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General introduction

1.1Salt marshes

Salt marshes are inundation-driven ecosystems wdgtlas a transition zone between the
terrestrial and marine environment. They mainlyadep in temperate regions of the world
(Allen 2000; Yando et al. 2023) in areas with high sedimentation rates and low wave impact
(Adam 1993). In subtropical and tropical regionkeyt are replaced by mangroves
(Tomlinson 1986), but there are also areas wheltens@shes and mangroves coexist
(Doughty et al. 2015). Salt marshes cover an af@pmroximately 55,000 km2 worldwide
(Davidson andFinlayson 2018, 2019; Fig. 1.1). About 400 km2, which is ~ 20 % of the
European salt marshes (Doody 2008) are locatdteilMadden Sea (Esselink et al. 2017).
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Fig. 1.1: Global distribution of salt marshes. Source: UN&ERPMC; McOwen et al. 2017,
map version 6.1 (2021).



1.2 Salt marsh zonation and vegetation

In Northwestern (NW) Europe, salt marshes shova#iapy distinct vegetation pattern (OIff
et al. 1997; Bockelmann et al. 2002), consisting of highly adapted grasses, herbs, and small-
growing shrubs, which are adapted to high salitetsels (halophytes). This zonation is
mostly based on an elevational gradient, with gadigchanging environmental conditions
such as flooding frequency and duration, waterloggsalinity, redox potential, soil aeration
and nutrient availabilityBockelmann et al. 2002; Ursino et al. 2004; Mueller et al. 2017,
2020). According to their stress tolerance and aitipeness, the NW European salt marsh
halophytes inhabit different parts of the marshcf®aw and Jensen 2010), leading to three
typical marsh zones with distinct communities ofettion: the pioneer zone, the low
marsh, and the high marsh (Bockelmann et al. 200 .pioneer zone starts at an elevation
below mean high tide (MHT), directly adjacent te titon-vegetated mudflats (Fig. 1.2). Due
to its position, the pioneer zone is usually inuadasemi-diurnally. The typical vegetation
includes the succulealicornia europaeand the grasSpartina anglicaBoth species are
highly tolerant to salt stress and waterloggingalse they have morphologically adapted
to this stressful environment by developing aergneh(Granse et al. 2022) and succulence.
The low marsh is situated directly above the MHJelend is usually flooded during spring
tides. It is more species rich than the pioneeezamd high marsh, with a mixture of up to
15-20 halophytes and higher abundanceBwicinellia maritima Limonium vulgareand
Halimione portulacoidegBockelmann et al. 2002; Suchrow and Jensen 2010, Esselink et
al. 2017). The high marsh is usually only floodedinly storm surges in the autumn and
winter months. It is dominated by the grasg&gsnus athericusr Festuca rubraSuchrow
andJensen 2010; Wanner et al. 2014).

For most salt marshes, the spatial marsh zonatonbe translated into temporal marsh
development, which islso known as succession (de Leeuw et al. 1993; OIff et al.1997;
Mitchel and Adam 1989). The first species to catera mudflat are pioneer species, which
need to use ‘windows of opportunity” with a low midigde of physical stressors to establish
(Balke et al. 2011; Hu et al. 2015; Bouma et al. 2016). When the mudflats are successfully
colonized, the plants stabilize the sediment withirtrooting system (de Battisti et al. 2019),
leading to an increased sediment settlement. Tduses an increase in surface elevation,
which in turn leads to a competitive replacementr(® 1977) of the pioneer species by low
marsh species. With further accretion (the vertetlsurface elevation growth of the marsh

in mm yr?; Nolte et al. 2013b), the low marsh vegetation is succeeded by higismspecies.
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Fig. 1.2: The zonation of Northwestern European salt marshe®lation to flooding
duration and frequency. MHT = mean high tide. Miedi after Erchinger (1985).

1.3 Human intervention in salt marsh formation

In NW Europe, processes that lead to the formatfomew salt marshes have been altered
by humans for centuries (Adam 2002). Initially &irgsuitable land for livestock and later
to prevent flooding, humans have intervened inilaelden Sea salt marshes by dredging,
ditching, and constructing brushwood groynes akdsliThese modifications have changed
the hydrological conditions of the marshes and spedccretion processes (Esselink et al.
2000). Therefore, natural salt marshes are raregatbe Wadden Sea mainland coast
(Esselink et al. 2017). However, some natural isaltshes (back-barrier marshes) can be
found on the islands of the North Sea (Esselinkl.e2017). Most existing mainland coast
salt marshes partly formed due to human intervandicare even man-made (Esselink et al.
2000). The salt marshes on the Halligs are remradrite mainland salt marshes (Esselink
et al. 2017). In contrast to artificial salt mangtomotion, there have also been human
measures which led to a loss of former salt marshesconstruction of dikes, to protect the
land from storms and to convert the former saltgnes into agricultural fields (i.e.
embankment), have led to a loss of large formedrmalsh areas, due to the absence of
9



flooding. Nowadays, there is an increasing inteiregirotecting and restoring salt marshes.
In the Wadden Sea, this has led to transnationaserwation measures and continuous

monitoring of salt marshes (Esselink et al. 2017).

1.4 Ecosystem services

Salt marsh ecosystems are not only worth protettecguse they are valuable habitats for
highly adapted and rare specidsy also provide many benefits for human socktyhin

the ecosystem services concept, salt marshes prosteational services, supporting and
provisioning services, and regulating servicesHtierbenefit of humans (Friess et al. 2020).
The Wadden Sea National Park is a UNESCO Worlddw&isite, which allows for many
recreational activities like hiking or bird watchgim designated zones. Salt marshes provide
breeding and feeding ground habitat for many bipgcges (Koffijberg et al. 2016).
Additionally, the Wadden Sea salt marshes providksaries for commercially used fish
(Bolle et al. 2009). Salt marshes also provide lagg ecosystem services such as flood
protection, coastal stabilisation, and the protecdf the coastline from storm damages by
wave attenuation (Shepard et al. 2011; Moller et al. 2014; Schoutens et al. 2021). Salt marsh
vegetation mitigates the impact of storm damageadiyng as an obstruction to reduce the
intensity of the forces from currents and wavesu{@a et al. 2009b). Vegetation also reduces
the erosion of sBments by stabilizing the sediments with their roots (de Battisti et al. 2019;
Ford et al. 2016). Recently, salt marshes have l@eeasingly recognized for their role in
climate change mitigation due to their ability emaester and store large amounts of organic
carbon (Mcleod et al. 2011; Chmura et al. 2003). The high carbon sequestration capacity of

salt marshes and other tidal wetlands can mainkgttoduted to high primary productivity
(autochtonous organic carbon), trapping of high am® of marine-derived (allochtonous)
organic carbon (Mcleod et al. 2011; Duarte et al. 2013), and low organic matter
decomposition rates. Furthermore, salt marshes gomstantly through accretion, therefore
the soils do not become carbon-saturated and caumadate organic carbon over long
periods (Mcleod et al. 2011; Kirwan and Megonigal 2013). The salt marsh vegetationsplay
a direct role in these regulating services (Frietsal. 2020) by trapping and producing

organic matter.
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1.5 Global change and threats for salt marshes

Like most other ecosystems, salt marshes are affdnt global change. Global change is
frequently used in scientific literature to refeiseveral factors that lead to changes affecting
the whole planet. While the term can be found wu#ands of articles since 1980, a clear
definition of it is important (Duarte 2014). In g&al, global change is a result of both
anthropogenic influences and natural drivers ligee rasteroid collisions with the earth
(Schulte et al. 2010). Hereatfter, | refer to ththespogenic-driven global change as global
change since it isht predictable and hence manageable part (to a certain extent; Duarte
2014). Human activities have had an increasing ahpa the nature of biosphere processes
(Duarte 2014), which can mainly be attributed todlaise change, loss of biodiversity and
climate change. These drivers are linked to eadcbrand are a result of two main factors:
human population growth and increasing human ppitacaesource use (Camill 2010
Duarte 2014).

Salt marshes are affected by these drivers in abwerys. A couple of global change studies
in salt marshes have focussed on the impact of-dgedchange in terms of livestock
management (e.g. Bakker et &R85; Nolte et al. 2013a) and its resulting effect on
biodiversity (e.g. Wanner et al. 2Q2van Klink et al. 2016) or plant community dynamics
(e.g. Esselink et al. 2000; Rupprecht et al. 2015). Other studies focused on climate change
factors like increased storminess (Donat et al1p0sealevel rise (e.g. Kirwan et al. 2009;
Morris et al. 2023) and global warmirigg. Noyce et al. 2019; Smith et al. 2022; Gedan
andBertness 2009; Charles and Dukes 2009).

Land-use change in salt marshes can be considéttedifferent temporal lenses. On a long
timescale, the centuriésag history of human impact (Adam 2002; Esselink et al. 2000) had
dramatic effects on the formation of salt marshesctjon 1.3). Consequently, the salt
marshes along the North Sea mainland coast havaaped under the impact of human
management practices like livestock grazing fortweées. In the last couple of decades,
however, land-use change has undergone a diffdnegation in Wadden Sea salt marshes.
Under the aspect of nature conservation, grazitensgities have been reduced or grazing
has ceased altogether in many areas (Bakkdr 20(8; Esselink et al. 2000). Because of
the cessation of grazing, species composition lbinsarshes shifted from grazing-tolerant
species to species which are more competitive umolergrazed conditions (Esselink et al.
2000; Howison et al. 2015; Rupprecht et al. 2015).
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The shift of species or the local loss of speciay also affect bio-geomorphological aspects
in a salt marsh system (Schepers 2017). The ingfaobts on the stability of the sediment
(Ford et al. 2016; de Battisti et al. 2019) may play an important role in the aspect of coastal

stabilisation under the threat of increased stoessnn the last decades (Young et al. 2011).

Another threat salt marshes are confronted witniiropogenically accelerated sea-level
rise (Crosby et al. 2016; IPPC 2023). Due to higher temperatures, thermal water eipan
and the melting of glaciers, the volume of the oceater mass increases. Average global
rates of sea-level rise have been ~3 mrhigrthe last decades and are expected to increase
in pace (Chen et al. 2017; IPCC 2023). In the North Sea, the average sea-level rise was 1.5
mm yr! between 1900 and 2009, but the rate has incréasbd last decades to 4 mmtyr
between 1993 and 2009 (Wahl et al. 2013). The ¢lsbanarios of marsh loss due to
submergence range from high losses (Crosby et al. 2016; Nicholls et al. 2007) to low losses
(Kirwan et al. 2016). To keep pace with sea-leve® rand persist in the long term, the
accretion rates of salt marshes need to exceaatibe of relative sea-level rise (Nolte et al.
2013b). Accretion and sediment deposition depenttheinterplay of sediment availability,
tidal amplitude, marsh type (minerogenic vs. organogenic; Niering 1997; Allen 2000; Nolte

et al. 2013b)and trapping by vegetation (Fagherazzi et al. 2012; Cahoon et al. 2021). The
crucial role vegetation plays in salt marsh devedept by reducing flow velocities (Bouma
et al. 2005) and trapping sediments (Cahoon eX0&l1) has been studied under the aspect
of marsh accretion (reviewed in Shepard et al. P0The response of vegetation to
environmental impacts is an important aspect teictam in order to model the persistence
of salt marshes and the services they provide.eSancelerated sea-level rise is an indirect
effect of global warming, the direct effect of rigi temperatures on the vitality of salt

marshes cannot be neglected.
1.6 Global warming

When comparing the last decade (2011-2020) to #regh from 1850-1900, the global

surface temperature has increased by +1.09 °C (IBI23). This increase is mainly caused
by greenhouse gas (GHG) emissions from human tesivi Therefore, the rise in

temperatures predicted for the coming decades dspam future GHG emissions. Under
the current predictions, it is very likely that wang will exceed +1.5 °C and that under very
high GHG emissions, global surface temperaturesimayp to +4.5 °C (compared to 1850
to 1900) at the end of the century (IPCC 2023). ihipgact of increasing temperatures on

salt marshes is still currently not well understotidikely depends on the sensitivity of
12



different ecosystem processes to warming, amonghagiant physiological and vegetation
ecological processes are of importance for the adlveulnerability and resilience of
marshes. Increasing temperatures can affect playtslirectly changing the physical
environment and indirectly by altering species cosifion and thus interspecific
competition (Adler et al. 2009; Ives 1995). The role of global warming on the productivity,
physiology, and competition/recruitment of plantdl vbe discussed in the following

sections.
1.6 The effect of increasing temperatures on plants

Productivity and resource allocation

Meta-analyses on experimental warming in terrdgifaant communities document a general
positive influence of warming on plant productivity (Rustad et al. 2001; Lin et al. 2010;
Pefuelas et al. 2013). Higher temperatures lead kagher biomass, but the biomass
allocation between roots and shoots is often atkbly a decrease in soil moisture (Rustad
etal. 2001; Eziz et al. 2017), which typically leads to drought responses in plants. According

to the optimal partitioning theory, plants invesbna in the structure by which the limiting
resource (e.g. nutrients, light, or water) is cegdu(Bloom et al. 1985). Therefore, most
terrestrial plants increase their belowground bissnahen experiencing drought stress to
access enough water from the soil (Poorter et0dl2R Tidal wetland plants show the same
response to warming: a general increase in biomasso warmer temperatures (Baldwin
et al. 2014). Aboveground biomass in US salt mapsties increased due to both warming
treatments and drought treatments at ambient tanpes (Charles and Dukes 2009).
However, these studies did not include belowgrobiodhass. As belowground biomass is
an important factor in relation to marsh degradafiturner et al. 2004), sediment stability
(de Battisti et al. 2019), and vertical accretiaredo biomass accumulation (Nolte et al.
2013b), the effect of warming on root productivgyof special concern. In another warming
experiment, salt marsh plants of the US coast sd@weon-linear response of belowground
allocation due to warming. The belowground biomaesaks under moderate warming (+1.7
°C), then the belowground biomass decreases witleased warming (Noyce et al. 2019).
The effect of warming on belowground biomass aliocain European salt marshes may
differ from the US coastal marshes to a great éxtnce the salt marshes differ in tidal
amplitude, flooding frequency, and soil propertigdditionally, the salt marshes along the
US Atlantic coast of the mentioned studies are rmoganic salt marshes (Niering 1997),

while most marshes are minerogenic along the N8da coast (Allen 200X ando et al.
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2023). Therefore, the nutrient supply of these tessmay differ. In a mesocosm
experiment, belowground productivity increased urde’C warming treatments with daily
inundation for some Wadden Sea species (Koop-Jakadsd Dolch 2023), however, this
experiment lacks the interaction of warming withumal processes like differing flooding
frequency along the elevational gradient. It is tgebe established how the belowground
productivity of plants in meso- to macro-tidal salirshes along the Wadden Sea coast will
be affected by warmer temperatures under naturalitons. This knowledge may help to
make predictions on marsh stability against erositomg an elevational gradient. The
stability of the different marsh zones is of spenigortance under the projected increase
of storm events, which may also lead to higherding frequencies in the higher zones of
the salt marshes. Additionally, changes in belowgtb biomass may help to better
understand the role of autochthonous organic canyjout into carbon cycling processes

(Mueller et al. 2019, 2023) under future warming.
Influence of warming on (eco)physiological processe

The influence of increasing temperatures on phggioll processes in plants is determined
by both effects of temperature on the plant orgaelland effects of changing environmental
conditions causing alterations of physiologicalgasses. Physiological processes in plants,
such as photosynthesis, photorespiration, andreggpi are temperature dependent. The
latter two increase with rising temperatures (BakdFarquhar 1985; Sharkey 1988; Sage

et al. 1990), while there is a temperature optinfanphotosynthesis. The optimum lies in
the middle of the non-harmful range at which phgblsesis can function, and this differs
between photosynthetic pathways (Sage and Kubi@@)2Due to the differing temperature
sensitivity, the interplay of these physiologicabgesses has a thermal optimum (Sage and
Kubien 2007). However, some terrestrial species daft their thermal optimum and
acclimate to a new temperature regime (Mawson et al. 1986; Atkin et al. 2006b; Gunderson

et al. 2010). Terrestrial species of extreme hebghow less acclimation potential (Atkin et
al. 2006b).

