 

(2021) (3.41-4.9 Tg SOC in German salt marshes). This is most likely due to the lower areal extent that 

has been used as the basis by Macreadie et al. (2021). The amount of 5.40 ± 0.928 Tg is proportionate 

with approximately 20 Tg CO2 equivalents (eCO2).  

2.5.2. Zonation effects on North Sea salt marsh SOC  

We hypothesized that SOC would increase from pioneer zone, via low marsh to high marsh under 

ǇǊƻŎŜŜŘƛƴƎ άǘŜǊǊŜǎǘǊƛŀƭέ ƛƴŦƭǳŜƴŎŜ (Connor et al. 2001; Spohn et al. 2013; Ouyang and Lee 2014; Hansen 

et al. 2017; Mueller et al. 2020a). Indeed, we found the high marsh topsoils to be most depleted in 13C 

which is to be expected given the persistent influence of C3- dominated plant communities along soil 

development and proceeding succession (Suchrow and Jensen 2010; Whitaker et al. 2015). However, 
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despite the increasing terrestrial influence with proceeding succession from pioneer zone, via low to 

high marshes, this study found the SOC peaks in the low marsh, decreasing significantly towards the 

pioneer zone and slightly towards the high marsh. The high marsh as the oldest successional stage with 

highest elevation entails reduced tidal influence and thus augmented aeration of the soil enhances 

oxidation of organic matter (Hemminga and Buth 1991; Mueller et al. 2016). Furthermore, the highest 

SOC content in the low marsh is associated with the lowest sand and highest water content. It has 

previously been shown that water content correlates positively and sand content correlates negatively 

with SOC content in salt marshes όYŜƭƭŜǿŀȅ Ŝǘ ŀƭΦ нлмсΤ {ǘŀƎƎ Ŝǘ ŀƭΦ нлмтΤ [ŜƛǾŀπ5ǳŜƷŀǎ Ŝǘ ŀƭΦ нлнпύ, 

through reducing microbial remineralization of SOC by decreasing oxygen availability (Kelleway et al. 

2016; Chapman et al. 2019) and higher mineral association of SOC with fine sediments (Baldock and 

Skjemstad 2000).  

Plant community composition and associated plant traits control soil biogeochemistry and SOC 

dynamics in coastal wetlands (Saintilan et al. 2013; Mueller et al. 2016; Granse et al. 2024; Mittmann-

Goetsch et al. 2024; Mueller and Megonigal 2024). In North Sea salt marshes, plant communities 

clearly differ between vegetation zones (Fig. S. 4). Non-grazed high marsh and pioneer zone were 

found to have the lowest plant species richness with mono-dominant plant communities. On the 

contrary, the low marsh exhibited comparatively high plant species richness. Plant diversity has been 

shown to increase SOC across different ecosystems (Lange et al. 2015; Chen et al. 2020). This is 

primarily driven by the increasing plant trait functionality of the more diverse plant community (Deyn 

et al. 2008; Ford et al. 2016), which is associated with increased plant productivity (Duffy et al. 2017). 

At any rate, in this study the SOC peak in the low marsh cannot be explained by the aboveground 

biomass. Likewise, plant diversity increases belowground productivity through root space partitioning 

by functionally different species (Loreau and Hector 2001; Steudel et al. 2011). Thereby it can be 

assumed, that direct belowground inputs through root productivity and root exudation are highest in 

the low marsh. This is also emphasized by Redelstein et al. (2018) who found the highest fine root 

biomass in the low marsh for both island and mainland North Sea salt marshes. Furthermore, Granse 

et al. (2024) found a greater  sediment-trapping capacity in high marsh compared to low marsh plant 

communities, resulting in greater  dilution of SOC with mineral sediments in the high marsh. 

