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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 sinksligh primary productivitysupplies large amounts of organic matter

to the soil, while water saturation slows soil organic matter (SOM) decomposition. The fate of the
sequestered carbofurther depends on plansoil interactions, as plants modify soil conditions such

as redox potetial 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@tlands, 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 dynamiggreenhouse gas with greater
radiative forcing potetial than carbon dioxidewhichcan behigh in wetlands due tthe 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 climatbon feedback of wetlands is
strongly dependent on plargoil interactions and their warminigducedalterations as both plant
carbon assimilation (inputs) and SOM decomposition (outputs) are temperaansitive. Warming

driven increases in SOM decongition are likely to enhance plaiatvailable 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 S&8M lo

creatinga positive climatecarbon feedbaclaccelerating climate change

This thesis investigates carbon cycling and stotagger current and warmer climate conditiomns
coastal wetlands of the North Sea and Baltic Sea, with a particular focusmspikinteractions. Four
complementary studies were conducted. First, carbon stocks (chapter 2) and methane emissions
(chapter 3) were quantified across German coastal wetlands, addressing bottstaigedifferences
(between coasts) and smatale vaiation (within sites and plant communities). Second, two studies
(chapter 4 and 5) were conducted in a mesocosm warming experiment and investigated warming
effects on transplantedegetatedsoilsodsoriginating coastal wetlandsom Denmark, Sweden, and
Fnland spanninglistinctsoil morphologies and plant communities. Here we assessed warming effects

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

Across these studies, several key findings emerged-dmmagy Baltic Sea satharshes contained
higher soil organic carbon (SOC) stocks than-éigltgy 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 biomasmt€ary to expectations, grazing effects on soinpaction



and plant communities did not increase methane emission but varied strongly among sites. Grazing
induced shifts in plant community composition asubsequent Herations in belowground biomass

and hence redox potentialexplained methane emission. Grazing often excluded -kigission
species such a@hragmites australishighlighting complex underlying plagoil interactionghat vary

between species and connected functional traits.

The studies aoducted in the mesocosm warming experiment revealed that elevated temperatures
increased plantvailable nitrogen and enhanced aboveground biomass especially inrisoM
systems, though systems with nitrogéiring plants and lower SOM content showed weaake
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 8OM richetall-grass communities but not in the SOM
poorer tallgrass communyt, likely reflecting differences in successional stage and microbial
specialization. Taxa that increased under warming were linked to nutrient cycling and organic matter
breakdown, whereashose thatdecreased under warmingere associated with cold and leaxygen

adaptation.

Together, these studies demonstrate the pivotal role of pismitmicrobe interactions in regulating
carbon dynamics in coastal wetlands under both current &mdre climate conditions. Future
research should prioritize two key pathways: (1) developing a mechanistic understanding efgilant
interactionsand how they are altered under warmingnderstandingparticularly the influence of plant

traits such as mial 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.



Zusammenfassung

Pflanzen in Kustenfeuchtgebieten wirken als Okosystemingenieure, da sie durgeobimrphe
logische Ruckkopplungen die Entwicklung dieser Systeme pragen und zugleich den Kohlenstoff
kreislauf in diesen dynamischen und global bedeutenden Kestdésenken stark beeinflussen. Die
hohe Primarproduktion fuhrt zu einem erheblichen Eintrag organischer Substanz in den Boden,
GNKNBYR RAS 21 2aaSNANGGATdzyd RAS %SNBSGT dzy3 @2y
YIEGGSNB O @SNI I ksdA aés Yoébndehdn aKohlgnStdffa Gangt von PflBusen
Interaktionen ab, da Pflanzen Bodenbedingungen wie Redoxpotenzial uillepHverandern-
zentrale Faktoren fiir mikrobielle Aktivitat. Dartber hinaus steuern Pflanzen den mikrobiellen Abbau,
indem se organische Substrate unterschiedlicher Qualitat bereitstellen. Im Vergleich zu terrestrischen
Okosystemen ist die Kontrolle der Pflanze uber mikrobielle Aktivitat in Feuchtgebieten besonders
ausgepragtHier liefernWurzeln nicht nur organische Substasandern geben auch Sauerstoffden
Wurzelraumab und verandern so die ansonsten reduzierende Bodenbedingungen. Diese Prozesse sind
besonders relevant fiir die Methandynamikin Treibhausgas mit deutlich héherem Strahlungsantrieb

als Kohlenstoffdioxid, die in Feuchtgebieten aufgrund der Wassersattigung im Bedarhochsein

kdnnen

Trotz ihrer herausragenden Bedeutung als Kohlenstoffsenken sind die Auswirkungen der globalen
Erwarmung auf den Kohlenstoffhaushalt von Feuchtgebieten weitgehend undnfoiBe Netto
KlimaKohlenstoffRuckkopplung héngt entscheidend von PflaBoelerrinteraktionen und deren
Erwarmungsnduzierten Verdnderungen ab, da sowohl die pflanzliche Kohlenstoffassimilation
(Eintrag)als auch der mikrobiell vermittelte SGAbbau Austrag temperaturabhéngig sind. Ein durch
Erwarmung gesteigerter SORbbau kann den pflanzenverfligbaren Stickstoff erhdrsemit eine
potenziele Stickstofflimitierung verringern und so das Biomassewachstum ded damit
verbundenen Kohlenstofffeintrag fdern. Ubersteigt jedoch der Abbau den Kohlenstoffeintrag, fiihrt
dies zu erheblichen SOMerlusten und damit zu einer positiven KlidahlenstoffRuckkopplung, die

den Klimawandel weiter verstarkt.

Diese Dissertation untersucht deiohlenstoffkreislauf sowie die Kohlenstoffspeicherung in
Kustenfeuchtgebieten der Nordund Ostsee mit einem besonderen Fokus auf Pfldaden
Interaktionen im IstZustand und unter zuklnftiger globaler Erwarmung. Vier komplementéare Studien
wurden durchgéiihrt. Zun&chst wurden Kohlenstoffvorrate (Kapitel 2) und Methanemissionen (Kapitel
3) in deutschen Kiistenfeuchtgebieten quantifiziert, wobei sowohl groRRrdaumige Unterschiede
(zwischen Kusten) als auch kleinrdumige Variationen (innerhalb von StandorterPflarden
gemeinschaften) betrachtet wurden. AnschlieRend wurde in zwei Studienn einem Erwarmungs

MesokosmosExperiment durchgefuihrt  wurden (Kapitel 4 und 5) Bodensoden mit



v

Pflanzegemeinschaften aus Kistenfeuchtgebietauns Danemark, Schweden unchrfand in einer
kontrollierten Erwarmungsanlage untersucht, um Effekte erhthter Temperaturenpfiamhzliche

BiomasseproduktionSOMDynamik und mikrobielle Gemeinschaften zu erfassen.

Die Ergebnisse zeigen: OstseBalzmarschen wiesen hohere Vorrate and@&organischem
Kohlenstoff (SOC; soil organic carbon) auf als die #tidalen NordseeSalzmarschen. Beweidung
erhohte die SOMorrate an der Nordsee durch Verdichtung des Bodens, zeigte jedoch in der Ostsee
uneinheitliche Effekte, die durch Veranderung®erunterirdischenPflanzenbiomasse bedingt waren.
Entgegen den Erwartungen filhrten Beweidungseffekte auf Boden und Pflanzengemeinschaften nicht
zu héheren Methanemissionen, sondern variierten stark zwischen den Standorten. Beweidungs
induzierte Verandemgen in der Pflanzengemeinschaft und der damit verbundenen Wurzelbiomasse
und deren Einfluss auf Bod€tedoxpotentialeerklarten die Unterschiede in den Methanemissionen.
Haufig wurden hoch emittierende Arten wighragmites australislurch Beweidung ausgehlossen,

was die komplexen und artspezifischeflanze-Bodeninteraktionen unterstreicht.