Decreasing soil moisture due to increasing temperat and subsequent increases in
evapotranspiration, has been observed in severahivwg experiments across ecosystems
(Rustad et al. 2001; Eziz et al. 2017). Decreasing soil moisture often leads to drought stress.
Plants experiencing drought stress usually regwater loss by closing their stomata. This
also affects plant photosynthesis by reducing @fffusion into the leaves, and directly
affecting the water use efficiency (WWEambers and Oliveira 2019). The WUE is defined
14



by the amount of water loss in relation to Gi®ed in photosynthesis (carbon gain). In plant
species with C3 photosynthesis, an increase in \WlHto drought or salt stress conditions
is indicated by a decrease of the relative carbotope compositior5t3C; Farquhar et al.
1982, 1989). The WUE under experimental warmingalh marshes remains understudied.
Permanently waterlogged salt marsh species showceeake in WUE under warming
(Gedan and Bertness 2009), however salt marshespachigher elevations may experience
drought stress due to lower flooding frequenciesndguthe summer months and thus an
increase in WUE may be expected. Therefore, the \Wiikfferent species in different salt
marsh zones should be studied to get a betterpiofithe effect of warming under differing

environmental conditions.

A second plant trait which has been shown to ictenath WUE is the specific leaf area
(SLA; Wright et al. 2001; Ackerly 2004): the ratio of the leaf area to leaf dry mass. In a
global meta-analysis, SLA of terrestrial plantsrdased under decreasing soil moisture
conditions (Poorter et al. 2009). Several mechasiad to more rigid leaves, which wilt
less easily under drought conditions (Wellsteiale2017). For example, the expansion rates
of leaves are lower under drought conditions (Roaet al. 2009), resulting in more tightly
packed cells with less air spaces (Maximov 1929; Shields 1950). Irrespective of warming,

the change of soil (moisture) conditions is an inguat driver of SLA in salt marshes
(Lavorel et al. 2007; Minden and Kleyer 2011). However, it remains unclear hcavming

will affect SLA in different marsh zones with diffag environmental conditions. For
example, warming may increase soil salinity throeghanced evapotranspiration, which

may decrease SLA in salt marsh species (Lenssan¥i95).

Both WUE and SLA may be important ecophysiologitcalts which help to understand

physiological adaptations or adjustments to warmmderms of drought response and
nutrient allocation within and across plant speciasthermore, the influence of possible
drought conditions under warmer temperatures adonglevational gradient (represented by
vegetation zones) may help to better understaptiyigiological adaptations may be more
driven by drought or if other warming-induced chesigt the plant organ have a higher

importance in salt marshes.
Species specific reactions and the influence efchkcle stage

Temperature-induced changes in interspecific cotnqetis one of the main effects of

global warming on species interactions and can teathanges in vegetation composition

15



(Adler et al. 2009; Ives 1995). Under warmer temperatures, the competitiveness and stress
tolerance of different species may be affected.|¥vbbome species perform better under
increasing temperatures, others lack adaptabllithas been shown that under warmer
temperatures, terrestrial plant communities maift ghitheir species composition (Chapin
et al. 1995; Post andPedersen 2008; Shi et al. 2015) and that altered nutrient availability
(Chapin et al. 1995), invasive species (Dukes Mdney 1999; Dukes et al. 2009), and
herbivores (Post and Pedersen 2008) play an imqortde in these shifts. Salt marsh
communities of the US East coast also showed tasidfa rapid decline in species richness
and diversity under warming (Gedan and Bertnes®R0®dditionally, the competitive
interactions were altered in a way that rare saltsmm forbs became outcompeted by the
increasing dominance of tall grasses (Gedan anth&ss 2009, 2010). The encroachment
of mangroves into salt marshes at their ecotondobas observed under warmer conditions
as well (Guo et al. 2013; Armitage et al. 2015). Effects of warming on the species
composition of salt marshes in NW Europe have resnbstudied. In the Wadden Sea,
Spartina anglicahas been invading the salt marshes for over aige(itlehring and Hesse
2008; Granse et al. 2021). Under increasing temperatures, the performancs.anglicais

of major interest, as it has the potential to spprgader warming. This has been indicated by
a spread of. anglicaon Sylt with increasing mean daytime temperatunespring after
1987 (Loebl et al. 2006) and has altered the saltsmcommunities to a great extent
(Nehring and Hesse 2008).

Warming-induced shifts in community composition ale most likely affected by dispersal
and seedling recruitment. Hence, the availabilitge®eds and recruitment processes play an
important role. Warming can alter the successftdl@shment of salt marsh seedlings, by
altering germination processes of spedifiecies (Ungar 1977; Egan andUngar 1999; Noe

and Zedler 2000). Due to different reactions towdeinperature regimes (Egan and Ungar
1999), species dominance may be already alterdldeaseedling level. The influence of
warming on the germination of salt marsh speciasnhainly been studied under controlled
conditions (Ungar 1977; Egan and Ungar 1999; Noe and Zedler 2000; Martin 2017).
Survival under natural conditions, and the effdaispersal and possible shifts in seedling
species richness due to warming, however, can loalgtudied in-situ. While it is known
that mangrove seedling survival is not affectedelperimental warming (Coldren et al.
2016), in-situ salt marsh seedling survival undgregimental warming has not been studied

yet. The effect of warming on seedling survival aacuitment may have major implications
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on how the salt marsh communities in the Wadden rBag shift under future climate

warming.
1.7 Aims and objectives

The aim of this thesis is to study the effect ofmimg on salt marsh plants under different
mediating factors, such as elevation, season, @hdsisture (Fig. 1.3). This information
will have further implications as plants and thperformance play a crucial role in

ecosystem processes and services.

Warming

Seaso

. Precipitation
Elevatior

\ 4
Soil moisture
availability

Plant performance

Belowground Ecophysiological Seedling
biomass traits recruitment

l

Ecosystem functions and services

Fig. 1.3: Conceptual diagram of this thesis. The influerfogarming is studied with a focus
on the indirect effect of warming on plant perfomoa. The effect of warming on soil
moisture availability is expected to be mediated&gson, elevation (hydrological gradient)
and precipitation. The direct effect of warming plant performance is expected to be
mediated by season.
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To capture different aspects of plant performancsait marshes, the following three main
research questions were asked:

1. How does warming alter belowground biomass?
2. Does warming lead to drought responses of ecoploggoal traits as indicated by
WUE and SLA?

3. How is seedling recruitment affected by warming?

The work presented here was conducted in a whalgystem warming experiment on the
German Wadden Sea coast. The experiment includeieantemperature, +1.5 °C, and +3.0
°C treatments in a full factorial design acrossttiree typical marsh zones of Wadden Sea
salt marshes (pioneer zone, low marsh, and high marsh; see Rich et al. in press). The

following sections give a short overview of theatijves of each chapter.
Chapter 2:

The influence of warming on belowground biomass stadied by non-destructive sampling
by taking pictures of living roots with a cameratgm inserted into pre-installed clear tubes
over the course of three years (2019-2021) in gpgammer, and autumn. Pictures of roots
were taken at two depths and the calculated rawhass was compared between ambient
and +3 °C temperature treatments to detect potesfteects of warming on belowground
productivity. The mediating effect of salt marsmes and climate on warming effects are

discussed.
Chapter 3:

Potential drought responses of different salt mapsdties due to warming were measured
by measuring their WUE via tié3C signature of leaves, collected in spring, sumiaed,
autumn over the course of three years (2019-20"ditionally, the SLA of the same
individuals was used to assess further possiblegitoadaptations. Potential interactions of
temperature treatments (ambient temperature, +C,5ahd +3 °C) with season and

elevational influences are assessed and compateddeyears.
Chapter 4:

The influence of warming on seedling emergencesamdival was studied from March to
mid-September in 2019. In situ seedling numbersswecorded weekly until June (then
biweekly) in three temperature treatments (ambtenmperature, +1.5 °C, and +3 °C).
18



Additionally, the lifespan of individual high marsimd low marsh seedlings was recorded.
The percentage of surviving seedlings at the enth@fvegetation period and the survival
probability was compared between temperature trewatisn The influence of changing soil
conditions along the elevational gradient are dised under the aspect that the influence of

warming on seedlings may differ between salt maostes.
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2

Response of salt marsh root biomass to experimevdamning is

mediated by abiotic conditions

Abstract

Ecosystem services provided by salt marshes liasstabprotection and carbon sequestration
become increasingly important under future clintange. Roots play a crucial role in the
salt marsh ecosystem by stabilizing the sedimehiclwunder the projected increase of
storms and accelerated sea-level rise, is one taporfactor for coastal protection.
Additionally, roots are a source of autochthonorganic carbon input and thereby closely
linked to carbon sequestration in salt marshes. é¥ew the knowledge of belowground
processes and root dynamics in salt marshes ulwhate change scenarios is limited. Here,
we studied the effect of warming (+3 °C) on theobajround biomass of salt marsh
vegetation in three marsh zones along an elevatipadient (pioneer zone, low marsh, high
marsh) in an in-situ warming experiment on the VWad8ea coast. Root biomass was studied
by non-destructive sampling with a mini-rhizotraentera system in ambient temperature
and +3 °C temperature treatments for three consecygars (2019-2021). We took pictures
at two soil depths (approx. 8 cm and 20 cm) inedéht seasons (spring, summer, autumn)
of each year to study the influence of warming @ot biomass. In general, we found only
small effects of warming on root biomass across@eaand years. In 2019, a combination
of warming and severe drought led to a shift ot momass from upper to lower soil depths
in the high marsh. Pooled across all treatmentgbgerved a seasonal development of root
biomass with the peak during the main growing seassummer, and less root biomass in
spring and autumn. Along the elevational gradiardalt marshes, we found the lowest root
biomass in the high marsh and considerably morehiomass in the pioneer zone and low
marsh, which are more frequently inundated. Owltefdicate that root biomass responses
to warming in salt marshes are dependent on abauticlitions driven by small scale

variations in inundation frequencies and climatipacts like precipitation. Given the small
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change of salt marsh root biomass with warming,angie that the sediment-stabilizing
effect of roots may not change under warming sé¢esaf +3 °C. Furthermore, plants use

phenotypic plasticity to adapt their root systenehi@anging environmental conditions.

Introduction

Salt marshes form the transition between marine tarméstrial ecosystems and provide
important ecosystem services like carbon sequasirand coastal protection (Mcleod et al.
2011; Shepard et al. 2011; Moller et al. 2014). Due to their ability to efficiently sequester
and store large amounts of organic carbon (OC)tetime ‘blue carbon’ has been introduced
to highlight the importance of coastal ecosystakesdalt marshes in the global carbon (C)
cycle (Duarte et al. 2005; Mcleod et al. 2011; Chmura 2013). There are several studies
highlighting how salt marshes provide coastal mtt@ by stabilizing the shoreline and
decreasing wave energy (Moller and Spencer 2002; Bouma et al. 2009b, 2010; Méller et al.
2014).

The potential of tidal wetlands to produce andestarge amounts of autochthonous OC
(Kirwan and Megonigal 2013) and trap sedimentsdajucing the flow velocity (Bouma et
al. 2009; Fagherazzi et al. 2012), is often associated with aboveground biomasgiislet

al. 2002; Schoutens et al. 2021). However, the belowground biomass cbutes primarily

to soil OC processe&lschot et al. 2015; Smith et al. 2022), especially as aboveground
material may be exported by tidal currents (Bosclekal. 1999). The belowground biomass
directly affects the accretion rate by accumulat@ and thereby affects surface elevation
height. By exudation of small organic moleculestsaalso directly impact the OC amount
and composition in salt marsh sediments (Grey.étGi13). Furthermore, the belowground
biomass of plants in salt marshes often exceedalibeeground biomass (Tripathee and
Schifer 2015; Valiela et al. 1976), which is a typical response in stressful habitdéskson

et al. 1996; Leuschner et al. 2013). Stress can affect the morphological and architatt
characteristics of roof8ouma et al. 2001; Redelstein et al. 2018a; de Battisti et al. 2019),
which in turn affect ecosystem processes suchdimeat stabilizatior(Ford et al. 2016;
Wang et al. 2017; de Battisti et al. 2019), and therefore coastatgmtion. Thus, roots play
an important role for salt marsh resistance undeelarated sea level rise and increasing
storm events in the future. One important factorthe stability of the sediment against
erosion is root biomag¥ord et al. 2016; de Battisti et al. 2019). Therefore, belowground
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processes and belowground biomass distribution playessential role in ecosystem
feedback mechanisms to climate change as theyabidtic and biotic soil processes with

plants via their roots.

The salt marshes along the European North Sea amastosystems with a high variability
of abiotic conditions on a small spatial scale,chhireates distinct vegetation zones. This
zonation is mainly affected by elevation in relatim mean high tide and the associated
inundation frequency (Bockelmann et al. 2002), Itesy in highly different habitats
(pioneer zone, low marsh, high marsh), each watlown typical plant community and soil
properties. Consequently, plant species occur atbagelevational gradient according to
their stress tolerance and competitiven@ssima et al. 2001; Suchrow and Jensen 2010).
Depending on the position along the gradient, satsh plants must cope with either
permanently waterlogged soils at the low end ohwitonounced competition (Snow and
Vince 1984; Pennings and Callaway 1992) and temporal drought at the high end of the
gradient. This complex stress gradient leads teraint belowground strategies, including
root architectural and morphological traisouma et al. 2001; Redelstein et al. 2018a; de
Battisti et al. 2019). In the frequently-floodedrisaof the marsh, root adaptations to
waterlogging and anoxic conditions can be fo@Bduma et al. 2001; Redelstein et al.
2018a). Contrastingly, in the higher parts of thedient, belowground space partitioning to
reduce interspecific competition can be observesll@stein et al. 2018a). For example,
Spartina anglicawhich often dominates the pioneer zone, develaggelroot systems to
cope with high salinity and anoxia in this regujdiboded zone of the salt marsh (Redelstein
et al. 2018a). In the less often flooded low matkh,roots ofPuccinellia maritimagrow
mainly in the top 5 cm of soil (Gray and Scott 19Ahereas the roots dfalimione
portulacoidesggrow up to 30 cm deep in the soil (Chapman 195@) the roots ofimonium
vulgarereach up to 50 cm deep (Boorman 1967). In the mginsh, most root biomass
originates fromElymus athericuswhich spreads clonally and forms monospecifindsa
(Bockelmann and Neuhaus 1999). Consequently, thifeeences in plant communities and
belowground plant strategies lead to a zone-spefiiie root density (Redelstein et al.
2018a). However, it remains largely unknown howt rdistribution and root biomass in
different salt marsh zones will react to changingi®nmental conditions like increasing

temperatures due to global warming.

Belowground and aboveground productivity in saltshas have previously been found to

increase due to warming (Charles @ndes 2009; Gedan andBertness 2009; Coldren et al.
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2016). These studies analyzed the effect of warmmmgalt marsh vegetation using open-
top chambers. However, to create a soil tempergitole with ecological significance,
feedback-controlled soil warming is necessary, bee@pen top chambers do not warm the
salt marsh soil effectively (Carey et al. 2018)tWut feedback control, important daily and
seasonal variation in temperature dynamics map@atlequately represented. Furthermore,
belowground warming can also alter other soil psees in salt marshé@Soyce et al. 2019;
Smith et al. 2022; Tang et al. 2023), which may affect the plant-soil-microbial inteal
There is one salt marsh experiment analyzing balowgl productivity under experimental
feedback-controlled soil warming in an organogemiggrotidal salt marsh on the US
Atlantic coast (Noyce et al. 2019). Here, warmingreased belowground productivity at
warming treatments of +1.7° C, but under higherperatures, the productivity declined to
ambient levels (Noyce et al. 2019). This was exydiby different thresholds of nitrogen
mineralisation (supply) and increased plant nitrogdemand due to warming (Noyce et al.
2019). However, minerogenic salt marshes may rabspifferently due to lower nutrient
availabilities, particularly at higher elevatiomdueller et al. 2020). A mesocosm experiment
at the Wadden Sea coast, with daily flooding in raksocosms, found an increase in
belowground productivity of the pioneer spe@esnglicaand no effect of the belowground
productivity of E. athericusunder +3 °C warming treatments (Koop-Jakobsen aoidiD
2023). However, that experiment did not take irtooaint fluctuations of abiotic conditions
due to the tidal cycle. So far, belowground biomassponses to soil warming in

minerogenic, meso- to macrotidal salt marshes havéeen studied in situ.

As the influence of warming on salt marsh planty meeract with other abiotic factors such
as flooding frequency and soil moisture conditioimssitu experimental approaches are
necessary to better understand belowground prace8saticularly, differences in soil
moisture conditions between zones may play an itapbrole in determining how plants
may react to experimental warmi(Rennings and Callaway 1992; Davy et al. 2011). In the
lower elevated areas, soils are waterlogged amah @fhaerobic. This results in lower redox
potentials (Davy et al. 2011), which may supregsdhhancing effect of warming on soil
microbial activity Wilson et al. 2016; Hopple et al. 2020). In the higher parts of thesha
soils are better aerated, which may result in atgreeffect of climatic conditions on
belowground processes (Mueller et al. 2020). Soilstare and redox differences can vary
along the elevational gradient as well as with easing soil depth. Because of these
variations, microbial activity is affected diffetgn(Tang et al. 2023), and thus also root-soil

interactions. Moreover, soil moisture, redox patdntand temperature show seasonal
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variability (Patterson and Mendelssohn 1991), wimiy lead to season-specific effects of
warming on belowground biomagBai et al. 2012; Wang et al. 2016). Generally, higher
temperatures in summer may result in a higher invest in belowground productivity to
avoid growth limitations due to drought effe(Boom et al. 1985; Hagedorn et al. 2016).