Conclusively, we suggest that the higher SOC quantity in the low marsh is potentially caused by shifts 

in plant productivity and SOC decomposition or stabilization processes linked to low oxygen-availability 

(as a result of fine soil texture and more regular inundation). Furthermore, SOC is likely lost and diluted 

in the high marsh soil as a consequence of soil aeration and higher sediment trapping, respectively. 
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2.5.3. Livestock grazing effects on salt marsh SOC density 

In line with our third hypothesis, we found an overall increase in SOC density under livestock grazing 

in the topsoil across Baltic and North Sea salt marshes. This effect is strongest in the top 10 cm and 

vanishes with soil depth (Fig. S. 5). Similar effects of livestock grazing on SOC density were reported by 

Elschot et al. (2015) and Leiva-Dueñas et al. (2024) for salt marshes in the Netherlands and Denmark, 

respectively. Conversely, a global meta-analysis with most observations from European sites revealed 

no consistent effect of livestock grazing on SOC (Davidson et al. 2017). Livestock grazing affects 

vegetation and soil processes related to SOC decomposition (Elschot et al. 2015; Davidson et al. 2017; 

Mueller et al. 2017). Trampling associated with grazing increases bulk density by compacting soils 

(Nolte, 2013) and alters pore connectivity (Keshta et al. 2020). These changes increase water 

saturation in the soil and subsequently decrease soil oxygen availability and microbial activity (Mueller 

et al. 2017; Keshta et al. 2020). In North Sea salt marshes, we confirm a raise in soil bulk density with 

livestock grazing, whereas this effect was not found in Baltic Sea salt marshes. Baltic Sea salt marshes 

have higher sand content than North Sea salt marshes (Fig. S. 1 D) which has been shown to alleviate 

possible grazing effects on soil compaction (Schrama et al. 2013; Keshta et al. 2020).  

Most consistency in the SOC-density response towards grazing is found in North Sea mainland salt 

marshes, whereas responses in Baltic Sea salt marshes remain variable (Fig. S. 6 A; Fig. S. 7 A). Under 

grazing, the removal of the aboveground biomass can additionally cause a shift in carbon allocation 

towards belowground biomass, directly increasing the belowground carbon inputs (Elschot et al. 

2015). Belowground biomass responses to grazing varied from positive to negative among sites. In 

Baltic Sea salt marshes, we observed an increase in SOC under grazing in one site (Heiligenhafen), 

which could be explained by increased belowground biomass (Fig. S. 7 A, E). The other Baltic site 

(Schleimünde) did not show a difference in SOC density between grazed and non-grazed areas despite 

increased soil bulk density in grazed plots. Here we found belowground biomass to be higher in non-

grazed plots (Fig. S. 7 E). Therefore, we argue that, within Baltic Sea salt marshes, compaction effects 

through trampling are mitigated by changes in belowground productivity.  

The reduction of aboveground biomass as a result of livestock grazing decreases sediment trapping, 

which consequently reduces the deposition of marine sediments (Schulze et al. 2021). Here, we 

propose that the SOC dilution through mineral sediments (Granse et al. 2024) is a direct consequence 

of non-grazing on plant-sediment interactions. This phenomenon results in a higher dilution of SOC 

with allochthonous mineral sediment under non-grazed conditions. Indeed, our results show in line 

with our fourth hypothesis, that grazing leads to a higher share of autochthonous carbon sources in 

the SOC pool by displaying more depletion of ʵ13C signatures (Khan et al. 2015). Elschot et al. (2015) 

argue that grazing increases the belowground biomass which in return could cause an increased 
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autochthonous carbon input. However, we do not find a consistent increase of belowground biomass 

with grazing and therefore suggest that the increase of ɻ13C in non-grazed salt marshes is the outcome 

of less sediment trapping resulting in higher dilution with allochthonous carbon sources (Mueller et al. 

2019b; Granse et al. 2024).  