Die Studien aus dem MesokosmBsperiment zeigten, dass Erwarmung den pflanzenverfligbaren
Stickstoff erhdhte und vor allem in S@kichen Systemen die oberirdiscligiomasse steigerte,
wahrend Systeme mit stickstofffixierenden Pflanzen und geringerem-Géalt schwéacher auf
Erwarmung reagierten. SOMerluste traten in urspringlich SGiMichen Boden auf, was darauf
hindeutet, dass die Reaktion von Feuchtgebietstkmesyen auf Erwarmung stark vom
Ausgangszustand abhangt. Zudem fuhrte Erwarmung zu sigeifikantenUmstrukturierung der
mikrobiellen Gemeinschafteén SOMreicheren Bdden, aber nicht in SGvmeren Béden vermutlich
aufgrund unterschiedlicher Sukzessistadien und mikrobieller Spezialisierung. Taxa, die unter
Erwarmungin Abundanzunahmen, waren mit dem Abbau komplexer organischer Substanzen und
dem Nahrstoffkreislauf verbundeim Gegensatz dazu nahmen Abundanzen von Taxa ab, die vor allem

ankalte, auerstoffarme Bedingungen angepasstd

Zusammenfassend verdeutlichen diese Studien die zentrale Rolle von FBlagerMikroben
Interaktionen fur die Steuerung des Kohlenstoffkreislaufs in Kustenfeuchtgebieten unter aktuellen
Bedingungen und zukunftige Klimaszenarien. Zukinftige Forschung sollte zwei Schwerpunkte
verfolgen: (1) ein detailliertes mechanistisches Verstandnis der PfBoderinteraktionenund der
Erwarmungseffekt auf diese, wobei inshesondere dileRspezifischer Pflanzeneigenschafteie
radialem Sauerstoffverlust und Wurzelexsudation fir mikrobielle Aktivitat und-88Auuntersucht
werden sollte sowie (2) die Betrachtung von SOM als zentrale Variable fiir die Kohlenstoffdynamik
unter Erwarmung in Kustenfeuchtgebieten, erganzt durekperimentelle Studien, um die

Allgemeinglltigkeit dieses Musters zu prifen.
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Chapter 1: General Introduction

1.1. Carbon cycling in coastal wetlands
Coastal wetlands deliver a range of critical ecosystem sendgoeh, aserving as nesting habitat for
breeding avifauna, facilitating nutrient cycling, providing nursery ground for fish, supporting
recreational activies, offering coastal protection, and storisgbstantiamounts of carboriFriess et
al. 2020) Notably, therole of coatal wetlands as carbon sink has gaimegteasingattention over the
past decad€Mcleod et al.; Lovelock and Duarte 20Macreadie et al. 2021 Carbon sequestration
results from the imbalancéetween buried organic matter asarbon input into soilsand the
decompositionof organic compoundtroughmicrobialactivity as carbon outpufDuarte et al. 2005;
Lovelock and Reef 2020jhe decompositiomate of organiccompoundsis relativelyslow in coastal
wetlands compared to upland soils, primarily due to waterloggeiticonditions that lead to lower
redox potentals(Neubauer and Megonigal 2028imultaneously, @astal wetands are characterized
by high net primary productivity, which festeringcarbon cycling. The high primary productivity in
coastal wetlands contributes not only tmositive plantsoil interaction byincreasing thephysical
accretion of coastal wetlandlrough forming both soil volume and sediment deposition rdtesalso
to the accumulation of soil organimatter (SOM)via vegetatiorderived plant litter (Kirwan and
Megonigal 2013; Morris et al. 2018}onsequently, plant productivity serves as taai determinant
of the resilience and lorterm carbon sequestration capacity of coastal wetlaimdmes ofclimate
change(Kirwan and Megonigal 23; Spivak et al. 2019)he persistence of soil organic carbon is an
emergent property shaped by the interplay of plesdil interactions, including biological processes
(e.g., litter input quantity and quality versus microbial decomposition), enuiental conditions, and
chemical as well as physical stabilization mechan{Scismidt et al. 2011; Dungait et al. 2012; Cotrufo
et al. 20B; Neiske et al. 2025T hebalancebetween plantderived carbon inputs versus respiration
mediated carbon outputs strongly influenced by bigeomorphological factors as well bg biotic
interactions.Microbial respiration andactivity are tightlylinked to both the quantity and quality of
organicplantinputs, highlighting the central role of biofieedbacks in controlling carbon persistence.
Understandingplant-soilmicrobe interactions, particularly in wetland ecosystems, is crucial for
predicting future carbonclimate feedbaclkand the climate mitigation potential of these blue carbon
ecosystemsinderglobal chang€Schmidt et al. 2011; Ren et al. 2022; Haviland and Noyce.Zl}24l)
following sections discuss the rangeatiiotic and biotic factors influencirnibe carboncycle dynamics
(Fig. 1) in coastal wetlandswith particular emphasis on plant productivity and planédiated

processes.
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Figure 1 Coastal wetland plants act as ecosystngineers bgontrollingcarbon 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 rootshvei$o contributéo the SOMpool, 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 eleciteptor and creating hotspots of microbial
respiration; and (4) releasirgxudatesjow-molecularweight carbon compounds that are readily metabolized by microbes.
Both oxygen inputs arekudatescan enhance SOM decomposition.

1.1.1Environmental challenges aptant adaptation

Coastal wetland®ccur atthe interface between land and sea and withstand extreme conditions,
forging the development ofdynamic systemmshaped byregulartidal and/or irregular winedriven
inundation These dynamic processes create systems adapted to rapidly changing envirommehts
often are alsoable to withstand extremesPlant alaptationsto environmental challenges such as
flooding, hypoxic or anoxic soils, and increased salinitiéslve mophological changes, such as the
development of specific tissues, altered growth strategies, and osmotic regul@atam 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 systeméSchoutens et al. 2021%alt intrusioninto the soil during tidal
inundation induces aphysiological drought by inducingsmotic stress, leading to water deficit
conditions and ion toxicity within plant tissuéBarida and Das 2005;uvins and Tester 2008Jhe
accumulation of salt ions constitutes asfurther stress factor that potentially disrupts critical

physiological processes, including protein synthesis, photosynthesis, and lipid metabolism.
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Additionally, the accumulationf@alt ions in the rhizosphere can impair nutrient uptake by interfering
with the absorption and transport of essential miner@Parida and Das 2005; Lambers and Oliveira
2019) Consequently, coastal wetland plants have developed various adaptations to cope with osmotic
stress.These streegies include active salt excretion through specialized structures such as salt glands,
salt accumulation within tissues, and salt dilution via succulealbewing plants tostore water in
specifictissues to reduce salt concentratiois physiologicallynore active plant part§Munns and
Tester 2008). Additionally, the waterlogged conditions induce metabolic stress in the rhizosphere by
affecting root respiration and nutrienavailability (Bradley and Morris 1990As a response, many
wetland plants develop high sterind root porosity through the formation of aerenchyma, which
facilitate oxygen transport within the plaiGrmstrong 1980; Pedersen et al. 202This allows plants

to oxygenate the rhizosphere which in tumnablesroot respiration and nutrient uptaken

waterlogged soil¢§Lai et al. 2012; Pedersen et al. 2021)

1.1.2Coastal wetlan@lants agecosystenmengineers

Coastal wetlands are complex ecosystarnatinuously shaped by the force of tides @&mdperiodic
flooding. Thesedynamic hydrological processes drive intricate biogeochemical interactions and
establish feedback loops between pioneer pkastablishing on bare intertidal flatsnd sediment
properties (Fagheazzi et al. 2012; Nolte et al. 2013a; Fig.ld)this contextwetland plants function

as ecosystem engineers: they slow water flamd trap sediments during inundatiothus promoting
vertical accretion of the so{lAllen 2000; Bouma edl. 2005) This interaction ultimately fosters the
seltsustaining development and successiorc@dstal wetlandsn tidal flats within the intertidal zone
(Olff et al. 1997; Fagherazzi et al. 2018¢oastal areasvhere tidal influence and sedimentation rates
are limited (e.g. in the Baltic Sea), widdven periodicinundation can play a similar role in shaping
these systems (Adam 199Dijkema 1990). Beyond trapping sediments, plants also contribute to
verticalsoilaccretion through theibelowgroundgrowth and the deposition of organic matter such as
root litter (Kirwan and Megonigal 2018llen 1990 Fig. ). Based on the prevailing mechanisms driving
vertical growth coastal wetland€an be classified into two main types: orggeric and minerogenic
systems. In minerogenic systems, vertical accretion is primawityrolled by sediment depositsf
sand, clay or mudoften linked to tidal range (Nolte et al. 2013; Allen 1990). In contrast, oggait
systems typically exhibit slower vertical accretion, which is strongly driven by organic matter

accumulation (Aller1990; Kirwan and Megonigal 2013).