In the high marsh, this response may also be eagatiie to continuous soil desiccation
over the course of the vegetation period.

In this study, we analyzed root surface area bntpgictures of living roots in different soil
depths with a camera system inserted into preliedtalear plastic tubes (mini-rhizotrons).
Root surface area was converted to root biomasssimg an allometric relationship of the
root mass per unit length (RML) and the diametethefroots (Iversen et al. 2008). Mini-
rhizotron pictures were taken in spring, summed, amumn over the course of three years
(2019-2021) in a unique in-situ salt marsh warnmemgeriment on the Wadden Sea coast.
The MERIT (‘Marsh Ecosystem Response to IncreasedpErature’) experiment uses a
combination of feedback-controlled active belowgrdineating and passive aboveground
warming with partly foil-covered domes to achiewaditions of +1.5 °C and +3.0 °C above
ambient temperatures (Rich et al. in press). Weitoi@d root surface area development in
two soil depths (7-9 cm and 19-21 cm) and two tneaits (ambient and +3 °C). We
hypothesize (1) an increasing positive influenceafming on root biomass with increasing
elevation, with little effect in the pioneer zor®yt a more pronounced increase in root
biomass from low marsh to high marsh. Furthermweshypothesize (2) that root biomass
and the influence of warming on it will depend @ason. The highest root biomass will be

found in summer, but the strongest increase dwetming will be found in spring.
Methods

Study area

The study was conducted within the ‘Marsh Ecosyd®asponse to Increased Temperature’
(MERIT) experiment. MERIT was set up in 2018 on Hemburger Hallig in the German
Wadden Sea (54° 358" N, 8° 49 8" E). The site is part of the Schleswig-Holstein A&l
Sea National Park and listed by UNESCO as a Wosedtahe site. The mean annual
temperature between 1991 and 2021 was 9.6 °Cham¢an annual precipitation was 859
mm (Deutscher Wetterdienst, DWD). The tidal rangeha site is approximately 3.0 m
(Stock 2011). There are three distinct marsh zeviesh are vegetated by the typical plant

communities of the Wadden Sea salt marshes. The pioneer zone (PIO; flooded twice daily)
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Is mainly vegetated bgpartina anglicaHubb. andSalicornia europaeagg. (L.). The low
marsh (LM; flooded during spring tides) is more species rich, with up to 20 species, but
higher abundances dflalimione portulacoidegL.) Aell. Limonium vulgareMill. and
Puccinellia maritima(Huts.) Parl. The high marsh (HM; flooded during storm tides) is

dominated by dense standsedymus athericugLk) Kerg.

Study design

We set up nine plots in each zone, which makea tdt27 plots in the experiment. The
temperature treatment levels are ambient temperatr5 °C, and +3.0 °C. Treatments are
replicated three times per zone (n=3). The pasah@veground warming treatment is
achieved by domes covered with different amountsledr plastic foil, which results in
warming efficiency similar to other open top chamsb@Rich et al. in press). The foils are
deployed during spring, summer, and early autumebl€l 2.1). The active feedback-
controlled belowground warming is achieved by a lomration of vertical resistance pins,
reaching 1 m deep into the ground, and horizontiyloyed resistance cables on the soil
surface. The soil warming is generally switchedrothe vegetation period (Table 2.1) and
switched off in autumn/winter, as sensors and hgatystem are vulnerable to damage by

heavy storm tides (Rich et al. in press).

Table 2.1: Sampling dates and warming treatment runtime2@a9-2021.

Yeal 201¢ 202( 2021
Foil deployment Mar % — Mar 10" - Apr 9"-

Sep 2 Sep 1 Oct 4"
Belowground warming Mar 1%- Mar 15"- Mar 12"

Sep 2. Sep 2 Oct 4"
Spring sampling May 12"/ 18" | May 1&M-20" | May 12"-14"
Summe sampling July 3¢7-318" | July 13" 15" | July 2t 22n¢
Autumn samplin Sep 2:n-258" | Sep 1i-1¢" | Sep 1M- 16"

*due to storm damage in the pioneer zone 201% fedre removed from March % %o April 17"

Sampling method and sample processing

Destructive root sampling by taking soil cores

In September 2021, we took soil cores using a staer with an inner diameter of 5 cm and

a depth of 50 cm. We took six cores from each zaitl,two cores per treatment (including
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+1.5 °C). Collected cores were put in plastic bagd transported in a cool box to the
laboratory. The samples were stored frozen untih&r processing. For washing roots, the
soil cores were thawed in the refrigerator foreatsk 24 h, then put in a bowl of tap water,
and all visible roots were picked manually from sheface and stored at + 3 °C in plastic
bags until further processing. 128 roots were ramgahosen and scanned at a resolution
of 600 dpi (Epson Expression 1680), oven driedd&tT@, and weighed. From the scans, we
measured root surface area and root length, andlagdd the mean diameter with the open-
source plugin rhizoTRAK (Mdller et al. 2019) forJrl(Schindelin et al. 2012). These data

were used to determine the root mass per unithefijviL).
Mini-rhizotron

During each sampling campaign, 36 tubes (mini-tinaxes) in 18 plots were sampled
(ambient and +3 °C treatment). Two clear acryllwetsiof 1 m length were installed in each
plot in November 2018. The inner diameter is 6.4 and the outer diameter is 7 cm. The
tubes were deployed at approximately 45 °, sedléteabottom, and could be closed with a
lid. The approx. 20 cm of the tubes sticking outha soil were covered with black tubes to
avoid light from entering. Between sampling campaijghe tubes were closed with a lid
and sealed with black tape to avoid moisture addhsnt from entering. To take pictures,
a mini-rhizotron camera system (VBIS16; Vienna Scientific Instruments, Bad Voslau,
Austria) was inserted into the tube and fixed atghme position every sampling date. The
pictures were taken and saved on a field notebolk & Raspberry Pi system (LCD
Handheld PC). We took pictures at two depths, 81838 cm and 20.5 £ 1.09 cm, which are
hereafter referred to as upper and lower deptpeely. Each picture had an area of 3,280
X 2,464 pixels (34.25 x 25.8 mm = 883.7%with 95.6 pixel per 1 mm). Since the angle
and the protrusion of the tubes vary slightly, tlepth (measured for the central point of

each picture) has a range of approx. 7-9 cm foupgper and 19-21 cm for the lower depth.

All living roots were measured in each picture. Tio®ts were measured by using
intersections (root segments) when the root dianobi@nged. We measured root length and
root diameter of each root segment and calculdtedmean root diameter and the root
surface area of the segment using the open-solugenphizoTRAK (Mdller et al. 2019)
for FIJI (Schindelin et al. 2012). During most @f1®, we used more intersections per root
and picture, which due to time constraints we ditlgontinue in some of the 2019 and all
of the 2020 and 2021 pictures. To ensure compd#sabflprocessing methods, we repeated
30 pictures of the original labour-intensive metheith the method deployed later, and
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corrected the surface area values of 2019 withrtear equation derived from this validation
method.

To calculate the root biomass, the length of each segment was multiplied by the root
mass per unit length (RML), with the value of RMep@ndent on mean root diameter of the
segment (Iversen et al. 2008). The allometric i@hship of RML and root biomass (see
statistical analyses) was determined from 128 rarigl@ehosen roots from the destructive
sampling in September 2021. To calculate the bownhass per soil surface area, we first
calculated the root biomass per soil volume by ragldi depth-of-field to the mini-rhizotron
picture area (Cordeiro et al. 2020). We estimateeph of field of 2.5 mm. As belowground
biomass is the standard unit reported in literatwe used the calculated root biomass per
soil surface area to report our results. Since ¢hkeulations include some general
assumptions, we also report results on root surd@ea per mini-rhizotron picture. In all
models but one (in the lower depth 2019), we oles®thie same minimal models (Appendix,
Table S2.1).

Statistical analyses

To test our hypotheses, we used separate moddlssfopper and lower depths and for the
three study years to describe root biomass pessdiice area and temperature treatment (n
= 6). We chose separate models as we were nogsteer in between-years-effects, and we
aimed to avoid the non-independence of data froenstime tube at different depths. All
statistical analysis were carried out using RStweision 2023.06.1 (RStudio Team 2023),
based on R version 4.2.3 (R Core Team 2023) usiagdditional packages car (Fox and
Weisberg 2019), emmeans (Lenth 2022), ggplot2 (Waok 2016), gimmTMB (Brooks et
al. 2017).

Allometric relationship of surface area and ro@rbass

To determine the allometric relationship of RML armbt diameter, we implemented
different regression models (logarithmic, exporantquadratic, and power), compared
them, and choose the one which best fit the dadadan the lowest Akaike information
criterion (AIC). The relationship between RML amat diameter followed a positive power
function, where RML= 0.77377*root diameté?**°(Appendix, Fig. S2.1).
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Root biomass response to warming

The calculated root biomass per soil surface as wged as the response variable in the
models. Due to non-normality, heterogeneity, highbsitively skewness and the large
proportion of zero measurements in the data, wi gpemeralized linear mixed models with
a Tweedie distribution and log link function usithig ‘glmmTMB’ function. The following
categorical explanatory variables were used immbédel: zone (three levels: P1O, LM, and
HM), temperature treatment (two levels: ambientgerature and + 3 °C) and season (three
levels: spring, summer, and autumn). The baselkveld were set as ‘PIO’ for zone,
‘ambient’ for treatment and ‘spring’ for seasonb@&uUD and plot ID were entered as nested
random effects in the ‘gImmTMB’ model to account fepeated measures. We compared
the full models with different random structurea #lC analysis, and found the best fit had
the nested random slope model. We implemented tbéelm as three-way-interaction
models andperformed a backwards model selectionth@aAIC to achieve a minimal
adequate model. To extract ‘anova’-like tables frdma models, we used the ‘Anova’
function from ‘car’. To analyse the significancetloé main effects and their interactions, we
used type-lll Wald tests. To do so, it was necgsgachange the contrasts of the factorial
variables from the R-default dummy coding to dewmatcoding, using the function
‘contr.sum’ within the ‘glmmTMB’ function. To testue differences of significant variables,
we did post-hoc pairwise comparisons (Tukey HSDQ.PS) for main effects and for

interactions, using the function ‘emmeans’.

Results

Along the elevational gradient, we found differezsgponses of root biomass per soil surface
area (hereafter referred to as root biomass) ter@xental warming mediated by year,
season, and soil depth. Mean root biomass pooletsazones and treatments increased
slightly throughout the years in the upper dept €m; 2019: 105 + 103 g n¥; 2020: 105

+ 79 g n¥; 2012: 133 + 80 g n¥). In the lower depth (19-21 cm), we found a more
pronounced increase of pooled mean root biomass 3®+ 53 g rif in 2019, to 56 + 68 g
m2in 2020, and 64 + 60 g fin 2021.

Influencing factors on root biomass in the uppepttie

In 2019, root biomasé the upper depth was significantly affected bg thteraction

between zone and treatment (Table 2.2). Here, bimmhass decreased in the high marsh
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under experimental warming (Tukey HSD; p=0.0201). In the low marsh, a similar (but non-
significant) decrease of root biomass was foundeungarming, while the root biomass
increased in the warming treatments in the piomeee (Fig. 2.1a). In 2020 and 2021, there
was no significant effect of treatment or of arerattion between treatment and other factors
in the upper depth, but we found a slight trenohofeasing root biomass in the pioneer zone

under warming (Table 2, Fig. 2.1b, c).

In the upper depth we found the highest root biamasll three zones in summer, but the
effect was differently pronounced between yearg.(R2.2). There was a significant
interaction of zone and season in the upper ded@b19 (Table 2.2). Here, we found a much
more pronounced difference of root biomass in thy@eu depth between spring and summer
in the pioneer zone than in the low marsh and higinsh (Fig. 2.2a). Post-hoc pairwise
comparisons showed a significant increase in remhass in the upper depth, 2019, from
spring to summer, followed by a decrease in autumthe pioneer zone. In both the low
marsh and the high marsh, we saw a significant iowet biomass in the upper depth in

spring compared to summer and autumn (Fig. 2.2a).
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Fig. 2.1: Temperature treatment effect on root biomasserugper depth (7-9 cm) in three
salt marsh zones foa) 2019, p) 2020, andd) 2021. PIO = pioneer zone, LM = low marsh,
HM = high marsh. For better visualization of thghhmarsh values, one outlier in the +3 °C
treatment in the pioneer zone 2019 is not displg$&dg n¥). Different lowercase letters

denote significant differences from Tukey HSD (8).between treatments within zones.
Significant differences (Tukey HSD, p<0.05) betwemmes are displayed by different
uppercase letters. Boxes represent 25% and 75%ilgsidrom the median, whiskers

represent maximum and minimum values (excludingeys}, and circles represent outliers.
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Table 2.2: Summary statistics of all GLMMs. The levels of zosre pioneer, low marsh,
and high marsh. The temperature treatments areeamtemperature and +3.0 °C. The
estimates of the Chi-square distribution are gif@nsignificant factors included in the
model. Corresponding p values are given for sigaift outcome (p < 0.05). (-) indicates
that the factor dropped out of the model, (x) iatkks an interaction.

2019 2020 2021
p Y g Y

Upper depth  zone 85.35<0.0001 75.24 <0.0001 25.1 <0.0001
treatment 0.85 0.3561 - -
season 54.01<0.0001 - 1782 0.0001
zonexseason 14.95 0.0048 - -
zonextreatment 6.73 0.0346 - -
treatmentxseason - - -
zonextreatmentx - - -
season

Lower depth zone 47.23 <0.0001 27.7 <0.0001 35.49 <0.0001
treatment 0.37 0.5443 - 024 0.6215
season 15.05 0.0005 - 2240 <0.0001
zonexseason - - 121 0.5455
zonextreatment 6.71 0.0349 - 14.32 0.0063
treatmentxseason - - 3.81 0.1485
zonextreatmentx - - 16.07 0.0029
season

In 2020, the root biomass was not affected by seéEable 2.2), whereas in 2021, the root

biomass was significantly higher in summer thathenother seasons in all zones (Fig. 2.2c).

Additionally, root biomass differed between saltratlazones in the upper depth. Post-hoc

pairwise comparisons revealed a significant difieeesbetween root biomass of high marsh

and low marsh/pioneer zone in the upper depthliyealrs (Fig. 2.1, Fig. 2.2).
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Fig. 2.2: Seasonal differences of root biomass in the ugepth (8.6+1.09 cm) for three salt
marsh zones foaj 2019, p) 2020 andg) 2021. PIO = pioneer zone, LM = low marsh, HM
= high marsh. For better visualization of the higarsh values, one outlier in summer 2019
in the pioneer zone is not displayed (53 @)nDifferent lowercase letters denote significant
differences from Tukey HSD (p<0.05) between seaswithin a zone. Significant
differences (Tukey HSD, p<0.05) between zones iapajed by different uppercase letters.
Boxes represent 25% and 75% quartiles from the anedihiskers represent maximum and
minimum values (excluding outliers), and circlepresent outliers. A temperature
treatmentxseasonxzone interaction plot for all ye@m be found in the Appendix (Fig.

S2.2).