2.6. Conclusion and implications   

Throughout this study we propose sedimentary properties to be a key driver for differences in SOC 

stock and density between salt marsh types and within zonation. Lower sediment deposition rates in 

Baltic salt marshes, North Sea low marsh vegetation and salt marshes under livestock grazing are 

associated with higher SOC densities. Sedimentation dynamics are controlled by plant community 

composition and associated traits, whereas plant community composition is controlled by grazing or 

flooding regime. The higher sediment deposition rates in North Sea mainland salt marshes presumably 

allow them to keep pace with accelerated rates of sea-level rise (Kirwan et al. 2016; Elschot et al. 2024) 

bearing higher potential for future climate change mitigation. Baltic Sea salt marshes store 

considerable amounts of SOC underscoring the necessity to protect these ecosystems to prevent 

potential carbon emission as a consequence of marsh loss (e.g. marsh edge erosion).  
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2.7. Supporting Information 

Table S. 1: detailed overview of the sampling design. In total 14 sites were sampled that are categorized into three different 

salt marsh types: North Sea island, North Sea mainland and Baltic Sea. Number of cores and sampling date are listed for the 

respective sites 

Salt marsh type 

 

a) Main dataset  

Site Number of cores taken  

in non-grazed in grazed Sampling date 

North Sea island 

Baltrum 8 3 11.08.2022 

Langeoog 9 - 08.08.2022 

Spiekeroog 9 3 17.08.2022 

Sylt - 9 05.09.2022 

North Sea mainland 

Leybucht 9 3 10.08.2022 

Nessmersiel 9 3 16.08.2022 

Jadebusen 9 3 09.08.2022 

Pohnshalligkoog 9 3 06.09.2022 

(grazed) 

09.11.2021 

(ungrazed) 

Hamburger Hallig 9 3 06.09.2022 

(grazed) 

08.11.2021 

(ungrazed) 

Baltic Sea 

Schleimünde - 9 25.08.2022 

Wendtorf - 9 24.08.2022 

Heiligenhafen - 9 23.08.2022 

Große Kirr - 9 30.08.2022 

Großer Wotig - 9 31.08.2022 

 

b) Additional dataset (Management) 

 

  

North Sea mainland 
Nessmersiel 4 4 17.10.2023 

Pohnshalligkoog 5 5 24.20.2023 

Baltic Sea 
Schleimünde 5 5 03.11.2023 

Heiligenhafen 5 5 07.11.2023 

 

Text S. 1: Calculation of SOC in additional management campaign 

To estimate the SOC content for the 10-20 cm depth interval, an interpolation approach was applied, 

as follows: This involved calculating the ratio of SOC to OM for the neighboring depth intervals (0-10 

cm and 20-30 cm), and then averaging these ratios for the respective sample. The resulting mean value 

was multiplied by the OM content of the 10-20 cm layer to derive the estimated SOC for this segment, 

as follows: 

Ὓὕὅ
Ὓὕὅ

ὕὓ

Ὓὕὅ

ὕὓ

ρ

ς
ὕὓ  

The final management dataset comprises high marsh topsoil data from the SOC stock dataset collected 

at Jadebusen, Leybucht, Baltrum, and Spiekeroog, as well as the additional data collected from 

Pohnshalligkoog, Nessmersiel, Schleimünde, and Heiligenhafen. 
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 Figure S. 1 Abiotic variables in comparison between salt marsh types 

Figure S.1: pH A, gravimetric water content (%) B, conductivity (mS/cm) C,  sand content (%) D measured in individual sites, 

ordered by salt marsh type. Boxplots display the median (centered line), 25-quatrile and 75-quartile. Red stars display mean 

values of each site. Shaded boxplots display subsoil, not shaded boxplots display the topsoil.  Single data points (means of 

each plot) are overlaid.  
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Figure S. 2 Plant communities of salt marsh types and individual   

Figure S. 2: NMDS representation of plant community across sites (polygon colour) and salt marsh types (shapes). Ordination 

was based on Bray-Curtis dissimilarities.  

 


















































































































































































































































