1.1.3Effectsof wetland soil properties on primary productivity

In coastal wetlands,lant community composition and primary productivity exhibit a direct and highly
variable response tovarious environmental parameters, inating sediment type, salinity, and

elevation, as well as to the interactions among these fac{@'dlis and Hester 2004; Howard 2010;

4
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Suchrow and Jensen 2010; Wilburn et al. 20B&sides the important role of inundation itself in
determiningplant community compositioralong elevational gradients (Suchrow and Jensen 2010),
plant productivity is constrained by environmental stressors associated with inundation, among which
increased salinityplays a prominent roléNaidoo and Ki 2006) Physiological disruptionslue to
stressful environmental conditionsan induce alterations in plant community composition, by
selectively disadvantaging sansitive specieé 2 A t 4 1 A Jieviolststdies alomgieStuarine
gradients (thus along dalty gradients) have demonstrated a reduction in overall plant productivity

with increasing salinitfHansen eal. 2017; Neiske et al. 2025)

Sediment and soiéxture, often linked to the flooding regim@emmerman et al. 2003plays a critical

role in shaping plant responses to interacting abiotic fact¢@&hapman et al. 2012; Pezeshki and
DeLaune 2012)Soil characteristics such as grain size distributionsaighorosity determine water

and nutriert availability, as well as soil redox conditions, all of which directly influence plant
productivity (Pezeshki and DelLaune 2012; Haque et al. 2018; Feng et al. P0&t) esponses to
changes in soil properties are speesgecific(Liu et al. 2023and vary across spattemporal scales
(ContrerasCruzado et al. 2017Furthermore soiltexture is a key determinant of carb@ersistence,
primarily due to the reduced bioavailability of organic compounds, either through adsorption onto
mineral surfaces or through encapsulation within soil aggregatésimic substance(Schmidt et al.
2011; Dungait et al. 2012; Cotrufo et al. 2013; Neiske et al. 2025)

1.1.4Plantmicrobeinteractions

The fate oforganiccarbon inputs ito soils largely depends on microbial activity, as microtees
mineralize organic carbon by secreting extracellular enzymes to fuel their metabdlismobial
communities play a central role in ecosystem functioning, as they providetedsaririents to plants,
enhance planperformancethrough multitrophic interactions, and contribute to overall soil fertility
(Fierer 2017; Banerjee and van der Heijden 20ZBe composition and activity of sailicrobial
communities are shaped by a range of abiotic facfarsoils including pH, redox potentialyater
content, temperature, and the availability of nutrients and organic carbon, as well as by biotic

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

Plantmicrobe interactions occur through multiple pathways. Indirectly, plants modifytitz@sphere
andsoil environment by altering chemical properties such as pH and redox condfEigng) thereby
influencing microbial habitat¢Hinsinger et al. 2006; Wang and Kuzyakov 20Pdgse effects are
especially pronounced in wetland ecosystems, where speapesific plantsoil interactions play a
crucial role in shaping microbial process@obro& et al. 2016) Moreover, plants directly affect
microbial communities through the release of root exudates, rhizodeposits, and (ligr 1) Root

exudates are lownolecularweight organiccompounds exuded into the rhizosphere that provide

5
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easily &cessible substrates for microbial metaboli@egonigal et al. 1999; Oburger and Jones 2018)
In addition to supplying organitarbon,wetland plants also transport oxygen into the rhizosphere,
particularly plant species withextensiveaerenchyma tissuefArmstrong 1980; Lai et al. 2012)he
ability of phants to oxidize their rhizosphere depenalsoon backgroundedox state of the wetland
soiland varies among species, therefore shift plant species compositiaan altertheir sediment
redox conditions in different directior(&ai et al. 2012; Koapakobsen et al. 2021; MittmarnBoetsch

et al. 2024) The ombined input of labileorganic compoundsnd of oxygen can trigger a priming
effect, whereby microbial activity is stimulated, potentially accelerating the decomposition of existing
SOMand potentially leading to increased carbon los@€szyakov 2010; Lei et al. 2023; Mueller and
Megonigal 2024)

1.1.5Effect of wetland soil properties @oil organic mattedecomposition

In watersaturated soils, oxygen availability becomes a key limiting fdotomicrobial 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 conditionsmicrobesutilize oxygen, the mosenergyyielding terminal electron acceptor,
enablingenhancedxidation of organic compounds. This results in [B@Mdecomposition rates and

rapid carbon turnover, with G produced as a byproduct of aerobic respirat{®®zeshki and DeLaune
2012) Undermore reducing conditions, miobial metabolism shifts to rely on alternative electron
acceptors with lower Gibbs free energy vyields (e.g., nitrate, manganese(lV), iron(lll), sulfate, and
carbon dioxide), resulting in slow&0OM decompositiomates (Pezeshki and DeLaune 201R) the
absence of oxygersOMdecompodgion further slowsdown, and microbial communities transition to

fermentative pathwaygChapman et al. 2@®).

1.1.6Methaneproduction in anaerobic soils

During anaerobic metabolisnthe activity of methanogens maincrease methangroduction in
coastal wetlandsgepending on the availability of terminal electron accepté@hapman et al. 2019)
Elevated methang@roduction and finallemissions may counteract the climate mitigation potential of
thesecarbon sinksas methane is a more potent greenhouse gas thani©@®rms of radiative forcing
(Rosentreter et al. 2021b; Forster et al. 20249pwever, methane production is governed by a range

of environmental and biological factor®Different microbial communities, employing distinct
metabolic strategies, compete for available electi@donors. In the absence of oxygen and other high
energyyielding terminal electron acceptors, methanogenic archaea can mineralize organic carbon via
hydrogenotrophic, acetoclastior 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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organiccarboncompounds to rhizospherg®©burger and Jones 2018; Haviland and Noyce 2024)

the presence of more beneficial terminal electron acceptors, methanogens are readily outcompeted
by microbial communities that utilize the mosmergetically favorable terminal electron acceptors,
such as sulfate. Sulfate availabilitypsitivelycorrelated withincreasingsalinity and ighus typically
abundant in coastal tidal wetlands. As a result, sulfeucing bacteria often dominate uedthese
conditions, thereby suppressing methanogenesis and reducing methane emissioastalwetlands
(Bridgham et al. 2006; Poffenbarger et al. 2011)

Once methane is produced in the soil,niéeds topass the soil matxi to be emitted into the
atmosphere. This occurs via three primary pathways: diffusion, ebullition, and-plediated
transport. Diffusion is driven by concentration gradients between methdetezones (e.g., soil pores

or sediment layers) and the surroding environment (e.g., overlying water column or atmosphere).
Due to the slow rate of diffusion through soils, methamei NJ y & LJ2 NJi SR¢ is@ften (1 KA a
oxidized by methanotrophic bacteria before it reachesgb@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 press@r changes, or shifts in water levelleubauer and Megonigal 2021Plant
mediated transport occurs through aerenchyma, which facilitate both passive and convective gas flow
betweenthe soil to the atmosphere. This pathway allows methane to bypass oxidative zones in the
soil, reducing the likelihood of microbial camsption 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 partialy offsetting methane emissions from plant rodtdoyce et al. 2023; Haviland and Noyce
2024) Accordingly, fants can both increase methane emissions by supplyaigle organic
compounds to rhizosphereand by facilitating gas transporfrom the soi] and decrease methane
emissions by enhancing methane oxidation through oxygen release into th@\&ddo et al. 2019;

Haviland and Noyce 2024; Maatta and Malhotra 2024)

1.2. Global change in coastaétlands
Coastal wetlands face numerous challenges in the context of global change. As described previously,
carbon cycling in coastal wetlands is governed by comp@ar-soil interactionswhich remain poorly
understood. This complexity is further anfi@d as coastal wetlands face multiple challenges, including
global warming, increased atmospheric QOncentrations,accelerated rates osealevel rise and
increasing storminesgSpivak et al. 2019; Macreadie et al. 2021; Lovelock et al. 2022se
environmengal shifts may alter carbon inputs, microbial activity, and decomposition dynamics in

unpredictable feedback&Reich et al. 2020For insaince,Noyce et al(2023)reported that elevated
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atmospheric Counexpectedly reduced methane (¢gHmissions. This finding contrasts with earlier
studies, which demonstrated increased 4G#hissions under elevated GQOargely due to greater
inputs of labileorganic compounds to rhizospherdéseling methanogenesis. Noyce et gr023)
suggest that the reductioin methane emissions they observethy reflect a legacy effect: loigrm