Influencing factors on root biomass in the loweptiie

Similar to the root biomass in the upper depthalge saw a significant interaction of zone
and temperature treatment in the lower depth i@3@able 2.2). While the root biomass
showed a decreasing trend in the pioneer zonehanldw marsh under warming, we found
a significant increase of root biomass in the mgdrsh under warming in the lower depth
(Fig. 2.3a). This contrasted with the decreas®of biomass in the upper depth in the high
marsh under warming in 2019. The decrease in rnoobdss in the +3 °C treatments in the
low marsh became more pronounced in summer andanaytout less pronounced over the
years (Appendix, Fig. S2.3). In 2020, the treatraeid not significantly differ (Table 2.2),
but in 2021 we found a significant interaction ohe, treatment, and season (Fig. 2.4, Table
2.2). In spring 2021, the medians in the ambient 83 °C treatments were similar in the
pioneer zone and high marsh, while in the low mé#ngine was a slight decrease in the +3
°C treatment (Fig. 2.4). In summer, root biomassaased in the pioneer zone under
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warming, while it slightly decreased in the low staand high marsh. The same trend was
observed in autumn 2021 (Fig. 2.4). The differebetween treatments was close to
significance in the pioneer zone in autumn, as-post pairwise comparisons showed
(Tukey HSD; p=0.054), while all other pairwise comparisons of trearinwithin seasons
were not significantly different from each otheadked across all treatments and seasons,
we saw a significantly higher (Tukey HSD) root b&ss in the low marsh than the other

two zones in all years in the lower depth (Fig, Zable 2.2).
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Fig. 2.3: Temperature treatment effect on root biomass énlélver depth (19-21 cm) in

three salt marsh zones f@) 019, p) 2020 and«) 2021. PIO = pioneer zone, LM = low
marsh, HM = high marsh. Different lowercase lett@enote significant differences from
Tukey HSD (p<0.05) between treatments. Differenparpase letters denote significant
differences from Tukey HSD (p<0.05) between zorigsxes represent 25% and 75%
quartiles from the median, whiskers represent marminand minimum values (excluding
outliers), and circles represent outliers.
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Fig. 2.4. Temperature treatment effect on root biomass énlélver depth (19-21 cm) in
three salt marsh zones and three seasoP@ih (a) pioneer zone k) low marsh, €) high
marsh. Different lowercase letters denote significhfferences from Tukey HSD (p<0.05)
between treatments within zones. Different upperdetters denote significant differences
from Tukey HSD (p<0.05) between seasons within gobe interaction plot (temperature
treatmentxseasonxzone) for all three years (20292@an be found in the Appendix (Fig.
S2.3). Boxes represent 25% and 75% quartiles frben median, whiskers represent
maximum and minimum values (excluding outliers)] aicles represent outliers.

Discussion

Compared to plant responses above the surfackntvdedge of belowground processes of
plants with respect to climate change is a chalfeptask which has long been neglected
(Bardgett et al. 2014). However, soil processesdey component for nutrient cycling and
uptake, C sequestration (Mcleod et al. 2011), respiration (Atkin et al. 2000), soil
aggregate formation, and plant-microbe interactiartbe rhizospher@eegan et al. 2012;
deBattisti et al. 2019; Noyce et al. 2019). The results of our study do not show a gradually
enhancing effect of warming on root biomass praduactvith increasing elevation in salt
marshes as hypothesized. The influence of expetahemmarming on the root biomass was
highly dependent on the study year, zone, anddepth and showed increases, decreases,
or absolutely no responses to warming treatmentsefit for the study year 2021 in the
lower depth, we did not find a season-mediated wagreffect. Furthermore, we found a
seasonal variability of root biomass in salt massiegardless of treatment, with the highest

root biomass during summer.
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Salt marsh plants of the higher elevations showgind response

Along theelevational gradient; from the pioneer zone with highly anoxic and salgoil
conditions to the low marsh where less anoxic but still qaakne soil conditions occuio
the high marsh which is flooded only during storanges and plants during summer and
early autumn may suffer from drought sttes® expected the influence of experimental
warming on root biomass to become increasingly eidWe expected that soil moisture
(driven by inundation frequency) would be the maianging factor along this gradient to
mediate the influence of warming. Our findings jadit reflect these expectations. We did
indeed find evidence that root biomass respondeexperimental warming in the high
marsh, and there was less response in the piooeerand low marsh, which partly confirms
our first hypothesis. However, the influence waptheand year-dependent. Nevertheless,
our results support our expectation that warmirilyi@mces root biomass via the soil water
content. Particularly in 2019, we found a shiftrobt biomass from upper depth to lower
depth in the high marsh warming treatments (FigdaRd 2.4Appendix, Table S2.2), and

to a lesser extent also in the low marsh warmiagttnents (Appendix, Table S2.2). These
findings may indicate that salt marsh plants ohkigelevations suffer from drought stress
due to warming and therefore expand their rootslower depths to reach for water (Matsui
and Singh 2003WVang and Yamauchi 2006). Tang et al. (2023) sugdédsiat the stronger
effect of warming on the organic matter decompositiate in 2019 (compared to 2018) in
the MERIT experiment was due to a warming-stimwaaiant growth and therefore higher
substrate input. In the first year of the MERIT enment (2018), the organic matter
decomposition rate in the high marsh +3 °C treatm&rere comparable to the ambient
treatment. But in 2019, organic matter decompasiticreased in all soil depths compared
to the ambient treatment. This fits with our resuf the increasing rooting depth under
warming in 2019, suggesting a higher input of plaaterial (roots) in deeper soil depths.

In the other study years (2020 and 2021), experiahemarming seems to play a less
important role for root biomass production of sadtrsh plants, which may have two possible
explanations. Either plants may have acclimatedvaomer temperatures over time by
increasing their physiological temperature optim@viawson et al. 1986; Atkin et al.

2006a), or the difference between the study yeamsainly affected by climatic differences
(Appendix, Fig. S2.4). In 2019, there was low ppéetion during the vegetation season
(Appendix, Fig. S2.4), and no flooding of the higtarsh occurred between March and
September (Appendix, Fig. S2.5). We thus anticifizdéthe increase in root biomass in the
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lower depth under warming in the higher marsh zomas a response to severe drought
stress. This indicates that especidlly athericusshows a plastic response to changing
environmental conditions regarding rooting deptheéent study supporting our observation
found thatE. athericusis indeed capable of responding to changing enmeortal
conditions and e.g. responds to increased flooteguency with reduced root biomass
(Reents et al. 2021). This plasticity may strengti® competitive advantage, and we thus
predict that under future warming (and especiaiiger drought conditionsf. athericus
will most likely remain dominant. In 2019, we ddtxt a trend of decreasing belowground
biomass in the lower soil depth under warming ia libw marsh. This indicates that one
species, which under ambient temperatures occtipie®elowground space (probaliy
portulacoidesor Limonium vulgare Chapman 1950; Boorman 1967), may have changed
rooting depth due to warming-induced changes ih@oiperties. Interestingly, this trend
became less pronounced in 2020 and 2021. This deuédther due to gradual acclimation
of these species to warming (Quan et al. 2020)ioratic differences (e.g. precipitation,
ambient temperatures) between years may have edfeobting depth, like in the high
marsh. There is also the possible explanation ttheatsoil depth was occupied by other
species. Therefore, warming may lead to alteratiohsbelowground interspecific

competition for space.

The overall small response of root biomass to exptal warming can also be a result of
the non-linear response of belowground biomass ruindecasing temperatures: Noyce et
al. (2019) report belowground biomass to increassiintermediate treatment temperature
of +1.7 °C, but to decline with further warmingn&e we did not consider the intermediate
treatment (+1.5 °C) in our study, we might havesmadsthis non-linear effect. In another
study, salt marsh and mangrove species decreaseddbt biomass due to warming, with
a more pronounced effect in deeper soil layers6(16m; Coldren et al. 2016). However,
when comparing our results with other experimemtatming studies conducted in salt
marshes, it becomes clear that there are majardiftes in either the experimental set up
or the environmental conditions of the marshes twwes. For example, the brackish salt
marshes at the US coast studied by Noyce et a9j2@ave highly organic soils (up to 90
%) and face microtidal conditions, and therefofeedsignificantly from the salt marshes at
the Wadden Sea. Wadden sea salt marshes are laameposed of minerogenic sediments
and face meso- to macrotidal flooding (Yando ek@R3). Other warming experiments do

not actively warm the so{lCharles and Dukes 2009; Gedan and Bertness 2009; Coldren et
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al. 2016), like the MERIT experiment, and therefdoenot simulate changing soil properties
due to increasing temperatures. The open-top chamized in these other studies do not
warm the soil to the same extent as the air (Catrey. 2018). In addition, the different plant
species growing in the three zones of the salt Imegreight respond differently to changing
(environmental) conditions, like warming-inducedughts (Charles and Dukes 2009),
shifting redox potential (Tang et al. 2023), nuttiavailability (Noyce et al. 2019), and root-
microbe interactions (Tang et al. 2023). Since wendt differentiate the roots on a species
level, we cannot exclude shifts of root biomassonnterspecific level (mainly in the low
marsh), which may be an indicator for shifts in petitive interactions. With those
differences in mind, our results show that belowgid biomass may be less affected by
warming than anticipated. Therefore, the coastatigation function of salt marshes may not
be threatened under the aspect of belowground lsi®asa sediment stabilizing factor (Ford
et al. 2016; de Battisti et al. 2019) with an increase of +3 °C compared to ambient

temperatures.
Root biomass differs between zones, regardlesarhiwg

We confirm results of previous studi@sedelstein et al. 2018a; Valiela et al. 1976) that the
overall root biomass differs between salt marshegpand this is mainly dependent on the
differences in species composition and in soil proes. In the upper depth, we found
significantly less root biomass in the high marsimpared to the pioneer zone and low
marsh, and significantly higher root biomass inltdweer depth of the low marsh compared
to the other two zones in all years. These resultierline the complex interplay of abiotic
and biotic variations along the elevational gratliersalt marshes at the Wadden Sea, which
lead to the necessity of plastic rooting strategies belowground space partitioning
(Redelstein et al. 2018a, 2018b). We observedtlimaenvironmental stressors of the low
marsh and pioneer zone seem to enhance the ngagfsie plants to invest more into the
belowground root systems. Particularly in the p@armne, where plants face the inundation
and hydrodynamic forcing due to the regular tidéluence (Bouma et al. 2005choutens

et al. 2021), dense root stands are essentiahtdraaing in the soils. However, there seems
to be a trade-off between safe anchorage and awmeda waterlogging stress (Bouma et al.
2001; de Battisti et al. 2019). We assume this is a driver of the higher investnie root
biomass in the upper soil depths in the pioneerzdn the low marsh, interspecific
competition for space, water, and nutrients propgaldys an important role in root biomass

distribution, as up to 20 plant species competesface and resources here. In addition, it
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has also been shown that root biomass of salt msiistaffected by species diversity (Ford
et al. 2016), probably due to different rootingstgies of salt marsh plants (see for example:
Chapman 1950Boorman 1967 Gray and Scott 1977). Therefore, a high root b&sna
both depths was not surprising. Together with thweelr root biomass in the high marsh,
which is only flooded during storm tides and maidgminated byE. athericus our results
support the positive correlation of root biomasd diversity, which has previously been

reported for salt marshes and other ecosystems (Hooper et al. 2005; Redelstein et al. 2018a).
Seasonal influences are stronger than warming tffec

Contrary to our second hypothesis, we did not dedeerall changing responses of root
biomass to warming between the three seasons imugper depth. While we found a
significant interaction between season, treatraend,zone in the lower depth in 2021, there
were only marginal differences between the warntiegtments in different seasons. Thus,
there seems to be only minor differences in thia@mice of experimental warming on root
biomass between different seasons. Nevertheledsnaagreement with part of our second
hypothesis, we observed differences of root biorba@sseen the seasons in the salt marsh
zones irrespective of warming. The highest rootriass in the upper depth was indeed in
summer, during the reproductive growing seasons Hattern is likely enforced by a
decreasing soil water content in the higher zomeistiae general greater need for nutrients
and water to maintain or even enhance the metabaofisthe reproductive growth phase
(Eziz et al. 2017). Valiela et al. (1976) found thghest belowground biomass during the
phase with the fastest aboveground growth in saishes, which was at the same time the
most nutrient-limited. Thus, the high biomass imswer may be a result of the investment
in the organ which traps the limiting factors ofteraand nutrients (Bloom et al. 1985). There
was less root biomass in spring, when the plantslig started to grow, and in autumn,

when plants faced the end of the growing seasonmaotd started to decay.
Methodological considerations

The standard unit to report belowground biomasigenature is ‘g per soil surface area’.
Thus, we estimated the root biomass from the nadéise area of the mini-rhizotron pictures
combined with soil cores. To achieve this, we teok cores and pooled roots from all zones,
depths, and treatments for our allometric measungnéiowever, it is common to pool
together the roots to calculate the root mass ptangth (RML) in mini-rhizotron studies

as the root diameter relationship did generally clodnge within the experiments and
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between treatments (Iversen et al. 200®rdeiro et al. 2020; Yaffar et al. 2021).
Additionally, we presented the results of the reatface area from the mini-rhizotron
pictures to ensure the difference between theserésponse variables was negligible
(Appendix, Table S2.1).

The mini-rhizotron tubes were placed into the MERI®ts in 2018 at a 45°C angle, and
according to Iversen et al. (2012) and referenveetn, it's more optimal than inserting the
tubes vertically into the soil, though we cannotlede artificial root growth along the

surface of the tubes and the influences of watgrrtms down along the surface of the tubes.
Conclusions

Warming-induced alterations of the root-soil int#i@ans in salt marshes play an important
role in several ecosystem services. However, aulteindicate that an increase of +3 °C
to ambient temperatures may not affect the coasdhllization function, as the root biomass
did not significantly change under experimentalwiag (with exception of the high marsh).

As we observed a shift of root biomass to deepgragers under warming paired with

drought conditions, sediment stability may be a#dcunder future climate change. The
formation and the decomposition of roots are atseetial in the context of C sequestration
and nutrient mineralization by microbes, and thiake of nutrients via the roots are of great
importance for the functioning and maintenance lah{s and thus ecosystem function.
Future studies on salt marsh belowground root sE® should therefore additionally

consider nutrient availability, root respiration®@esses, and root turnover under warming

conditions.
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RML (mg cm™)

Root diameter (mm)

Fig. S2.1: Relationship between root diameter and RML
from soil cores close to the tubes within the pint2021
(n=128). Data are pooled across depths and zones.
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Fig. S2.2: Root biomass in the upper depth (7-9 cm) accorttingemperature treatment
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Table S2.1: Comparison between GLMM models of root biomasm{) and root surface
area (mm) in two temperature treatments (ambient, +3 °Igea seasons (spring, summer,
autumn). Separate models were implemented eatldatepths (7-9 cm,19-21 cm) in three
years (2019, 2020, 2021). Models were implementeth va Tweedie distribution

(link=log).Only significant outcome variables aresmlayed (backwards model selection
based on AIC).

Biomass Surface Area
Upper depth
2019 Chisqg df p Chisq daf p
(Intercept) 1016.18 1 <0.0001 (Intercept) 854.79 1 <0.0001
zone 8535 2 <0.0001 zone 8142 2 <0.0001
treatment 08 1 0.3561 treatment 1.07 1 0.3014
season 5401 2 0.0000 season 52.15 2 0.0000
zone:treatment 6.73 2 0.0346 zone:treatment 766 2 0.0217
zone:season 1495 4 0.0048 zone:season 1718 4 0.0018
2020 (Intercept) 1849.22 1  <0.0001 (Intercept) 1196.37 1  <0.0001
zone 75.24 2 <0.0001 zone 5410 2 <0.0001
2021 (Intercept) 3443.39 1 <0.0001 (Intercept) 53461 1 <0.0001
zone 2510 2 <0.0001 zone 20.80 2 <0.0001
season 1782 2 0.0001 season 1562 2 0.0004
Lower depth
2019 (Intercept) 133.12 1 <0.0001 (Intercept) 88.92 1 <0.0001
zone 4723 2 <0.0001 zone 3451 2 <0.0001
treatment 0.37 1 0.5443 season 6.92 2 0.0314
season 1505 2 0.0005 zone:season 10.25 4 0.0364
zone:treatment 6.71 2 0.0349
2020 (Intercept) 184.71 1  <0.0001 Intercept) 11540 1 <0.0001
zone 27.70 2 <0.0001 zone 2154 2 <0.0001
2021 (Intercept) 557.32 1 <0.0001 (Intercept) 387.25 1 <0.0001
zone 3549 2 <0.0001 zone 3260 2 <0.0001
treatment 0.24 1 0.6215 treatment 0.25 1 0.6179
season 2240 2 <0.0001 season 29.02 2 <0.0001
zone:treatment 1212 2 0.5455 zone:treatment 1.18 2 0.5550
zone:season 1432 4 0.0063 zone:season 1550 4 0.0038
treatment:season 381 2 0.1485 treatment:season 200 2 0.3679
zone:treatment: 16.07 4 0.0029 zone:treatment: 19.01 4 0.0008

seaso

seaso
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Table S2.2: Mean biomass per temperture treatment (ambientCy3soil depth (upper:
7-9 cm; lower: 19-21 cm) and zone (Pio: poineerez&M: low marsh; HM: high marsh).
Biomass values are obtained from the allometrigti@hship between root mass per unit
length and root diameter (see methods).