CQ enrichment increased thaccumulatedstem density of the dominant grass species, which in turn
enhanced oxygen primirtgp the rhizosphereThese changes suppresithe activity of methanogens

or promoted methanotrophy, thereby mitigatdthe anticipated rse in Chlemissions. This study alone
underscores the intricat@lant-soil interactions among various environmental variables, even when
considering only a singlglobalchange driver. Additionally, the resilience of wetlands in the face of
accelerated rats ofrising sea levels is closely linkedinteracting abiotic and biotiactors such as
accommodation space and plagtowth (Rogers et al. 2019; Kirwan and Mudd 201¥)oveground
plant structures interact with sediments during inundati®akker et al. 1993; Fagherazzi et al. 2012)
while belowground productivity contributes to soil stabil{ford et al. 2016; Battisti et al. 2018pth

of which are essential for vertical accretioa crucialmechanism focoping with accelerated rates of
sea levelise (Allen 2000; Kirwan and Megonigal 2013; Mudd et al. 2088y plantsmay acclimate

or adaptand howplant communiy composition maghift in response t@accelerated rates cealevel

rise is further influenced by o#r global change factors, such as elevated @@ temperature,
complicating theplant-soil feedback loops. Despite the recognized importance of coastal wetlands in
climate change mitigation, the impacts of global environmental change on their carbongcycli
processes remain insufficiently exploréew «isting studies, such &oyce 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. Inhbsss | investigated

the effects of warming i the carbon dynamics of coastal wetlands. To disentangle the individual and
interactive effects of warming on carbon dyng, | explore the impacts of warming on various

ecosystem properties and their interrelations in the followswggtions

1.2.1Warming effets onplantsoil interactions

One of the key abiotic consequences of warnfimgterrestrial and coastal ecosystenssa reduction

in soil moisture via higher evapotranspiratiarften coupled witha precipitation deficit, which affects
multiple soil progrties 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
(LorrainSoligon et al. 2023Moreover, shifts in soil moisture influence the redox conditions of the
soil, with drier conditions favoring more aerobic statew likely increasin§OM deomposition and

thus carbon turnovein wetland soilgyPezeshki and DeLaune 2012hese changes alter microbial
community composition and plashicrobe interactions, affecting ecosystem function{Rdilippot et

al. 2013; Jansson and Hofmockel 2020; Philippot et al. 282¢uced soil moisture can also impair

8
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nutrient availability and ugake by plants and microbes, further influencing productivity and carbon
cycling(Pezeshki and DeLaune 2012; Jansson and Hofmockel Z@2®ermore, drought can impose
significant water stress golants. To maintain water flow, plants rely on stomatal transpiration, which
drives the upward movement of waté&om roots to leavesHowever, under watelimited conditions,

plants close their stomata to conserve watgrambers ad Oliveira 2019)Since stomata are also
essential for CQuptake, this closure often leads &oreduced primary productivityBoeck et al. 2008;
Hoepmer and Dukes 2012)n response to reduced water availability, plants can further adapt
physiologically by increasing water use efficiency, adjusting osmotic pressure, or developing
succulencéLambers and Oliveira 2019dditionally, plants may reallocate biomass to root growth to

enhance water and nutrient acquisitidi&ziz et al. 2017; Noyce et al. 2019)

1.2.2Warming effects on plants

As all biological processes are temperatsamsitive, warming is expected to positively affect various
kinetic reactions, such as enzymatic activity (including carbon assimilation by RuBisGhiffu€ion

rates, tissue and cell growth, and nutrient uptgBassirirad 2000; Sage and Kubien 2007; Crous 2019)
Ultimately, the increased reaction rates at elevated temperatures are anticipated to enlpaincary
productvity (Rustad et al. 2001; Sage and Kubien 20@@nt species and microbial communities have
adapted to different climatic zones and thus exhibit specific temperature optima for their metabolic
processeg¢Mendelssohn and Morris 2002; Minzbergova et al. 20l@ever, extreme warming may
surpass the optimal temperature ranges for individual species, potentially leading to thstmass

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 upwardqCrous 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 productiviifang et al. 2022; Liu et al. 202B6lpwever, the
extensionof growing season varies across ecosystems, and in some cases may result in shifts rather
thanin anelongation of thegrowing seasorfor instancd, iu et al(2022a¥ound in their metaanalysis

that the growing seasowas primarily delayed in herbaceous communities, Witth later greening

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

growing season ihigher compared to lowdatitudes(Liu et al. 2025)

Lastly, productivitdiversity theory suggests that longer growing seasons may favor a few highly
productive plant species, outcompeting subdominant species and potentially reducing overall

communitydiversity (Partel et al. 2007; Fridley et al. 201BYevious studies investigating the effects

9
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of warming in wetland have shavn shifts in plant community structure, often accompanied by a loss
in species richnegdVeltzin et al. 2003; Charles and Dukes 2009; Baldwin et al. . 2Rtk diversity
can bepositively associated ith increased plant productivitgDuffy et al. 2017and has been shown

to enhance soil organic carbon storage across ecosysftearzge et al. 2015; Chen et al. 2020)
Consequentlywarminginducedshifts inthe diversity of plant communitieamay exert a significant

influence on future carbon cycling.

1.2.3Warming effects oplantmicrobeinteractions

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
processesintil a certain thresholdiriven by faster kinetic reactiorfcuo 2007)Additionally, microbial
communitieswill be indirectly affected by changes in environmental conditions, such as soil moisture,
pH, and redox potential, as well as by complex feedbaitth associated plant communiti€Bhilippot

et al. 2021; Phitipot et al. 2024) In terrestrial ecosystemsa warminginduced redudion in soll
moisture is expected to limit microbial activity dueadoweraccessibilityf substrates and nutrients
(Schimel 2018)In contrast,decreased soil moisture in wetland ecosystems may lead to increased
oxygen availability, potentially boosting microbial activity and acceler&@idlyldecomposition rates
(Charles and Dukes 2009; Noyce et al. 2023; Haviland and Noyce\®@2#jngdriven shifts in fant
community composition and structure are likely to have concurrent effects on microbial activity and
community composition, though the outcome remainhallenging to predict due to the various
potential biotic feedbackgPhilippot et al. 2013)Generally, increased primary productivity (under
warmer temperatures) is expected to enhance microbial activity, potentially leading to the
decomposition of previously sequestered carbostored in SOM(Kuzyakov 2002; Muelr and
Megonigal 2024) This priming effect is because higher primary productivity is associated with
increased exudation, thereby providing margut of labile carboncompoundsto the soil(Fu and
Cheng 2002; Mueller et al. 2016; Dijkstra et al. 200§)lant communities shift in composition, it is
likely that corresponding changes widlso alter microbial community composition and activity
(Philippot et al. 2013)Previous studies in terrestrial ecosystems have reported significant shifts in
microbial community compositionvith warming(Luo et al. 2014; Nottingham et al. 2022b; Li et al.
2024a) with some studies highlighting a more profound warminduced shift in organic soils rather
thanin minerogenicsystemgDeslippe et al. 2012; DeAngelis et al. 20H®wever, other studies skv
ambiguous or negligible warming effects on microbial community compogi@astro et al. 2010;

Contosta et al. 2015; Cheng ét 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 fromrplarabe
interactions. Orthe one hand, increase®OMturnover 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. 2Qk8he other hand,
microbial immobilization of nutrients potentially reduces nutrient availability for plantsJiang et al.
(2025)who found higher ammonium immobilization under warming, thereby exacerbating plant stress

and potentially diminishing productivity.

Plantsoikmicrobe dynamics under future climate scenari@s/e crucial implications forhe overall
functioning of coastal wetlandss carbon sirkasthe net balance of these reciprocal interactions
determines whethemarmingwill shift the ecosystem carbon balance towards a-pesitiveor net
negative carbonclimate feedbackMelillo et al. 2002b; Davidson and Janssens 2006; Charles and
Dukes 2009; Kirwan and Blum 2011; Smith et al. 2@%2)aid out above, these dynamiare highly

variable and require a deeper understanding of plaoil interactions as driver of carbon cycling.

1.3. Framework of this study
The studies that are part of this thesisere conducted in coastal wetlands along the North Sea and
Baltic Sea coasts. The Wadden Sea and EBdticcoastal wetlandsre relatively young ecosystems,
having developed over the past 8,000 years following the last glacial p@iedhot et al. 2024;
HELCOM 2018pver the past ~500 years, human activity has significantly influeheedtvelopment
and morphology of these ecosystems, particularly through cultivatioregmnidulturalland-use, which
continue to shape the structure of moEropeancoastal wetland¢Dijkema 1990; Rupprecht et al.
2023)

Despite their comparable geological age and eHahistory of anthropogenic influencepastal
wetlands of Wadden Sea and Baltic Sea shoreldiisr substantially. These differences are primarily
driven by distinct hydrological regimes, which strongly influence plant community compgsition
sediment d@osition,and smaltscaledistribution along elevation gradients in Wadden Sea wetlands
and affect the largescale distribution of plant community composition along landscape gradients in
Baltic Sea wetlandsA more detailed description of these contrasgfihydrological and ecological

characteristics is provided in the following sections.

1.3.1Coastal wetlandsf the North Sea

Europeand more specifically its North Seacoast K2 Y'S (i dargéskidal flgt, € IV adoeh
Sea. The Wadden Sea ranges fronmark to the Netherlands with 11,456 km2 being listed as a
UNESCO world heritage sf@WSS 201 Ayurthermore, within this unique landscape, about 42,500 ha
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are covered by minerogenmastal wetlands, namely salt marsh@dschot et al. 2024 Cultivation
and diking resulted in a loss of 80 % of Waddensa#anarshesn the past 400 year®ijkema 1987)

In Germany, the largest share of the Wadden Sea is protected by nationa) pduikh has led to a
stagnation insalt marshloss and a recent increase of totsdlt marsharea (Elschot et al. 2024)
Nonetheless, most of the Wadden Sedt marfiesat the mainland are still heavily impacted by former
land use, often resulting in low plant diversifi{leyer et al. Q03; Rupprecht et al. 2023; Elschot et al.
2024)

The North Seaoast in Germanis characterized by mesto macrotidal dynamics, resulting in strong
tidal influence on Wadden Sesalt marshesThese high tidal amplitudes create pronounced small
scak hydrological gradients, where even slight differences in elevation lealkaoly distinguishable
plant communities along an elevational gradient reflagtsuccessioffOIff et al. 1997; Suchrow and
Jensen 2010)Salt marsh species occur across an elevational gradient spanning about 2.5 ré&ters (
cm below to +198 cm above mean high tide in Schigsielstein, Germany; Suchrow and Jensen
2010). The pioneer zone, closest to thater edge, is inundated during high tide and dominated by
the highly adaptedsalicornia europaeagg.and Spartina anglicaThe highest diversity can be found
in the low mars with species as e.guccindlia maritimaandAtriplex portulacoidesElymus athericus
andFestuca rubrdominatedcommunities indicate the peak of saltmarsh succession in therhaysh
and experience evertased inundation during storm floogSuchrow and Jensen 2010; Leuschner and
Ellenberg 208).

1.3.2Coastal wetlandsf the BalticSea

The Baltic Sea is characterized by several environmental gradients mostly due to ienskreéed
nature. Sea water enters through the Kattegat, whereas freshwater influx from rivesffus more
pronounced in theénner parts (Weisse et al. 2021yVith increasing distance to the Kattegat, salinity
and tidal influence on coastaletlands decreases.Tidal amplitudeof the Baltic Sea close to the
Kattegat is about 20 to 30 cm whilg@ingesonly between 2and5 cmin the inner Balti¢Weisse et al.
2021) Overal] inundationin Baltic coastal wetlands mostly driven by irregular evensuch as storm
surges(Dijkema 199Q)These dynamickead to a high variability in soil salinity along the latitudinal
gradientof the Baltic Seas well as withinndividual coastal wetlandites(Kniebusch et al. 2019
drier periods, patches located at higher elevasoran display much highesoil salinity due to
dominatingevapotranspiration compared to low laying ard&sjkema 199Q)The high heterogeneity
of soil salinity, water saturation and soil texture within sites and along the latitudinal gradient shape
differences irplant communiy composition(Hulisz et al. 2016; Vehmaa et al. 2024)erefore, plant
communities tend to display a patchiness ingted a clear zonation, as observed in théfadden Sea

counterpars (Dijkema 1990; Patsch et al. 201Burthermore, the latitudinal gradiemif the Baltic Sea
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is associated with changes in climatic conditions and isostatic land(@jéma 199Q)sostatic uplift
is particularly high in the Gulf of Bothnia twé&nnual land rise of-8 mm(Schwarzer et al. 2008eing
microtidal, lowsaline systemd®altic coastal wetlands are often dominated by-tatbwing plants with
low salinity tolerance as e.@hragmites australidn these systemshe establishment of halophytes
is facilitated by livestoclrazing.Here, tampling by grazers increases smimpaction andsalinity,
thereby promoting the growth of satblerant plantsas e.gAgrostis stoloniferand Juncus gerardii

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

1.4. Objectives ofhis study
To investigate both current angossiblefuture carboncycling and carbostorage potential, and to
evaluate the role of vegetation in mediating these processesnductedand participated irfour
complementary studies in coastal wetlands o tNorth Sea and Baltic Seéathe study presented in
chapter 2 current standing carbon stockaere quantified in bothNorth Sea and Baltic Seaastal
wetlands in Germanywhilethe gudy presented in chapter ocused oncurrent methane emissions
and its drivers in a subset of the same sitdbesetwo studies examined botkargerscale variation
(across coasts and sites) amsthallscale differences (within sites, based on plant community
composition).In the two following studies presented in chaptera#d 5 soilsods fromBaltic Sea
coastal wetlandsvith different origin (Denmark, Sweden, Finlamdre transplanted into a controlled
warming mesocosm facilitgt University of Hamburg. The different origins captueedide range of
soilmorphologiesandtwo differentplant communiy types (talgrass vs. smafjrass community) were
collected in each country. This study design, spanning the-krgle gradienof the Baltic Sea, allowed
us to address carbon cycling and carbon storage potentials in times of climate change across distinct,
yet similar coastal wetland¥®Vithin this experimental setuphe study presented in chapterabsessed
the effects of warmingon aboveground biomass and soil organic matter (S@jamics while
chapter 5investigated warmingnduced shifts in microbial community composition. Together, these
studies provide novel insights into the role of plaail interactions in regulating daon fluxes under

current environmental conditions, as well as under projected future warming scenarios.
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Chapter 2: Soil Organic Carbon Stocks of German Salt Marshes: A Comparative Study- alloddiighiZnergy

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, quantifyiril ®rganic carbon (SOC) stocks in grazed and
non-grazed German salt marshes. In Germany, salt marshes are found along-#ediayy, microtidal
coastline of the Baltic Sea as organogenic ecosystems and along thenleigly, mesotidal coastlines
of the North Sea as minerogenic ecosystems. @reter 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+56.8r#&E) 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 infaldl.5acrease in SOC density. The
microtidal Baltic alt 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-rhagkh soils might
counterbalance SOC accumulation under proceeding succession. Positive livestock grazing effects were
relatively consistent within North Sea salt marshes, likely caused by tramiptinged changes in soil
biogeochemistry. By contrast, giag 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 igh rates of organic carbon sequestration in soils and function more effectively as
carbon sinks than many other terrestrial and aquatic ecosyst@rdeod et al. 2011; Lovelock and
Duarte 2019; Macreadie et al. 202Blue 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, witleatimated annual decline 0f2.% for salt marshes
(Duarte et al. 2013)Soil carbon sequestration is the outcome of organic matter input to the soil and
its microbial decompositioas output(Duarte et al. 2005; Lovelock and Reef 20Z0g fate of organic
matter inputs to the soil depends on various variables influencing carbon persistence. Flooding leads
to waterlogged sd$ that reduce decomposition through shifts in microbial functioning towards
anaerobic metabolisniNeubauer and Megonigal 202850C 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 allochionous organic matter stems from external sources,
such as aquatic primary production, and is deposited in the maltshes through sedimentation