Mean
Soil depth Zone Treatment weight sd Year
(@m?)
upper HM +3 149.53 202.00 2019
lower HM +3 206.39 207.16 2019
upper HM ambient 296.41 176.06 2019
lower HM ambient 65.44 128.82 2019
upper LM +3 262.57 187.99 2019
lower LM +3 360.13 181.39 2019
upper LM ambient 355.11 122.93 2019
lower LM ambient 225.50 142.98 2019
upper PIO +3 274.33 128.45 2019
lower PIO +3 197.00 195.16 2019
upper PIO ambient 297.56 167.28 2019
lower PIO ambient 224.12 183.56 2019
upper HM +3 401.28 121.17 2020
lower HM +3 168.28 195.17 2020
upper HM ambient 264.39 190.23 2020
lower HM ambient 175.39 180.85 2020
upper LM +3 218.56 128.97 2020
lower LM +3 202.56 159.55 2020
upper LM ambient 211.67 122.58 2020
lower LM ambient 270.27 120.50 2020
upper PIO +3 264.22 159.59 2020
lower PIO +3 260.11 215.95 2020
upper PIO ambient 318.94 170.31 2020
lower PIO ambient 324.76 153.65 2020
upper HM +3 323.11 167.63 2021
lower HM +3 343.41 161.91 2021
upper HM ambient 346.76 170.47 2021
lower HM ambient 340.94 182.31 2021
upper LM +3 238.28 127.90 2021
lower LM +3 260.00 197.60 2021
upper LM ambient 255.06 133.27 2021
lower LM ambient 237.17 134.73 2021
upper PIO +3 193.94 161.44 2021
lower PIO +3 235.39 187.59 2021
upper PIO ambient 353.89 176.63 2021
lower PIO ambient 284.88 184.40 2021
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3

Ecophysiological responses of plants to warming mesliated by

abiotic conditions in salt marshes

Abstract

Salt marshes provide important ecosystem servigels 8s coastal protection and carbon
sequestration, but these services may be affecyedlilmate change. Specifically, the
predicted rise in global temperature and extremathes events may have large effects on
the ecosystem functions and services of salt mardfeeunderstand ecosystem functions
and processes under changing environmental condjtiis necessary to study the response
of vegetation. In this study, we investigated tleephysiological response of salt marsh
plants to warming (+1.5 and +3.0 °C) along an diewal gradient in three salt marsh zones
(pioneer zone, low marsh, high marsh) within asitn-warming experiment at the Wadden
Sea coast. We collected leaf samples of the maatmam plant species in each zone in
different seasons (spring, summer, autumn) in 20090 and 2021 to analyse the effect of
warming on the stable carbon isotopic compositédfQ) and specific leaf area (SLAY-C
was affected by warming in all zones, but the dioecof response differed. In the low marsh
speciesH. portulaciodesand the high marsh speciés athericus we found a general
increase 06*C due to warming, which indicates an increasingewase efficiency (WUE).

In the pioneer zone speci®sanglica §'°C decreased due to warming. SLA was less affected
by warming than by seasonal shifts. We conclude #waphysiological responses to

warming are mediated by abiotic and climatic cdnds.
Introduction

The benefits of coastal ecosystems like salt marsbe humans are becoming more
recognized in these times of global change (Banftieal. 2011). Protection against storms
(Moller et al. 2014) and a high amount of carbogqusstration (Chmura et al. Z0Mcleod

et al. 2011) are but two of the numerous ecosystemices provided by salt marshes
(Barbier et al. 2011). However, increasing gloleahperatures and extreme weather events
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are major issues of global change (IPCC 2023)thgint affect salt marshes and their ability
to provide these ecosystem services.

Salt marshes form the ecotone between land andusgtare unique habitats for highly
adapted specieaslam 1993; Allen 2000). The Wadden Sea salt marsh vegetation consists
of many halophytes, which occur along an elevatiog@adient according to their
competitive ability and stress tolerance (Silvestral. 2005 Suchrow and Jensen 2010).
Species inhabiting the low end of the elevatiomadgnt (pioneer zone) are highly stress
tolerant and must withstand daily flooding and hagitinity levels. Species at the high end
of the gradient (high marsh) are less stress toldvat are highly competitive and form
monoclonal stands (Bockelmann and Neuhaus 1998)hifin marsh is usually only flooded
during storm surges in the winter months. In betwébe pioneer zone and the high marsh
lies an intermediate zone (low marsh) which is died during spring tides and is more
species-rich than the other zones (Suchrow andJ@0$0; Esselink et al. 2017). The low
marsh vegetation consists of a mixture of up tay@dksses, small shrubs, and herbaceous
plants. Since salt marsh species are highly addptéteir environment, the niche of each
species is limited to a certain elevational ravgleich is typically well defined (Suchrow
and Jensen 2010).

One challenge of global warming that salt marshesanfronted with is keeping pace with
sea level rise through sediment accretion (Kirwad Blegonigal 2013). Accretion of salt

marshes has been found to be directly influencebitoyass through accumulation of peat
(Kirwan and Megonigal 2013; Morris et al. 2016) and indirectly through the increased
sediment trapping by dense vegetation (Fagheraati 2012). Therefore, it is important to

study the effects of increasing temperatures agd thfluence on the adaptability, stress
tolerance, and competitive ability of salt marsanps.

The effects of increased temperature on the phygyobf plants can be both direct and
indirect. In this study, direct effects are physgtal adjustments due to higher temperatures
within the plants, while indirect effects concelmypiological adjustments which arise from
changes of the physical environment (such as swdlisture) conditions). However, the
effects of higher temperatures on physiologicatpsses at plant organ level are difficult to
separate from effects of ecological processesdith level (Sombroek and Gommes 1996).
For example, higher temperatures can result inceedse of stomatal conductance by both
a decrease of the leaf water potential itself andeerease in soil moisture or higher
transpiration (Tuzet et al. 2003). It is importémnote that warming can change soil water
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availability (Rustad et al. 2001) by both incregsthe transpiration demand of plants, but
also by increasing the evapotranspiration of thig(#éang et al. 2022). Therefore, warming
may indirectly induce drought conditions and draugfhess. Overall, it may be difficult to
distinguish if physiological changes are a restiihoreased temperature on the plant organ
itself or due to other changing environmental coads. Here, we will focus more on how

environmental conditions impact the plant spe@agsiological responses to drought stress.

In salt marshes, one of the most important enviemtal conditions is the hydrological
gradient, since soil moisture and other soil propgiare influenced by the tidal inundation.
In the pioneer zone, the frequent inundation aminpeent waterlogging lead to anoxic
conditions, and thus warming may have no influemteoil moisture conditions. But with
increasing elevation and less frequent flooding, gbil moisture decreases (Bakker et al.
1985; Suchrow and Jensen 2010). Combined with warming fiulther decreases in soil
moisture may result in drought stress in plantsgtier elevations. Therefore, we expect an
increasing impact of warming on plant physiologiesgponses through drought stress from
pioneer zone to low marsh to high marsh. As a gradias no clear boundaries, differences
in elevation within zones are also important to stder. Within one salt marsh zone,
elevation can still differ by several centimetdesading to large differences in flooding

frequencies and soil moisture conditions.

There are two ecophysiological indicators that rhayused for detecting drought stress in
plants: the discrimination of the stable carbortdpe §°C ([%c] with respect to PeeDee
Belemnite) and the specific leaf area (SLA{ka]; the ratio of leaf area and leaf dry mass).
The carbon isotopic compositi@¥*C can be used as a proxy for the water use effigien
(WUE) of C3 plants (Farquhar adchards 1984; Farquhar et al. 1989; Stokes et al. 2010)
because Ribulose-1,5-bisphosphate-carboxylase/orgge (Rubisco) reacts more easily
with *2C0O,, and discriminates again$tCO,, which diffuses back to the atmosphere
(Farquhar et al. 1989 ambers and Oliveira 2019). Drought stress leada tlecrease in
stomatal conductance, which results in the us€®@fin photosynthesis, and thereby the
carbon discrimination is affected (Lavergne et2820). The response 6f3C to drought
stress in C4 plants does not show the same urladé@ection. The effect of change is
dependent on the leakiness of the bundle sheath cells (Cernusak et al. 2013; von Caemmerer

et al. 2014), which is affected by the degree efdtiess (Bowman et al. 1989). In C4 plants,
the phosphoenolpyruvatcarboxylase (PEPC) fixesoratly carboxylation in the bundle

sheath cells, and the discrimination is much smalan from Rubisco (Farquhar et al.
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1989). However, linking thé*C signature of C4 plants to their photosynthetitboa
isotope discrimination has been challenging, anthy depend on the subtypes of C4 plants
which also exhibit different biochemical compogitsa’von Caemmerer et al. 2014), as well
as the environment the plant grows in. Due todifferences in discrimination of Rubisco
and PEPC, the typical range &fC in C4 plants is -10%o to -15%o, while in C3 plaitts
ranges from -22%o to -33%0 (Bender 1971).

Warming-induced drought stress typically leadswtweased WUE in C3 plants (Farquhar et
al. 1989). However, warming decreased3h€ values of two salt marsh species in US salt
marshes, resulting in less efficient WUEs (Gedath Bertness 2009). This was explained
by an increased transpiration under warming. Bexthessoils were waterlogged, there was
no drought effect, and thus no increase in WUEakdgcrease. This study was conducted in
a microtidal salt marsh in the US Atlantic coashiah has very different conditions to the

NW European salt marshes in our study. To our kadge, there are no studies on the

influence of warming 0&'°C values of meso- or macrotidal salt marsh plants.

The second proxy that is commonly used to undedstae ecophysiological response of
plants to drought stress is the SLA. Due to chamgeesource allocation strategies, the
general response of terrestrial plants to drougbss is a is a decrease in SLA (Castro-Diez
et al. 1997; Poorter et al. 2009; Gong et al. 2011). It is unknown if this responagr also be
observed in salt marsh species experiencing draigdgs. Along the elevational gradient in
salt marshes, the SLA seems to be mainly affegteshlinity, waterlogging, and inundation
(Minden et al. 2012). In general, the SLA increaseth decreasing elevation on an
interspecific level, because species at lower ¢l@va are fast-growing and have less
nutrient limitations, hence higher tissue nutrient content in salt marshes (Lavorel et al. 2007;
Minden and Kleyer 2011). To our knowledge, theren$/ one study which looked at the
effect of experimental warming on the SLA of a sa#rsh speciesfragmites australis
which increased the SLA under warming (Zhong e2@l.4). However, it is not established
yet how the SLA of common European salt marsh sges influenced by experimental

warming.

In addition, seasonal changes in the ecophysidbgesponses of salt marsh plants may
arise due to temperature differences over the eafrthe year. For example, drought stress
might be more pronounced during summer due to pitation patterns and increased water
demand by the vegetation. Additionally, the hydgital conditions change over the course
of the year depending on the marsh zone, becauséation frequencies vary seasonally.
50



Therefore, in less frequently inundated elevatiohshe low and the high marsh, soils
desiccate over the course of the summer, whictitsasuncreasing drought stress. However,
which and how plants’ physiological processes #iected depends also on plant age, life
history traits, and on the performed photosynthadithway (Schlichting 1986). In C3 plants,
seasonal differences &°C can mainly be attributed to climatic conditiomsause stomatal
conductance is influenced by changes in temperaack soil moisture (Farquhar and
Sharkey 1982). With warmer temperatures, C3 pleegslate their stomatal conductance,
resulting in an enrichment 6#3C and increased WUE (Farquhar et al. 1989). In l@dts,
seasonal differences mainly arise from allocatiatigens of different organic compounds,
which show different depletions &3C and change during leaf age (von Caemmerer et al.
2014). To a lesser degree, seasonal differencesxpfained by climatic impacts (Sage and
Kubien 2007). Similarly, seasonal differences @ 8LA in plants mainly arise due to a
change in resource allocation during growth (Klegteal. 2019), but this may also depend
on drought conditions (Poorter et al. 2009). Duregetative growth, higher SLAs indicate
a more efficient carbon use (Lambers and Poort@2J1RAdditionally, salt marsh plants in
the high marsh face increasing salt and watersstiéh increasing soil desiccation over the
course of the year, to which they respond by irginggthe leaf dry matter content or through
lignification of the cell walls (Rozema et al. 1985; Vendramini et al. 2002; Minden et al.

2012). Thus, SLA may be higher in spring than imswer/autumn.

To study the effects of warming and seasonalit$’d@ and SLA in salt marshes, we chose
five species with the highest abundance in thefit salt marsh zones. In the pioneer zone,
we chose two highly salt-tolerant species, nanggwartina anglicathe only C4 species
present, an&alicornia europaeaa succulent. In the low marsh, we studied the tislaub
Halimione portulacoidesind the grasBuccinellia maritima In the high marsh, we chose
the dominant grasSlymus athericuswhich spreads clonally and forms dense stands. Th
study was conducted in a whole ecosystem warmipgraxent on the coast of the Wadden
Sea. The experiment consists of a total of 27 pfoteree salt marsh zones (pioneer zone,
low marsh, and high marsh), with two warming treatits and one control (ambient, +1.5
°C and, +3.0 °C). Warming is achieved by micropssce feedback-controlled active
belowground warming and passive aboveground warmiily domes covered with foil

(Rich et al. in press).

We use thé'C signature and SLA to assess possible drouglsisstesponses of salt marsh

plants under experimental warming in spring, summued autumn over the course of three
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years (2019-2021). We hypothesize that (1) warrteags to less depletéd°C values and

a decrease of SLA, and (2) the effect of warming@se pronounced in species of the high
marsh, followed by low marsh and least pronouncetthé pioneer zone species. For both
31%C and SLA we furthermore hypothesize (3) a stroegsenal effect, which is also
mediating the effect of experimental warming anyd (dis seasonal effect is influenced by
elevation within zones, with higher elevations legdo less depletedf*C and lower SLA

and a more pronounced effect of elevation in summandrautumn.
Methods

Study area

In 2018, the MERIT (‘Marsh Ecosystem Response todased Temperatures’) experiment
was set up on the Hamburger Hallig (54° 38" N, 8° 49 8" E). The site is part of the
Schleswig-Holstein Wadden Sea National Park andN&&CO world heritage site. The
mean annual temperature between 1991 and 2021 wasC9and the mean annual
precipitation was 859 mm (Deutscher Wetterdien®¥[@). The study site is a typical semi-
natural salt marsh on the Wadden Sea coast widle tthistinct zones. The tidal range at the
site is approximately 3.0 m (Stock 2011). Due wdkerage surface elevation of the pioneer
zone being below mean high tide (MHT), it is typig#ooded twice dailySpartina anglica
Hubb. andSalicornia europaeagg. (L.) are the dominant vegetation. Lying diseabove
MHT, the low marsh is only flooded during sprindes (Essink et al. 2005). The vegetation
iIs more species-rich, with up to 20 species, witghér abundances oafalimione
portulacoideqL.) Aell., Limonium vulgareMill. and Puccinellia maritima(Huts.) Parl. In
the high marsh (flooded only during storm tidelg vegetation is dominated by dense

stands oElymus athericu¢Lk) Kerg.
Experimental design

There are 27 plots in the MERIT experiment, whiket up in a full factorial design. Within
each zone (pioneer zone, low marsh, and high matshjemperature treatments (ambient
temperature, +1.5 °C, and +3.0 °C) are replicatedet times. The active belowground
warming approach is achieved by 31 vertical resapins (GX 088L3100, B m?,
Danfoss, Denmark), reaching 1 m deep into the gt@mal resistance cables (GX 088L3100,
9.80 m™%, Danfoss, Denmark) on the soil surface. The abmagl warming treatment is
achieved by domes covered with different amountsledr plastic foil (Tang et al. 2023
Rich et al. in press). The foils are deployed friate spring to autumn (Table 3.1). The
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electrical heating system is generally switchedlonng the vegetation period (Table 3.1)
and switched off in autumn/winter, as sensors aadihg system are vulnerable to damage
by heavy storm tides. The heating system is cdettchnd monitored continuously by

sensors deployed at different depths (Rich enhgress).
Elevation and zones

We estimated the absolute elevation of each pltht meispect to the German vertical datum
(NHN) by measuring the four corners of each plathva laser levelling device (Spectra
precision laser LL500, Spectra-Physics, USA) akthtathe mean. We included this within
zone elevation gradient, to account for possibféerdinces of hydrology and other soill

parameters.

Table 3.1: Sampling dates and warming treatment deploymer2Ga9-2021.