(Needelman et al. 2018)

Salt marshes cover approximately 5.5 million ha gloi§slgowen et al. 2017@stimating a global total

of ~862 to 1,350 Tg SOC (1Z45 Mg/ha)(Macreadie et al. 2021)Studies assessing the global SOC
stocks of salt marshes show large variab{itlongi 2020; Macreadie et al. 2021; Maxwell et al. 2023)
emphasizing the need of regional studies for estimatingiomatl blue carbon stocks. In Europe,
national budgets of salt marsh SOC stocks were compiled recently f@¢aBon et al.2022)and
Denmarkd [ SA @I 15 dzS 3.lHiGerdany skl niarsheshasenwidespread 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 casedias(Mueller et al. 2019b; Buczko et al. 2022; Mueller et al. 2023)
comprehensive study describing carbginrage 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 conditiongElschot et al. 2024; Dijkema 1990)orth 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 lesseelxpmsditions in the lee of
backbarrier islands(Elschot et al. 2024)The Baltic salt marshes differ in morphology and
hydrodynamic exposure due to the sesniclosal nature of the Baltic Sea, resulting in microtidal to
non-tidal conditions and a salinity ofB) psu which is much lower than at the North Sea coast with
32-34 psu (Dijkema 199Q) The mesotidal conditions at the North Sea coast lead to clearly

distinguishable vegetation zones along an aten gradient, where the highest zone reflects the
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oldest stages in successi@@Iff et al. 1997; Suchrow and Jensen 20kO¢ontrast to the fasaccreting
minerogenic salt marshes of the North Sea, the microtidal Baltic salt marshes are charactgtiaed b
sediment deposition rates andlow-accreting organogenic soi(®ijkema 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 stagéSonnor 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 agricailforactices. 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:shot ratios by partially removing the aboveground biom#&Bswvidson et al. 2017)

which can decrease sediment trappii§chulze et al. 2021)Second, grazing can increase root
productivity leading to greater belowground organic matter input to the(@#chot et al. 2015}hird,

grazers compact the soil via tramplifidolte et al. 2015)hereby reducing oxygen availability through
increased watetogging (Keshta et al. 202Q0)which ultimately may slow down organic matter
decomposition(Schrama et al. 2013; Elschot et al. 2015; Mueller et al. 26br)salt marshes in the
Netherlands and Denmark, an increase in the SOC stock under grazing has betsd i@ischot et

Ffd® wampT [ SAQDI n5dzS3a SG fd HAHNO

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 Gegmanr study is based on SOC assessments in 14 marsh sites
comprising a total of 146 soil cores. We aim to identify geomorphological andisnthctors affecting

salt marsh SOC stocks along the German coasts by addressing the following hypothests:shjtBal
marshes have a greater SOC stock than North Sea salt marshes due to predominantly organogenic soll
formation; 2) In North Sea salt marshes, SOC density increases with succession and is greatest in
mature highmarsh zones; 3) Livestock grazing éases SOC density via soil biogeochemical changes

and 4) decreases the proportion of allochthonous SOC via reducedrpéatiated sediment trapping.
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2.3. Materials and Methods
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Figue 1 Overview map of studsitesin Germany. Three distinct satarsh types were sampleBaltic Sea, North £
mainland and North Sea island salt marshes indicated by different colors.

In order to assess the differences in SOC stocks between contrasting geomorphological settings of salt
marshes in Germany, three distirgdlt 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 macshjgin

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

campaign.
2.3.1Field site description

Located along the SE North Sea coastline, the Wadden Sea stretches from Denmark, via Germany to
the Netherlands. Hereminerogenic salt marshes cover about 42,500 ha from which 25,060 ha are
located along the German North Sea co@dschot et al. 2024North Sea mainland salt marshes are
developing along the mainland coast, mostly in front of dikes. Most salt marshes of this type developed
through landreclamation activities along the coast over past centuries. Today, these salt marshes are
hydrologicdly 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
marshegElschot et al. 2024)'ypically, grazed North Sea mainland salt marshes are located closer to
the dike than norgrazed areas. This consequently entails that these grazethsadh soils tend to be

older (Elschot et al. 2024North Sea island salt marshes cover approximately 25 % of the German
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North Sea salt marshes and form in lee of barrier islands. This sheltered geomorphic setistple
lower sediment deposition rates compared to the more exposed mainland salt mafStiést al.

1997; Elschot et al. 2024North Sea island salt marshes have a larger share of hydrologically
undisturbed relief, and they can be described as mostly nafitathot et al. 2024The German North

Sea coast as higimergy coast with mesotidal ranges constitutes salt marshes with clearly
distinguishable vegetation communities across the elevation gradi@lit 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. Teadogy coasts

of the Baltic Sea lead to salt marshes that often lack a clear vegetation zonation as flooding is mostly
due to irregular winedriven waterlevel changeg¢Dijkema 199Q)In contrast to theextensive North

Sea salt marshes, Baltic salt marshes usually do not exhibit a clear elevation gradient but rather show
smallscale vegetation heterogeneity representing different abiotic conditions and/or successional
stages. In comparison to North Sedt saarshes 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 livestockWanner 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 occasioyalleposit on the marsh surfa¢Bijkemal990) Under norgrazed
conditions, Baltic salt marshes mostly develop into-gadiss communities dominated Bhragmites
australis In contrast, livestock grazing promotes srsaditure vegetation and the establishment of

halophytes(Dijkema 199Q)
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2.3.2Study 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 Seds ialach the Baltic Sea

coast, all three relevant salt marsh types based on exdarig 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 communitiesand 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 Badtiovere laid

to capture smalkcale vegetation heterogeneity. Soil cores from all 14 study sites were taken between

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

2.3.3Soil sampling and vegetation analysis

In each of the 14 study sites;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 withil00 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, transportd 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, S&Csignature, and nitrogen conterat,
single Im soil core was taken from the center of each plot (Fig. 8)Efkelkamp peat sampler was
used for taking soil cores, which allowed compactiee sampling of a halfylindrical core with a
diameter of 5 cm. The use of the peat sampler for mineral soils requiredgrieg with a narrow (3

cm diameter) gouge augéo reduce friction resistance during coriflgueller et al. 2023)Each core
was slied 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 daysDry 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 usingzewge

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 measimedissolving 2 g of milled dry soil in 5 mL 0.01

M CaClsolution. 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 02-5 g through a 0.06nm 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% HCI until no
visible effervescence wgabserved. 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 contenB§ Png of acidifid dry soil was
weighted into tin capsules and analyzed with an element analyzer (EURO EA 3000, Euro Vector, Italy).
The evolved CQwas further passed to a coupled isotope ratio mass spectrometer (nu Horizon, Nu
Instruments Limited, UK) for assessing tHéC signature. Obtained nitrogen data were used for
calculating the C/N ratio of samples. C/N aréC signatures were used to examine SOC origin (i.e.

allochthonous vs. autochthonou@han 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, weegained in subsequent statistical analyses rather
than being discarded or set to zero. However, carbon contents were occasionally too low for accurate

113C assessments, leading to the exclusion of these isotopic data from further analysis.

SOC density @ / cn?) was calculated from soil bulk density (g dry soil /)camd SOC content (g C/ g

dry soil). SOC stock (Mg C/ha) was calculated in two steps. First, for eagtm t0de, the SOC density
values of all 1&m increments were averaged to determinestimean SOC density per core. Second,

the mean SOC stock per site was calculated across all cores and converted theatper basis.
Missing values in individual 1@0n cores (5.2% of the total dataset) were estimated through
interpolation.Interpolatedvalues 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 typgpecific salt marsh SOC stock with the areal extdéhe 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 dt €024) reports on Hallig marshes and summer polders, which
collectively account for approximately 12% of the potential total-satrsh extent of German salt
marshesHowever, 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 salirsh SOC st.

2.3.5Additional 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 compafiggnazed 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:
Schleimiinde, Heiligenhafen). These assesgmwere 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 codsweare taken from grazed

and nongrazed areas in each of the four selected study si@eslting 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). Gaon and nitrogen content{ 13C signature, pH and electrical conductivity

were measured in samples ofl® cm and 2680 cm depth and interpolated for the 12D cm section

(text S. 1.2).