Year 2019 2020 2021
Foil deployment Mar ¥ - Mar 10"- Apr 9"-
Sep 24 Sep 14 Oct 4"
Belowground warming Mar 1%- Mar 10"- Mar 239
Sep 22¢ Sep 27 Oct 4"
Spring sampling May'8 10" | May 258"-27" | May 11" -14"
Summer sampling July 516" | July 16™17" | July 20"-23¢
Autumn sampling Sep Y15' | Sep 14-16" | Sep 14- 16"

*due to storm damage in the pioneer zone in 20di fvere removed from March $%o April 17,

Sample collection

Thed'3C values and SLA of leaves were used to asse¥/tHe and drought stress of five
common salt marsh species. Each species was anpleséhwithin the zone where they were
highly abundant. We sample8. europaeaand S. anglicain the pioneer zoneH.
portulacoidesandP. maritimain the low marsh, and. athericusn the high marsh. At each
sampling date (Table 3.1), three individuals percsgs per plot were sampled. We collected
the youngest leaf or leaves according to the falgworotocol: for grassesS( anglicaP.
maritima, E. athericu$, we sampled the blade of the uppermost; lEafS. europaeawe
collected the entire individuabnd forH. portulacoides we sampled three leaves of one
individual at the tips of a branch. Individuals wehosen randomly, but only individuals
with intact leaves were sampled. After cutting, le/es were immediately put on a picture
frame with a white background and a reference sgqofit*1 cm?, a glass plate was pressed

on top, and a picture was taken from above (Pamasomix FT25). Then the leaves were
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put in paper bags and transported back to the datnyr where they were oven-dried at 70
°C for at least 48 hours.

Sample processing and analysis
SLA

We weighed each sample after oven drying. To caleuhe specific leaf area, the area of
each leaf in each picture was measured using GTME GIMP Development Team 2019).

oC

In 2019, a small piece from each leaf was takerafalysis. In 2020 and 2021, dry leaf
samples were ground and homogenized in a bal(Rdétsch, Hahn, Germany):3C values
were determined using an isotope ratio mass speetey (Nu Horizon, Nu Instruments,
Wrexham, UK). Samples were analysed alongsideath@r&tory standard commonly known
as BBOT (2,5-Bis-(5-tert-butyl-2-benzo-oxazol-2-§i)ophene). The isotopic compositions
of all samples are reported compared to PeeDeeridélke (PDB) as parts per thousand (%o)
using the standard-notation. The measurement precision of the isot@malysis was
<0.1%o.

Statistical analyses

All statistical analyses were performed with R v@ns4.3.1 (R Core Team 2023). We used
linear mixed effects models (LME) to analyse tHeafof temperature treatment (ambient,
+1.5 °C, and +3 °C), season (spring, summer, atdna), and within zone elevation
(continuous) or**C and SLA of each species separately. Plot ID ve&si@as a random
effect to account for repeated measures. The basklctor levels were set to ‘ambient’ and
‘spring’ respectively. Both th&*C and SLA were averaged per plot for each samplitg,

to avoid pseudo-replication. We analysed each geparately, as we were not primarily
interested in differences between years. Each mwedslimplemented with an interaction
term between temperature treatment and season rasttea interaction term between
elevation and season. Backwards model selectioawl@y 2007) based on AIC was
performed. Model assumptions were validated viguaild with statistical tests if the graphs
did not give clear results. If normality of theithsals and homoscedasticity was not shown,
we tried log or BoxCox transformations of the respmvariable to meet these requirements.
In all but one case, model requirements were aeklieWe tried different transformations

for thed'C values oH. portulacoidego achieve normality of the residuals, but nonthef
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transformations improved it. Therefore, we did as##vity analysis, since there was only
one major outlier driving the heavy-tailed disttilon of the residuals. We implemented the
model with and without the outlier and compared régults. To display the results of all
models, we used ANOVA-like tables using the ‘Anofuaiction of the car package (Fox and
Weisberg 2019), with a type Il error structuresiboc pairwise comparisons were done by
using estimated marginal means (EMM) and Tukey H8®used the additional R packages
ggplot2 (Wickham 2016), emmeans (Lenth 2023), nlfmheiro et al. 2023), MASS
(Venables and Ripley 2002), car (Fox and Weisb®d®?, and patchwork (Pedersen 2023).

Results

Influence of temperature treatment, season, angatiten ond*>C
Spartina anglica

Thes'C values ofS. anglicawere influenced by temperature treatment and seastheir
interaction in all three years (Table 3.2). In 20th@51°C values became more depleted with
increasing temperature. This trend was also ddikeciia summer and autumn 2020 and 2021
(Fig. 3.1). Post-hoc pairwise comparisons (TukeyDHShowed a significant difference
between ambient and +3 temperature treatments qp68) in summer 2020 with less
depletedd'®C values in the ambient treatments (Fig. 3.1bk tlénd was also visible in
autumn. However, if we looked at the influence emperature treatment on seasonal
differences (Appendix, Fig. S3.1), we found a digant difference between seasons in the
ambient temperature treatment, while in the other temperature treatments, the seasons
did not differ (Appendix, Fig. S3.1). In 2021, tlfferences between seasons were
significant in the ambient and +1.5 temperaturattrent (Appendix, Fig. S3.1).

There was a significant influence of the interacti@tween elevation and seasorstxe in
2019 (Table 3.2). Th&'3C values were most depleted in spring compareditanser and
autumn. The seasonal trends of the influence saélen became more negative from spring
to summer, but in autumn, the influence of elevatieas only marginal (Appendix, Fig.
S3.2). In 2020, elevation had a significant influeron §°C as well. With increasing
elevation, theé*C became more negative (Appendix, Fig. S3.3).
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a S. anglica 2019 b S. anglica 2020 ¢ S. anglica 2021
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Fig. 3.1: Temperature treatment effects &AC of Spartina anglicain different seasons in
(a) 2019 (n=27), §) 2020 (n=27) andc] 2021 (n=27). Note that the data are plotted in
original scale for a) 2019, but the statistical lgses were performed with a log (x+a)
transformation. Different lowercase letters denstgnificant differences of post-hoc
pairwise comparisons (Tukey HSD, p<0.05) betweenptrature treatments within one
season. Boxes represent 25% and 75% quartiles frermedian, whiskers represent
maximum and minimum values.

Salicornia europaea

There was a significant interaction effect of tenapgre treatment and season fr
europaeain 2019 (Table 3.2). We saw significantly more léégd §'°C values in summer
compared to autumn in all temperature treatmentghle depletion became less pronounced
with increasing temperature (ambient: -30.6%o0 + 0.4%0-26.6%0 + 0.4%0, Tukey HSD:
p=0.0002; +1.5: -30.2%0 + 0.4%o0 VS. -27.2%o0 £ 0.4%0, Tukey HSD :p=0.2Ghd +3: -29.3%o

* 0.4%o0 VS. -26.7%0 + 0.4%0, Tukey HSD: p=0.0024).2020, season was the only factor
which had a significant influence @*C (Table 3.2). Thé'*C values were significantly
less depleted in spring (-28.4%o0 + 0.28%0) compamedummer (-29.4%o = 0.28%o, Tukey
HSD: p=0.0321), and also significantly lower in suer (-29.4%. + 0.28%.) compared to
autumn (-28.2%o + 0.28%0, Tukey HSD: p=0.0106). I22(there were no significant effects

of any variable on th&'3C value ofS. europaegTable 3.2).
Halimione portulacoides

The sensitivity analysis foH. portulacoidesin 2019 showed that there was a strong

influence of one outlier (temperature treatmen®+429.61%o) on the model results&fC.
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The model which included all the values (model 4 2019), had a significant effect of
season on th&C value, while the model excluding the outlier (rab@ for 2019), and the
models in 2020 and 2021 had a significant effedeofperature treatment and season and
their interaction as well (Table 3.2). In genetlagre was an increase in #'éC values over
the course of the year, leading to the least degletlues in autumn and an additional
increase due to warming treatments (Fig. 3.2). H@ewepost-hoc pairwise comparisons

revealed no significant differences between tentpegdareatments in any year (Fig. 3.2).

There was also a significant interaction betwe@sae and elevation in 2020. In spring and
autumn, the logp**C decreased with increasing elevation (-0.014, 95R6-0.0604 to
0.0325;-0.0235, 95% CI: -0.0699 to 0.0230) while in sumimharcreased (0.0218, 95% CI:
-0.0247 to 0.0682).

a H. portulacoides 2019 b H. portulacoides 2019 (no outlier)
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Fig. 3.2 Temperature treatment effects iC of Halimione portulaciodesn different
seasons ford) 2019 (n=25),1§) 2019 excluding one outlier (n=24¢) 2020 (n=27), andd(
2021 (n=26). Note that the data are plotted inioaigscale for c) 2020 and d) 2021, but the
statistical analyses were performed with a log Jxtransformation. Different lowercase
letters denote significant differences of post-paicwise comparisons (Tukey HSD, p<0.05)
between temperature treatments within one seastesBrepresent 25% and 75% quartiles
from the median, whiskers represent maximum andnmuim values.
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Table 3.2: Summary statistics of the linear mixed effect mede

treatmer seaso elevatiotl treatment:seas: elevation:seast
distributior e p x2 df p 2 df p 2 df p 2 df p
2019
d13C
S. anglica Gaussia  14.1¢ 0.0008: 13.9: 2 0.000¢ 821 1 0.00¢ - - 9.28 2 0.009¢
S. eurpaes Gaussia 8.8 0.01z 915« 1 2.00E-16 - - 6.28 2 0.04< - -
H. portulacoide: Gaussia - - 36.2¢ 2 1.32E-08 - - - - -
*H. portulacoide: Gaussiar 6.3¢ 0.041 721 2 <2E-16 - 12.1¢ 4 0.01¢ - -
Gaussian
P. maritime (log) - - 2832 2 7.07E-07 571 1 0.0z - - - -
Gaussian
E. atheicus (log) 9.1¢ 0.01 38.8: 2 3.72E-09 - - - - - -
SLA
S. anglici Gaussia 7.1t 0.02¢ 23.8¢ 2 6.59E-06 - - 1487 4 0.004¢ - -
H. portulacoide: Gaussia - - 7.28 2 270E-02 0.000: 1 n.s - - 6.0 2 0.04¢
Gaussian
P. martima (BoxCox - - 3861 2 4.14E-09 9.5¢ 1 2.00E-03 - - - -
E. atheicus Galssiar 5.7 0.05¢&* 84.2¢ 2 2.00E-16 - - - - - -
2020
3%
S. anglici Gaussia 2.3¢€ ns 29.2¢ 2 43807 129¢ 1 0.000: 1091 4 0.02¢ - -
S. eurppae: Gaussia - - 145¢ 2 0.000:" - - - - - -
Gaussian
H. portulacoide: (log) 5.51 n.s 9.6¢ 2 0.00¢ 1.07 1 ns 183¢ 4 0.001 9.31 2 0.001
10.2
P. martima Gaussia 0.51 n.s 9.8t 2 0.007 0.000¢ 1 ns 26.12 4 2.99E-05 7 2 0.00¢
E. atheicus Gaussia 6.1¢ 0.04¢ 6.5 2 0.03¢ - - - - - -



SLA

S. anglici Gaussial 16 2 n.s 0.5¢ 2 n.s - - 9¢ 4 0.04: - -

H. portulacoide Gaussia - - 449t 2 1.74E-1C0 - - - - - -
Gaussian

P. martima (BoxCox - - - - - - - - - -

E. athericu: Gaussial - - 29.8¢ 2 3.23E-07 33 1 0.067** - - - -

2021
d13C

S. anglici Gaussial 83 2 0.015¢ 71.7¢ 2 2.62E-16 - - 21.3¢ 4 0.000¢ - -

S. eurpae: Gaussia - - - - - - - - - -
Gaussian

H. portulacoide: (log) 731 2 0.02t 129 2 0.00z - - 158: 4 0.00z - -
Gaussian

P. martima (log) - - 191.6. 2 2.20E-16 6.2¢ 1 0.01: - - - -

E. athericus Gaussial 484 2 n.s 578 2 n.s 201 1 ns 125¢ 4 0.01: 6. 2 0.03¢

SLA

S. angica Gaussia - - 56.6¢ 2 4.91E-13 - - - - - -
Gaussian

H. portulacoide: (cuberoo)  20.7¢ 3.06E-05 17.1: 2 0.000: 51z 1 0.02¢ 18.62 4 0.000¢ - -

P. maritime Gaussial - - - - - - - - - -

E. athericu Gaussial - - 148.0¢ 2 2.00E-1€ - - - - - -

*Sensitivity analysis, one strong outlier with mualgher residuals was removed (temperature tredttries,

non-significant variable.

-29.6%o). **Minimal models based on lowest AIC, included



Puccinellia maritima

The logd*3C value ofP. maritimawas significantly influenced by season and elevain
2019 and 2021 (Fig..3, c; Table 3.2). In 2020, there was a significant influencettod
interactions between season and elevation and rseasbtemperature treatment &HC
(Table 3.2). With increasing elevation, there wasegative trend of 10§*3C in 2019 (Fig.
3.3a) and we saw a significantly higher depletiblog 5'°C in spring compared to summer

(p=0.0178) and spring compared to autumn (p=0.0009)

a P. maritima 2019 b P. maritima 2020 ¢ P. maritima 2021
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Fig. 3.3: Influence of elevation and season &AC of Puccinellia maritimafor (a) 2019
(n=25), p) 2020 (n=27) andcj 2021 (n=27). Elevations is expressed with refeecio the
German vertical datum (NHN). Note that the datapdméed in original scale, not log (x+a)
transformed as the statistical analyses were paddrfor (a) 2019, and (c) 2021.

In 2020, we saw a significant difference in post pbairwise comparisons (Tukey HSD) in
summer between ambient and +1.5 temperature tra{p26.6%o + 0.38%o vs. -24.5%0
0.37%0, Tukey HSD: P=0.026). The differencesdbiC between seasons had different
patterns, depending on the temperature treatmeatilgT3.3). There was a significant
difference in the trends of elevation in 2020 (Rgb). In summe**C strongly decreased
with increasing elevation, while in autum$tC decreased with increasing elevation. In
spring, there was a marginal positive trend. INI2@2ere was a significant difference (Tukey
HSD) between all seasons (Fig. 3.3c) on &% of P. maritimaand logs'C slightly

decreased with increasing elevation.
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Table 3.3: 61°C (estimated marginal means) feuccinellia maritimain relation to different
temperature treatment x season combinations in.20R8confidence limit. SE=standard
error. Df=degrees of freedom.

Treatment Season §°C SE df  lower.CL upper.CL
[%0]
ambient Spring -26.97 0.38 5 -27.95 -25.99
+1.5 Spring -26.87 0.37 5 -27.81 -25.93
+3 Spring -26.69 0.37 5 -27.64 -25.74
ambient Summer -26.60 0.38 5 -27.58 -25.62
+1.5 Summer -24.50 0.37 5 -25.44 -23.56
+3 Summer -25.71 0.37 5 -26.66 -24.75
ambient Autumn -24.62 0.38 5 -25.60 -23.64
+1.5 Autumn -24.79 0.37 5 -25.73 -23.85
+3 Autumn -24.15 0.37 5 -25.11 -23.20

Elymus athericus

The (log)$*3C of E. athericuswas mainly affected by temperature treatment @adan in

all years. However, in 2021 there was a significatgraction effect between both variables,
and no significant main effects (Table 3.2, Figt)3In 2021, we also found a significant
effect of the interaction between elevation andsseaon §°C. Post-hoc pairwise
comparisons (Tukey HSD) showed no significant déifce between the temperature
treatments in 2019 (Fig. 3.4a), but there was @ipesrend of thed'*C values from ambient
to +3 in all seasons. In spring, there was noffarénce detectable in summer and autumn,
and there were less deple®dC values in 2019 in the warming treatments (Fida;3ee
Table 3.4 for back transformed EMBAC values ofE. athericud. In 2020,6*°C became
less negative with increasing treatment temperatuspring and summer, but those trends
were not significant (Fig. 3.4b). In 20233*C values became significantly more depleted
with increasing elevation in spring (-0.048%o, 95%-C.7%o to 0.07%o), but in summer and
autumn they increased with increasing elevatio®7®%0, 95% CI: 0.07%0 to 0.22%o;
0.047%0, 95% CI: -0.07%o to 0.17%o).
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Fig. 3.4: Treatment effects o6'°C of Elymus athericusn different seasons ira) 2019
(n=27), b) 2020 (n=27) andc] 2021 (n=25). Note that the data are plotted igioal scale
for a) 2019, but the statistical analyses weregoeréd with a log (x+a) transformation.
Different lowercase letters denote significantetifinces of post-hoc pairwise comparisons
(Tukey HSD, p<0.05) between temperature treatmeittsn one season. Boxes represent
25% and 75% quartiles from the median, and whiskesesent maximum and minimum
values.

Table 3.4: Back-transformed*°C values (estimated marginal means) of signifiedfects
in 2019 forE. athericus CL= confidence limit.