Aboveground and belowground biomass was harvested in September 2028egkbund 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 biomasgples were washed free from soils, and
dried at 60°C for 5 days and weighed.

Schleimiinde

Figue 3 Overview of study sites with additional plots to compare grazed (triangle) argtawed (circle) areas.
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2.3.6Data analysis

This study distinguishes soil properties between topsoiBd0cm) and subsoil (3000 cm) core
sections, and calculated averag€C, SOC, soil bulk density and electrical conductivity, sand content
and pH for these soil sectionor analyzing effects efgetation zone, only data from negrazed

North Sea salt marshes were included, because only for thesenaadth types vegetation zonation

was clearly discernable. In order to investigate livestock grazing effects, the dataset comprised data
from the adlitional livestock grazing campaign, as well as from high marsh grazed aigdazed plots

in Jadebusen, Leybucht, Baltrum and Spiekeroog (Fig. 2, yellow pdmtsanalysis of the grazing
effect ont 13C was constrained to data from the uppermost 10 amthe grazing effect on vegetation

is expected to decrease with increasing depth.

As most data was not normally distributed, Krusikédllis tests were used to test for the effect of
vegetation zone (pioneer zone, low marsh, high marsh) and grazingdgramgrazed) on SOC*C,

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 dtagraphs display the mean of topnd subsoils of the respective salt

marsh type and site. In order to display and test the zonation effect ongnared North Sea salt

marshes, mean values for each vegetation zeite combination were calculated for botbpsoil (G

30 cm) and subsoil (3000 cm) and used in separate Kruskdl £t f Ad FyR 5dzyyQa GSa
comparison. When displaying and testing for grazing effects, mean values for each grazing treatment

site combination were calculated for the topsaitd used in KruskaVallis tests.
Data has been processed using Rstudio (Version 2024.04.2).

2.4.Results

2.4.1Saltmarsh 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 (fedmlé 1.b). Based on
single cores, the SOC stock ranged from 12 to 695 SOC kigies the 100 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 Schleimiinde (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 thet IB&SC within the entire onmeter 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).

Tablel: Salt marstiype specifi@) mean values of SOC stock, SOC density, SOC conte#i@mSOC for topsoil-8D cm)
and subsoil (3000 cm)) mean median and sum values of total area in ha that is covered by salt marshes, SOC in Mg/ ha and
SOC in Tg. £ §Btandard ErroaWanner (2009% Elschot et al. (2024)

a)
Depth SOC stock SOC density SOC content SOSC signature
Saltmarsh type profile (Mg/ha) *SE (g/cm3) *SE (%) *SE o;: ¢ SE
Baltic Sea subsoil 116 53.5 0.016 0.00 234 14 -24.45 0.97
topsaoil 106 30.2 0.035 0.01 7.86 2.1 -27.34 0.49
North Sea subsoil 22 5.1 0.003 0.00 0.21 0.1 -24.31 0.18
island topsoil 57 6.8 0.017 0.00 2.19 0.2 -24.38 0.03
North Sea subsoil 130 18.9 0.018 0.00 1.53 0.3 -23.73 0.16
mainland topsoil 57 6.1 0.017 0.00 2.05 0.3 -23.94 0.22
b)
SOC (Mg/ha Tg SOC
total (Mg/ha) 9
area Upscaling
in ha mean +SE median IQR| based on mear +SE
i 1
Baltic Sea 8050 221 56.3 240 118 1.78 0.453
i 2
North Seaisland 5370 78 9.0 84 13 0.42 0.048
i 2
North Sea mainiand 17120 187 249 171 41 3.20 0.426
total 30540 168 262 154 143 540 0.928
Baltic Sea North Sea Mainland North Sea Island
0 0
T I UL L
100
E'HJO
g 200 depth
% cm
§ . 0-30
w 30-100 cm
8 300
o) 200

400

Baltic Sea

North Sea Mainland
North Sea Island
GroRer Wotig
Grolte Kirr
Heiligenhafen
Wendtorf
Schleimiinde
Leybucht
Nessmersiel
Jadebusen
Pohnshalligkoog
Hamburger Hallig
Baltrum
Langeoog
Spiekeroog

Sylt

Figured: SOC stocks (Mg/ha) of different saktrsh types (left) and the individual study s{téght) across the top 30 cm €
100 cm. Shown are means * standard error.
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Table22a Sty @838t iAzy KSAIKG o60Y0ZI | 62 AEIdMBUUR/ORSOTASOY Hehsity 0 R NE
(g/cm3) and SOC content (%) in the topsoil and subsoil fegra@ed North Sea salt marshes. £ SEandard error

Mean DW SOQG 13C
height AGB Depth signature SOC density SOC contat
Zone (cm) (g/m2) profile 0:': | tSE (g/cmd) +SE (%) +SE
. topsoill -22.64 0.29 0.012 0.0017 1.47 0.26
pioneer
28.04 649.95
zone .
subsoil -23.26 0.19 0.010 0.0014 0.80 0.12
low topsoil -23.89 0.38 0.019 0.0042 252 0.74
29.43 1080.42
marsh subsoil 23.49 0.27 0.014 0.0018 123 0.16
high topsoil -25.43 0.23 0.015 0.0033 2.10 0.76
h 26.52 1054.11
mars subsoil 2470 0.22 0.013 0.0021 097 0.14

In non-grazed North Sea salt marshes, the SOC density peaked in the low marsh with a mean of
0.019t0.0042g/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 subsoiy.(E A, Table 2). Topseit*C in SOC
decreased with succession from pioneer zone, via low marsh to high marsh (Fig. 5 E, THikE 2).
effect was less pronounced in the subsoil (Tablesanhd content was lowest and gravimetric water
content was highesin 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).

2.4.3Livestock grazing effects

Livestock grazing increased the topsoil SOC density6(Rilyby 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 i#Ctlsggnatures 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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2.5.Discussion

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

We found an average SOC stockl68+26.2Mg SOC/ha (meaSE) which is comparable to global

averages 0162+259Mg/ha for salt marshes reported tuarte et al(2013) and approximately half

compared to values reported in more recent metimdies Alongi 2020wvith 317.2 + 19.1 Mg SOC/ha
(meantSEMaxwell et al. 2023vith 231+134 Mg SOC/ha (median = median absolute deviation); this

study with 154143 (mediarlQR))Previous studies from the North Sea ragi&lschot et al. 2015;
adzSttSNISG fd HnnmpoT adzSt t andBStt Sekegioh(Buczkaaidl. [ SA JI
HAHHT [ SA @I n5 duficgte simild® 8OClstboks as reponed here. SOC stocks of North Sea
island salt marshes, which is#B8Mg SOC/haare below the German average »68+26.2Mg/ha

whereas salt marshes located on the North Sea mainland coast and at the Baltic S&24.9.87

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. Nonethelesshi$ea island salt marshes exhibit the lowest
carbon stock, primarily due to the underlying sandy parent material, that dominated thenater

profile of this salt marsh type. It can be assumed that this sandy foundation has not been significantly
influenced by the salt marsh vegetati¢Blschot et al. 2015; Pollmann et al. 2Q2&}ulting in little to

no additional carbon input and thus SOC contsteieply declines dowaore resulting in the lowest

SOC stocks in North Sea island salt marshes. In contrast, ther@ghy North Sea mainland salt
marshes are characterized by high rates of-finained sediment depositiofAllen 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 relaly young systems. The lesnergy 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. 2013&he topsoil SOC stock of Baltic Sea salt marshes are
greater than the oe 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 wingiemone
depth profile. The high sediment deposition rate in North Sea mainland salheslsads to a dilution

of the SOC with minera(&ranse et al. 2024yhile simultaneously allowing for fast vertical accretion,
resulting in the formation of thicker salt marsh soils with less orgealctopsoil compared to that

found in slowaccreting Baltic Sea and North Sea island salt ma(sleesalso Kirwan and Megonigal
2013) Consequently,-in SOC stocks are comparable between-énergy Baltic Sea and higinergy

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 Duenias et al. 2024) reveal considerable spatial variability in SOC stocks both between different
types of salimarshes and within the same type, emphasizing the necessity for regional assessments.
Variability between sites both in topsoil and eneeter soil profiles was found to be the highest in
Baltic Sea salt marshes, where we also found the highest variabilitgnt community composition

(Fig. S. 2). Numerous studies emphasize the strong control of plant community composition on SOC
dynamicqLangley et al. 2009; Langley and Megonigal 2010; Saintilan et al, 8@@fore it is likely

that the high variability in SOC stodksBaltic 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@&). 20d
instance, sites in the southeastern Baltic (GroR3e Kirr & GroRRer 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 surgepbsits and erosiofHulisz et al. 2016 Moreover, the
resulting lower salinity and flooding increase plant productivity which in turn increases the organic

carbon input into the soilvan de Broek et al. 2016; Hansen et al. 2017)

In contrast, the northern Baltic marsh sitéSchleimiinde, 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 loecE)C st

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
Schleimiinde. In this location, we found inconsistent presaxi@n 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 (exding 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 reliaerbgdie 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 basisMgcreadie et al(2021) The amount of 5.40 + 0.928 Tg is proportionate
with approximately 20 Tg G@quivalents (eC&{

2.5.2Zonation effects on North Sea salt marsh SOC

We hypothesizedhat SOC would increase from pioneer zone, via low marsh to high marsh under
LINE OSSRAY 3 &0 S(EdBodefaNRODIE Spohh f &. 2aiS GuPadg and Lee 2014; Hansen
et al. 2017; Mueller et al. 202Qdhdeed, we found the high marsh topsoils to be most depletedGn
which is to be expected given the persistent influence #fdGminated plant communities along soll

development and proceeding success{@uchrow and Jensen 2010; Whealet 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 slighttowards the high marsh. The high marsh as the oldest successional stage with
highest elevation entails reduced tidal influence and thugmented aeration of the soil enhances
oxidation of organic mattefHemming and Buth 1991; Mueller et al. 201&urthermore, 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 mémssé YSt t Sgl & SiG fd nwnmeT {4133 Si
through reducing microbial remineralization of SOC by decreasing oxygen avai{&eilieyvay et al.

2016; Chapman et al. 2018hd higher mineral association of SOC with fine sedim@uaglock and
Skjemstad 2000)

Plant community composition and associated plant traits control soil biogeochemistry and SOC
dynamics in coastal wetlangSaintilan et al. 2013; Mueller et al. 2016; Granse et al. 2024; Mittmann
Goetsch et al. 2024; Mueller and Medgal 2024) In North Sea salt marshes, plant communities
clearly differ between vegetation zones (Fig. S. 4).-ffazed high marsh and pioneer zone were
found to have the lowest plant species richness with mdominant plant communities. On the
contrary, the low marsh exhibited comparatively high plant species richness. Plant diversity has been
shown to increase SOC across different ecosystirange et al. 2015; Chen et al. 2020his is
primarily driven by the increasing plant trait functionality of the more diverse plant comm(Déyn

et al. 2008; Ford et al. 201,6)hich is associated with increased plant productif@uffy et al. 2017)

At any rate, in this study the $€0peak in the low marsh cannot be explained by the aboveground
biomass. Likewise, plant diversity increases belowground productivity through root space partitioning
by functionally different specied_oreau and Hector 2001; Steudel et al. 20Iereby it can be
assumed, that direct belowground inputs through root productivity and root exudation are $tigihe

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 maFivéfsermore,Granse

et al.(2024)found a greater sedimertapping capacity in high marsh compared to low marsh plant
communities, resulting in greater dilution of SOC with mineral sedisnéam 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 ayajkbility

(as a result of fine sdiéxture 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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2.5.3Livestock grazing effects on salt marsh SOC density

In line with our thid 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 livestodkgi@z SOC density were reported by
Elschot et al. (2015) and LeilZaefias et al. (2024) for salt marshes in the Netherlands and Denmatrk,
respectively. Conversely, a global mataalysis with most observations from European sites revealed

no consistent efict of livestock grazing on S@Cavidson et al. 2017)ivestock grazing affects
vegetation and soil processes related to SOC decompogkisnhot 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 connectivifiKeshta et al. 2020)These changes increase water
saturation in the soil and subsequently decrease soil oxygen availability and microbial @dtingtier

et al. 2017 Keshta et al. 2020Jn 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 Sst marshegFig. S. 1 D) which has been shown to alleviate

possible grazing effects on soil compact{®chrama et al. 2013; Keshta et al. 2020)

Most consistency in the S@i@énsity respnse towards grazing is found in North Sea mainland salt
marshes, whereas responses in Baltic Sea salt marshes remain variable (Fig. S. 6 7/AAFigM8er

grazing, the removal of the aboveground biomass can additionally cause a shift in carbon allocation
towards belowground biomass, directly increasing the belowground carbon ir(flgshot etal.

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 belowgrotlmomass (Fig. S. 7 A, E). The other Baltic site
(Schleimiinde) did not show a difference in SOC density between grazed agdazed areas despite
increased soil bulk density in grazed plots. Here we found belowground biomass to be higher in non
grazed plts (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 sédippng,

which consequently reduces the deposition of marine sediméBishulze et al. 2021Here, we
propose that the SOC dilution through mineral sediméf@snse et al. 2024is a direct consequence

of nongrazing on plansediment interactions. This phenomenon results in a higher dilution of SOC
with allochthonous mineral sediment under ngmazed conditions. Indeeduo 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 depletior H€ signature¢khan et al. 2015)EIschot 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 andhereforesuggest that the increase 6f°C in norgrazed salt marshes is the outcome

of less sediment trapping resulting in higher dilution with allochthonous carbon so{icesler 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 artdnsaishes 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 higer sediment deposition rates in North Sea mainland salt marshes presumably
allow them to keep pace with accelerated rates of4mael risg(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 ecosystpnevdot

potential carbon emission as a consequence of marsh loss (e.g. marsh edge erosion).
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2.7.Supporting Information

Table S. Adetailed 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 Site Number of cores taken
in non-grazed in grazed Sampling date
a) Main dataset
Baltrum 8 3 11.08.2022
. Langeoog 9 - 08.08.2022
North Sea island Spiekeroog 9 3 17.08.2022
Sylt - 9 05.09.2022
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)
North Sea mainland 09.11.2021
(ungrazed)
Hamburger Hallig 9 3 06.09.2022
(grazed)
08.11.2021
(ungrazed)
Schleimiinde - 9 25.08.2022
Wendtorf - 9 24.08.2022
Baltic Sea Heiligenhafen - 9 23.08.2022
Grof3e Kirr - 9 30.08.2022
GroRRer Wotig - 9 31.08.2022
b) Additional datasetManagement)
. Nessmersiel 4 4 17.10.2023
North Sea mainiand Pohnshalligkoog 5 5 24.20.2023
Baltic Sea Schleimiinde 5 5 03.11.2023
Heiligenhafen 5 5 07.11.2023

Text S. 1Calculation of SOC in additional management campaign

To estimate the SOC content for the-20 cm depth interval, an interpolation approach was applied,
asfollows: This involved calculating the ratio of SOC to OM for the neighboring depth interiéls (0
cm and 2830 cm), and then averaging these ratios for the respective sample. The resulting mean value
was multiplied by the OM content of the D cm layeto derive the estimated SOC for this segment,

as follows:

YO 6 00

YO 6 YO 6 p
00 00 I3
The final management dataset comprises high marsh topsoil data from the SOC stock dataset collected
at Jadebusen, LeybuchBaltrum, and Spiekeroog, as well as the additional data collected from

Pohnshalligkoog, Nessmersiel, Schleimiinde, and Heiligenhafen.
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Figure S. 1 Abioticariables in comparison between salt matghes
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Figure S.ApHA, gravimetric water content (%8 conductivity (mS/cm, sand content (%) measured in individualtes
ordered by salt marsh type. Boxplots display the median (centered ling)a®ie and 75quartile. Red stars display m¢
values of each site. Shaded boxplots display subsoil, not shaded boxplots display theSuoypgeidata points (means
each plot) are overlaid.
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Figure S. 2 Plamsbmmunities of salt marsh types and individual

Figure S.: 2NMDS representation of plant community across sites (polygon colour) and salt marsh types Gitipatr
was based on Bra@urtis dissimilarities.
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