Variable factor levels &°C  lower CL upper CL
[%0]

Treatment ambient -25.56 -26.10 -24.95
+1.5 -25.10 -25.74 -24.36
+3 -24.47 -25.19 -23.64

Season  spring -26.06 -26.54 -25.52
summer -24.47 -25.15 -23.70
autumn -24.42 -25.10 -23.70

Influence of temperature treatment, season, andhéten on the specific leaf area
Spartina anglica

We found seasonal influences on the SLA&oc@nglican all years (Table 3.2). In the ambient

temperature treatment, SLA decreased from sprirgitiomn (Fig. 3.5a, blue boxes), with a
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significant difference between spring and autumadm9. In the warming treatments (+1.5
and +3), there was no difference between seasans3(Fa; yellow and red boxes). In 2020,
SLA showed different patterns of temperature tremimwithin seasons. There was a
decrease in spring, an increase in summer, andrema tin autumn with increasing
temperatures (Fig. 3.5b). However, there were goifstant differences. The SLA values in
2021 differed significantly between spring and sweniand spring and autumn (Fig. 3.5¢).

a S. anglica 2019 b S. anglica 2020 ¢ S anglica 2021
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Fig. 3.5: Treatment effects on the SLA 8partina anglicain different seasonsa) 2019
(n=27), b) 2020 (n=27), andcf 2021 (n=27). Different lowercase letters dendgeificant
differences of post-hoc pairwise comparisons (TUKSD, p<0.05) between temperature
treatments within one season. Different uppercasiers denote significant differences
between seasons for significant main effect. Bargsesent 25% and 75% quartiles from
the median, whiskers represent maximum and minimalaes (excluding outliers), and
circles represent outliers.

Halimione portulacoides

The SLA ofH. portulacoideswas strongly influenced by season (or an intevactiith
season) in all years (Table 3.2). In 2019, SLANlgdecreased with increasing elevation in
spring (-0.06, 95 % CI: -0.39 to 0.28), but incesvith increasing elevation in summer
(0.24, 95% CI: -0.09 to 0.58) and autumn (0.013 9590.20 to 0.47). In 2020, SLA was
higher in spring (8.9 kg '+ 0.38 nt-kg™) and summer (9.9 kg 1+0.38 nf-kg™?) than

in autumn (6.5 rhkg 1+ 0.38 nf-kg™Y). In 2021, SLA had different seasonal patterngiwit

temperature treatments. SLA decreased with warmirsgpring, decreased in summer, and
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all temperature treatments were comparable bué thvass a slight increase in the +1.5 °C
treatment in autumn (Appendix, Fig. S3.4).

Puccinellia maritima

In 2019, we saw a significant influence of seaswhe@evation on the BoxCox transformed
SLA values ofP. maritima With increasing elevation, SLA increased (p=02)0&nd there
was a significant decrease from spring to summeraattumn (Fig. 3.6). In the other years,
we found no influence of any factors on SLA (TaBl2).

P. maritima 2019
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Spring Summer Autumn

Fig. 3.6: Seasonal differences between the SLA (specificdezd) ofPuccinellia maritima

in 2019. (n=27). Different uppercase letters dermgmificant differences of post-hoc
pairwise comparisons (Tukey HSD, p<0.05) betweess@es. Response variable was
BoxCox transformed, but data are plotted in origstale. Boxes represent 25% and 75%
quartiles from the median, whiskers represent marinand minimum values (excluding
outliers), and circles represent outliers.

Elymus athericus

The SLA of E. athericuswas influenced by season in all years (Table 3[8g SLA
decreased from spring to summer and autumn in g9 3.7a). The ambient temperature
treatment had slightly higher SLA values than bwéinming treatments (12.2%kg™ + 0.32
m2kgtvs. 11.4 kgt + 0.32 n¥-kg ™}, respectively). In 2020, SLA was highest in spring
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and lowest in summer, while in autumn it increaagdin (Fig. 3.7b). In 2021, all seasons
differed significantly from each other (Fig. 3.7c¢Jhe value was highest in spring, lowest

in summer, and slightly higher than summer in autum

a E. athericus 2019 b E. athericus 2020 ¢ E. athericus 2021
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Fig. 3.7: Seasonal changes of SLA (specific leaf areaflgius athericusn (a) 2019
(n=27), b) 2020 (n=27), andcf 2021 (n=27). Different uppercase letters denigpeificant
differences of post-hoc pairwise comparisons (TUR8Y, p<0.05) between seasons. Boxes
represent 25% and 75% quartiles from the medianskelrs represent maximum and
minimum values (excluding outliers), and circlegrasent outliers.

Discussion

With the present study, we assessed ecophysiologisponses of European salt marsh
species under experimental warming in differensera along an elevational gradient. In
contrast to our first hypothesis, we observed ritateral positive response 8t°C and no
unilateral negative response of SLA to warmingttremts. However, in some species we
saw a clear effect of warming 6%°C. In the following sections, we will discuss tHéeets
of warming on both ecophysiological traits with pest to zone, elevation, season, and

climatic differences between years.
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Influence of salt marsh zone on ecophysiologicsphomses to warming

The two grasses from the pioneer zone and the imigish were most affected by the
warming treatments*3C of S. anglicaand E. athericuswas significantly influenced by
temperature treatment (or an interaction with tejpee treatment) in all three years.
Additionally, the low marsh speciét portulacoidesvas also significantly affected by the
interaction of warming and season. Therefore, @wosd hypothesis, that the warming
effect is most pronounced in the high marsh, coolcbe confirmed. The less negatbtéC
values suggest that WUE Bf athericusncreased with experimental warming. We saw the
same trend foH. portulacoidesn the low marsh. This indicates that the marstcEgs at
higher elevations increase their WUE under warmithgwever, the WUE of the succulent
pioneer specieS. europaeavas higher in ambient plots in autumn than in +dn8l + 3,
which is in line with the results of Gedan and Bess (2009), who found C3 plants under
permanent waterlogging (no drought stress) showedwaced WUE under warming due to
increased transpiration. In contrast to the umigteesponse of C3 plants to drought, the
313C values of C4 plants can increase, decreaseqycshstant, depending on the leakiness
of the bundle sheath cells (Cernusak et al. 20I)s, the interpretation of the warming
effect onS. anglicais more difficult. We observed the same trend ofennegatives*C
values in the warmed plots, which would also supih@ reduced WUE of salt marsh species
under warming at waterlogged conditions (GedanBertness 2009). However, in a study
by Ghannoum et al. (2002), drought stress led toedsed3C values in C4 grasses, which
is the opposite direction as for C3 plants. This welated to the control of water loss in
relation to carbon gain on the leaf level (Ghannairal. 2002). Therefore, we could also
argue that there was at least a trend of incred8igdé in S. anglicaunder experimental
warming, especially during summer and autumn (Bid). Another explanation could be
that the change df'C due to experimental warming & anglicamay arise from direct
physiological responses at the plant organ level (like changing compound allocation; Sage

and Kubien 2007; von Caemmerer et al. 2014), rather than indirect environmental induced
changes due to warming. Furthermore, increasingéeatures may increase salt stress
during the non-flooded periods in the pioneer zdnegenhancing evapotranspiration of
water on the soil surface. Salt stress, like drousfiness, may reduce the stomatal
conductance in leaves (Munns 2011), which wouldltes the similar effect for the CO
discrimination. Salt marsh plants experiencingeased salt stress often invest into N-rich

osmoprotectants (Flowers and Colmer 2008), whichuldvdoe reflected in higher N
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concentrations in the leaves. F8r anglica we saw a decreasing trend in C/N (not
statistically analysed) with warming in summer audumn in 2020 and 2021 (Appendix,
Fig. S3.5), which supports the conclusion that essgularly inundated species seem to

experience increased drought/salt stress due triexgntal warming.
Seasonal change of ecophysiological responses iimiwg

In line with hypothesis three, the general trenthofeasing WUE of the low marsh and high
marsh species over the course of the vegetatiandenight arise from the continuous
desiccation of the marsh soils during summer. ©isost pronounced in the higher parts
of the salt marsh, due to low flooding frequenanethe summer months. This was especially
important in the high marsh, where the effect ofmiag was less pronounced in spring,
which indicates that there is an additive effectcohtinuing desiccation and higher air
temperatures (Charles and Dukes 2009). During suranmgtautumnk. athericusshowed
increased WUESs which were even higher under warmingcase oH. portulacoideswe
found a strong seasonal effect resulting in aneimse of the WUE over the course of the

entire vegetation period and an additional increas®UE due to warming.

However, we found the strongest differences betvseaisons in the pioneer zone in 2019,
with a difference of ~2 %o i6°C of S. anglicabetween spring and summer. This indicates
that this impact was either pioneer zone or spesgesific. Unfortunately, we did not sample
the other pioneer specieS. europaegin spring 2019, thus we cannot compare both sgeci
in their seasonal response between spring and surtffme compare the effect of season
on 8*3C in S. anglicato the other years, this effect is also unexpeateti might be due to
climatic differences between years (see below)nGimgy isotopic discriminations between
seasons may also be an indicator for a changesouree allocation throughout the year.
These differences can be detected thr@ddd signatures of different compounds compared
to the bulk leaf signature in both C3 and C4 planypically, lipids, proteins, lignin, and
organic acids are depleted compared to i, while starch, sucrose and cellulose are
isotopically enriched (Hobbie and Werner 2004; Tcherkez et al. 2011; von Caemmerer et al.
2014). The results for the SLA support that theas & change in resource allocation, since
the SLA ofE. athericus, H. portulacoidesnd P. maritimashowed a significant decrease
between spring and summer/autumn in 2019 arl mthericusandH. portulacoidesalso

in 2021. Lower SLA means higher tissue densitidsclwvmay for example be achieved by

lignification of cell walls, because of physiologicwater deficits due to osmotic stress
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(Rozema et al. 198RReents et al. 2022) or due to drought stress,wihithe higher parts

of the marsh increases during the vegetation period
Variation in elevation gradient as a mediator f@asonal change

The variation in elevation within a zone was anamgnt factor fob*°C of the grass species
of the pioneer zone and low marsh. Our fourth hiyesis could be partly confirmed, since
thed*3C of P. maritimaandS. anglicadecreased with increasing elevation in two ofstiuely
years. We assume the opposite direction of theagtmv effect in autumn 2019 was due to
missing values at lower elevations in this yeag(Bi3a). We would not expect a decrease
of the §*3C values with increasing elevation if the responss only dependent on soil
moisture. We conclude that soil properties like sahtent and decreasing redox potential
with decreasing elevation (Davy et al. 2011) map dlave an influence on tB&C values

of P. maritimaandS. anglica For example, Guy et al. (1986) found that indreasalinity
led to increasing**C values irPuccinellia Typically, the salinity decreases with increasing
elevation in Wadden Sea salt marshes (Bockelmann and Neuhaus 1999; Suchrow and Jensen
2010). Our results show increasisigC with decreasing elevation in salt marsh plantss T
indicates that the WUE increases with salt stressvever, since we did not measure soil
salinity, we cannot make a clear statement. In 20d9 also saw decreasing SLAs with
decreasing elevation, which was also found foraasing salinity for the SLA ¢. maritima
(Lenssen et al. 1995). Our results indicate thanaritimahas a high plasticity and may
adjust traits like SLA and WUE according to envimental stressors.

Climatic impacts on ecophysiological responses

Over the course of our three-year study periodfouad a couple of interesting interannual
differences in the results, which we were not ablexplain with the analyzed factors. We
assume that the annual climate variability seentmat@ an impact on the effect of warming
and seasonality 031°C. An increasing WUE due to seasonal differencgdanits can be a
result of both temperature and water availabilitiigng et al. 2022), which may differ due
to precipitation patterns and inundation frequestiheoughout the year and between years.
For example, we could not explain the extreme diifiee between th&3C values ofS.
anglicain 2019, by seasonal or warming effects. We sawa@®sd changes in all years, but
the difference of ~2 %0 between spring and summer wveque. The study years differed in

their precipitation pattern and had the highestemmperatures at different periods during
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summer (Appendix, Fig. S3.6). 2019 was the yeah whe lowest average precipitation
during the vegetation period. Low precipitation ntegve increased salt stress, however,
positive changes in salinity levels usually ladiy@hortly after a rainfall event in inundated
marsh zones (Noe and Zedler 2001). Neverthelessnhichsalt stress (due to continuously
low precipitation amounts) may have a strong effext the bundle sheath leakiness
(Farquhar et al. 1989; von Caemmerer et al. 2014), which can result in this detectable
influence on thé*3C values (Bowman et al. 1989). Since the C/N$oénglicawas lower

in summer 2019 (Appendix, Fig. S3.5) compared ®dther summers, this supports the
possible effect of salt stress and the investnm@ot N-rich osmoprotectants (Flowers and
Colmer 2008), which would be reflected in highecdhcentrations in the leaves.

E. athericushad much lowes3C values in spring (and the other seasons) in 26&ipared

to other years. The possible explanation for thiseovation is higher soil water potentials
due to precipitation and flooding. Firstly, therasaa flooding event in the high marsh in the
same week as the sampling campaign (Appendix,33g/), while in the other two years,

the high marsh was not flooded from March to J2§20) and from March to September
(2019), respectively. Secondly, there was alsogh Bmount of precipitation in May 2021

(Appendix, Fig. S3.6). The low WUEs in spring 2G## probably a direct result of the soill

moisture conditions after these flooding and priéaijon events.
Methodological considerations

The change of the sample processing (using alipfatse leaf in 2019 vs. powder of the
ground leaf in 2020/2021) may be somewhat refleatedur results. However, since we
found also major differences between the two Igtéars in terms of climatic impacts and
not an overall pattern between 2019 vs. 2020/2024, think the slightly differing
methodology did not have a great effect on theltgsii may be worth noting that most of
the low marsh plots are scattered around an etevati 190 cm (NHN, German vertical
datum), but two plots are positioned lower (10-&.dt is very likely that those plots drove
the significance we observed for elevation.

Conclusions

Our study gives novel insights on possible ecopitygical adjustments of common
European salt marsh species under experimentaliwgritvhile the warming effect was not

universal across all species and zones, our figddgmonstrate that salt marsh species are
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affected by rising temperatures on a physiologieakl. Especially species at higher
elevations such aklymus athericusor Halimione portulacoideswith lower flooding
frequencies are prone to drought stress. Howeveleruthe applied warming conditions,
these drought-stressed species adjust their WU& @iagly. The effect of warming on the
pioneer zone species was more striking and mofeudif to interpret. Under frequent
inundation, temperature change may lead to dirbgsiplogical alterations of the plant
organ as well as mediate indirect processes likemred transpiration and a resulting
decrease in WUE. This study demonstrated that thEEVEf salt marsh plants may be
influenced by experimental warming depending on ldeation within the marsh. With
increasing elevation, the influence of droughtsgrbecame more apparent, but climatic
influences like precipitation or storm floods magediorate the effects of warming-induced
drought stress. It was also shown that some spacgemore affected than others, which
leads to the conclusion that warming-induced ecsiathygical responses are an important
aspect to consider for interspecific competitiord dature salt marsh plant community
development. Future studies should focus on disgthitey the influence of salinity,
nutrients, redox and water content of salt marsls smd include elevated GQevels,
because the influence of warming and elevated SOespecially important for the
performance of and competition between C3 and @dtpl(Noyce et al. 201$mith et al.
2022).
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Appendix

1. Warming related trends 6#3C in salt marsh species

a S. anglica 2019

b S. anglica 2020

¢ S. anglica 2021
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Fig. S3.1: Seasonal effects @&1°C in the different warming treatments partina anglica

in (&) 2019 (n=27),k§) 2020 (n=27) andcf 2021 (n=27). Different lowercase letters denote
significant differences of post-hoc pairwise congams (Tukey HSD, p<0.05) between

seasons within one treatment. Different uppercaterts denote significant differences of
post-hoc pairwise comparisons (Tukey HSD, p<0.@&)vben treatments. Boxes represent
25% and 75% quartiles from the median, whiskersesggnt maximum and minimum values.
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Fig. S3.2: Elevation x treatment influence 6H°C of Spartina anglicain 2019 (n=27).
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Fig. S3.3: Elevation influence 06'3C of Spartina anglican 2020 (n=27).

Table S3.1: Contrasts table of season within treatments (T8, p<0.05) fobC of

Halimione portulacoides 2019 excluding one outlier (treatment +1.5, 62%o.).

contrast treatmentestimate SE df t ratio p

Spring - Summer ambient -1.44 0.323 9 -4.47 0.004
Spring - Autumn ambient -2.12 0.323 9 -6.57 <0.001
Summer - Autumn ambient -0.68 0.323 9 -2.10 0.144
Spring - Summer +1.5 -1.76 0.375 9 -4.68 0.003
Spring - Autumn +1.5 -2.29 0.375 9 -6.09 <0.001
Summer - Autumn +1.5 -0.53 0.438 9 -1.20 0.481
Spring - Summer +3 -1.38 0.323 9 -4.26 0.005
Spring - Autumn +3 -1.05 0.374 9 -2.80 0.050
Summer - Autumn +3 0.33 0.374 9 0.88 0.664
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2. Warming related trends of SLA in salt marsh species
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Fig. S3.4. Seasonal change of temperature treatment effectSloA of Halimione
portulacoidesin 2021. Boxes represent 25% and 75% quartiles ftee median, whiskers
represent maximum and minimum values.
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Fig. S3.5: Leaf carbon:nitrogen (C/N) ratio &partina anglicain different temperature
treatments for 2019-2021. Boxes represent 25% &% quartiles from the median,
whiskers represent maximum and minimum values.
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3. Climatic differences between study years
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Fig. S3.6: Climate differences between study years (2019-pfig Hattstedt (15 km away).

The mean of 2005 to 2021 is indicated in black asfarence level. Monthly average
temperatures are indicated by solid lines. Averagemum and maximum temperatures are
indicated by dashed and dash-dotted lines respdgtiBars represent monthly cumulative
precipitation. Data was provided by the German easervice (Deutscher Wetterdienst,
DWD).

74



High marsh

-
o
f

0.54

| | || h

Average daily inundation (h)

1011121314 151617 181920212223 24 25 26 27 28 29 30 31 32 3334 35 36 37 38 3940
Week of year

2019

B 2020
B 202
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A

Warming experiment indicates that increasing glakatperatures
may not affect windows of opportunity for salt mMtaseedlings

Abstract

With increasing global temperatures, it remainslesg how seedling emergence and
survival will be affected in highly dynamic ecosysis like salt marshes. Our study
combines passive and active warming treatments tématural inundation dynamics of
salt marshes. We studied the effects of active aod passive air warming (ambient
temperature, + 1.5 °C and + 3.0 °C) on seedlingbmmmof different species in three salt
marsh zones (pioneer zone, low marsh, and highithargl on seedling survival (lifespan),
seedling diversity and species richness in tworsaltsh zones (low marsh and high marsh)
in situ. We found a significant influence of warmion Shannon diversity at two dates, but
we found no significant effects of warming on seégglhumber and survival. However, we
found trends, which differed between zones. Inglomeer zone, seedling numbers were
slightly higher in the warming treatments thanhe ambient treatment from April to June.
Whereas, in the high marsh, seedling numbers desmideaore in the warming treatments
during the same period. The median lifespan wghtji reduced under warming treatments.
We conclude warming might have increased drougisstfor seedlings in the high marsh,
which led to the trend of lower seedling numberd ahorter survival times. Seedling
number decreased with elevation, which could bebated to both species specific
strategies and differences in available space. Meslirvival differed significantly between
species, which we assume is due to differing lifeny traits like seed size and if the species

are annual or perennial.

Introduction

Salt marshes play an important role for climatengeamitigation and adaptation. They
protect the coastline againsbrms (Shepard et al. 2011; Moller et al. 2014) and sequester

large amounts of carbon (Mcleod et al. 2011). Witlteasing mean annual temperatures, it
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is important to understand how salt marshes anddbgsystem services they provide will be
affected. While it is known that warming can in@egroductivity and growth of salt marsh
species (Charles and Dukes 2009; Gedan and Bertness 2010; Coldren et al. 2016) and lead

to a loss of biodiversity (Gedan and Bertness 2010@) influence of warming on seedling

establishment and survival in salt marshes is widéied.

In temperate salt marshes, seedling establishmerggularly flooded low elevations is
strongly influenced by stressors like sedimentulisince and sediment dynamics during
flooding (Balke et al. 2013; Cao et al. 2018), and drought in higher-elevated, less frequently
flooded marshrones (Uyeda et al. 2019; van Regteren et al. 2020). The absence or low
magnitude of the mentioned stressors and othewvardhle conditions, like competition or
unsuitable substrates, provide a “window of oppdatiti for seedling establishment and
recruitment (Jelinski and Cheliak 1992; Eriksson and Froborg 1996; Balke et al. 2011).
While windows of opportunity for recruitment canteenporally and spatially unpredictable
(Eriksson and Froborg 1996), the conditions neddeduch windows to open or close can
be predicted based on both the intrinsic timesaaii¢ise seedling and the variability of the
stressor (see van Belzen et al. 2022). For dynaoastal ecosystems, Balke et al. (2011)
defined disturbance-free periods of a defined mimmduration as “windows of
opportunity” for seedling establishment on regyldidoded bare patches (see also Hu et al.
2015; Bouma et al. 2016). For seedlings to become anchores; tireed time without
flooding (2—-3 d) to develop a minimal root lengBalke et al. 2011). A time with low
magnitude of disturbance (bed shear stress), riedddow to allow seedlings to withstand
sediment dynamics like resuspension/erosion inlagiguflooded salt marshes (Hu et al.
2015). The magnitude of physical disturbance onlgegs depends on salt marsh elevation
as it defines the flooding frequency and dura{doe and Zedler 2000; Silvestri et al. 2005).
With increasing elevation and less flooding, phgbkdisturbance becomes less severe. Here,
especially at the highest elevation with no flogdéturing summer, soil moisture is a critical
environmental factor influencing the windows of opgpinity for seedling recruitment (Noe
and Zedler 2001; Uyeda et al. 2019; van Regteren et al. 2020). In semi-arid grasslahtas
been shown that the window of opportunity for seepsurvival opens when high moisture
levels are present in the shallow soil layers durand after germination and when
competition with adult grasses is reduced (de [@bsal. 2012). Conditions for seedling
establishment in the high elevated salt marshéiseofVadden Sea are very similar to those

conditions due to low soil moisture levels durifge tsummer in combination with
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competition by the perennial grasSlymus athericusdominating the vegetation
(Bockelmann and Neuhaus 1999). Overall, the wind@fvsopportunity for seedling
establishment in salt marshes are thus mainly eefioy a time without or with little
disturbances by flooding and bed sheer stresedoth end, but by a time without drought
and/or competition at the high end of the elevagioadient. As different species inhabit
different elevations (Silvestkit al. 2005; Esselink et al. 2017), seed availability differs
between zones (Bakker et al. 1985; Rand 2000). Establishment is therefore also affected by
life-history strategies in combinatiomith open space (Bakker et al. 1985; Bakker and de
Vries 1992; Lohmus et al. 2020), distance to seed source (Rand 2000; Kaminsky et al. 2015),
and dispersal patteriBakker et al. 1985; Rand 2000).

Another abiotic factor that is especially releviotthe initiation of germination in spring is
temperature. A handful of greenhouse studies hgamimed the effect of temperature as a
factor on germination of salt marsh species (e.g., Ungar 1977; Egan and Ungar 1999; Noe
and Zedler 2000). Germination rates of salt map&ties depend on temperature regimes
(Egan andJngar 1999; Noe and Zedler 2000), meaning that both day and night temperatures
affect successful germination. The results of Egash Ungar (1999) show how temperature
optima play an important role in germination prae=ss As these temperature requirements
may be species specific, warming could alter ptantmunity structure. For example, some
marsh speciesS@licornia europaeandPhragmites australjshad increased germination
rates with warming, othersSpartina paternjssaw a reduction in germination rate (Ungar
1977; Martin 2017). Furthermore, warming can rapidly reduce species diversity actthess

in salt marshes (Gedan and Bertness 2009), whightna@lready be detectable on the
seedling level. Increased salinity (a potentiagseffect of warming) had a negative effect
on Shannon diversity and abundance of salt marstilisgs (Kottler and Gedan 2020). It
also remains unclear how seedling survival in satshes will be affected by increased
temperatures. It has been shown that in-situ segedglirvival in mangroves was positively
affected by elevated temperatures, that is, in rdangthern latitudes (Pickens et al. 2019),
but in a warming experiment mangrove seedling saitwvas not affected by warming
(Coldren et al. 2016). All of the mentioned studieswarming effects on germination of
salt marsh species were conducted in controlled@mwents and thus lack the combination
of stressors (i.e., flooding frequency, sedimennadtyics, low soil moisture, and
competition) that may affect seedling survivalitn.sHence, to improve our understanding

of the salt marsh ecosystem with regards to gla@aiming it is important to understand
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how germination and seedling survival is affectgddarmer temperatures in combination
with other natural processes.

To analyze the interplay of warming with the natdsmamics along an elevational gradient
in salt marshes, in-situ studies are necessaryid®in-situ warming experiments in salt
marshes used passive aboveground warming to stietyseon plant community assembly
(Gedan and Bertness 2009, 2010), biomass alloc@iiedan and Bertness 2010) and growth
(Coldren et al. 2016). However, these passive ogenhambers do not warm the salt marsh
soil effectively in contrast to the air (Carey €t2018), and warming the soil is necessary
for creating a soil temperature profile that wolbéle ecological significance. We therefore
established the experiment MERIT (“Marsh EcosystdResponse to Increased
Temperature”), which combines active belowgrounating (via electrical heating pins and
cables) and passive aboveground warming (domeseaxbvéth foil) while allowing for all
other processes like tidal inundation to be unchdn@/e monitored the number of seedlings
at specific time steps in three salt marsh zonasgathe elevation gradient (pioneer zone,
low marsh, high marsh) under three different terapge scenarios (ambient temperature, +
1.5 °C, and + 3.0 °C) during spring and summer 26t8m the data, we calculated the
proportion of survived seedlings at the end of shedy (based on maximum seedling
numbers per plot). Additionally, we monitored energe and survival (lifespan) of
individual seedlings in the low marsh and high rharader the three different temperature
scenarios. From this dataset we also calculatedgbeies richness and Shannon diversity
of the seedlings. We hypothesized that (1) theceffé warming on seedling number and
seedling survival (recruitment) is zone specifiee ¥kpected warming to increase seedling
number and proportion of surviving seedlings in pi@neer zone because the germination
rate of the pioneer speci8seuropaeavas positively affected by warming (Ungar 1971). |
the low marsh and high marsh, we expected seedlinther and surviving seedlings as well
as lifespan to decrease under warming due to isicrgadrought stress. We also
hypothesized that (2) warming leads to a decreaS@annon diversity and species richness.
Furthermore, we hypothesized (3) seedling numhbegersity and richness and seedling
survival to be zone specific. We expected a deargasumber of seedlings from pioneer
zone to high marsh due to differences in life-higtand dispersal strategies. Whereas we
expected the highest species richness and divensttye low marsh. Due to a less dense
canopy structure hence a higher light availabilitg, expected a higher seedling survival in

the low marsh than in the high marsh. In additiee hypothesized (4) seedling number and
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survival (lifespan) to be species specific. We exge a higher seedling number of annual
species but a higher survival of perennial species.

Methods

Study area and experimental design

The “Marsh Ecosystem Response to Increased TempetdMERIT) experiment was set
up in 2018 on the Hamburger Hallig in the Germandiéam Sea (54°358'N, 8°498"E).
The site is part of the Schleswig-Holstein Waddea Sational Park and listed by UNESCO
as a World Heritage site. The tidal range at tteeisi~ 3.0 m (Stock 2011). The mean annual
temperature between 1989 and 2019 was 9.54 °Chanthéan annual precipitation was
862.3 mm [data from the German Meteorological SeryDWD, https://opendata.dwd.de/
climate_environment/CDC/observations_germany/clatutily/kl/historical/) last accessed
20 October 2022 for Sankt Peter-Ording, which iskBY away from the study site]. The
distinct marsh zones are defined by their elevadimhflooding regime and are vegetated by
the typical plant communities of the Wadden Setimarshes (Esselink et al. 2017). The
pioneer zone is dominated Bypartina anglicaHubb. with high frequencies &. europaea
agg. (L.). The low marsh is vegetated by a mix®+20 halophytes, with higher abundances
of Halimione portulacoides(L.) Aell., Limonium vulgareMill., and Puccinellia maritima
(Huts.) Parl. The high marsh is dominated®athericugLk) Kerg. Species names follow
Oberdorfer (2001).

In each of the three zones, nine plots were s&taging to 27 plots in total. Each plot has a
diameter of 3.1 m. There are three temperaturénteza levels, namely + 1.5 °C, + 3.0 °C,
and control (ambient temperature), hereafter refeto as ambient, + 1.5, and + 3 treatment,
respectively. Treatments are replicated three tipgszone (n = 3). Aboveground, the
warming treatment is passive via domes covereddiftbrent amounts of plastic foil, which
results in warming efficiency similar to other op@p chambers (R. Rich et al. unpubl.).
Belowground, an active warming approach is achiekgda combination of vertical
resistance pins, reaching 1 m deep into the groand,horizontally deployed resistance
cables on the soil surface. The belowground warrmgaiments are monitored and regulated
by microprocessor-based feedback control. Thevgiming is generally switched on from
March to September and switched off in autumn/witteprotect the sensors and heating

system from heavy storm tides. Domes for abovegtowarming are covered with foil from
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March to September. More details on the experimh@®@sign can be found in Tang et al.
(2023) and will be described by R. Rich et al. (inlp. In 2019, soil warming was switched-
on on March 14th, treatment levels were overalthed on March 22nd after some initial
technical issues. Foils were installed at the dobet®een February 28th and March 5th.
Due to storm damage, the foils were removed fromcMa9th to April 17th in the pioneer

zone.

Seedling monitoring

To assess seedling emergence and survival in édlel B7 plots, we marked a 10 x 10%cm
subplot in each plot with wooden sticks on Marct2@19. In the pioneer zone and high
marsh, the subplots were placed at the same positieach plot, because the vegetation
composition is very homogenous. In the low markle, subplots were chosen based on
similar vegetation structure to assure compargbili¥ithin these subplots, all seedlings
visible to the bare eye were recorded weekly froia-kbarch (8 d prior to the onset of the
belowground warming treatments) to June and biwedidm June until the end of
September 2019. Individuals in the low and high shawere marked with numbered
toothpicks as soon as they emerged. Seedlingsegbitineer zone were only counted and
not marked individually, due to the high numbersSokturopaeagg. individuals. Besides
marked singleés. europaeagg. individuals, there were alSo europaeagg. cohorts in the
low marsh in one ambient (0% europaeagg. cohort) plot and in one + 3 treatment plot
(two S. europaeaagg. cohorts), which were not individually markéde to their high
numbers. The cohort individual numbers were comsilén the models with total seedling
numbers per plot, but not in the survival analySggcies were in general identified as soon
as detectable. However, some of these species ak tbh distinguish during early
development, therefore we combined them into t&pefgularia marineandSpergularia

media= Spergulariasp.,Atriplex prostrata andAtriplex littoralis = Atriplex sp.).

Statistical analyses

Warming effects on seedling numbers over the cafrdee vegetation period

To assess the influence of warming on seedling musnturing the experiment, we chose
dates of ecological interest and performed gersmm@linear models (GLMs). We first chose
the dates with the peak seedling numbers per &Rinee the peaks were at different dates,

we performed single GLMs for each zone and datehénlow marsh, we performed two
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separate GLMs for both peaks (Fig. 4.1). Total begchumber was entered as a response
variable and temperature treatment (ambient, +&n@,+ 3) was entered as the predictor.
Furthermore, we tested the influence of temperatesgments on seedling numbers 1 week
after full warming capacity was reached (March 2&hd at the peak of the vegetation
period in mid-July (July 17th). For these dates, peeformed one GLM each, with total
seedling number as response variable and temperagatment (ambient, + 1.5, and + 3)
and zone (pioneer zone, low marsh, and high maashpredictors. We used ambient
treatment and pioneer zone as reference levelsctgply. We implemented these models
with an interaction term and performed a backwaelection for the minimal adequate
models after Crawley (2007). We chose a negatinerbial error distribution for all models
but one (high marsh at peak seedling numbers, whengsed a Quasi-Poisson distribution)
because the Poisson models were over-dispersetth®ogairwise comparisons were
performed for all factors using estimated margime&lans. The model assumptions were
validated visually.

Influence of warming on seedling species richness&hannon diversity

Species richness and Shannon diversity were addltjoconsidered as response variables
to detect possible effects of warming on a seedimmgmunity level. We implemented the
same model structures and variables for the speataties as for the seedling number models
and tested for the same dates. The species richmoeteds were implemented with a Poisson
error distribution, but some of them were underelispd. We then choose a Conway-
Maxwell-Poisson error distribution to account foat We implemented two-way ANOVAS
for the Shannon diversity. For the high marsh atpghak seedling number, we used a log-
rank test, since the data did not meet the assangpbf an ANOVA. Since we recorded
species numbers only in the low marsh and high Imahe analyses do not include the
pioneer zone. Post-hoc pairwise comparisons, nederdevels, implementation of an

interaction term, and validation of model assummiwere performed as described above.

Maximum seedling numbers

To analyze the effect of temperature treatment ({@nmijp+ 1.5, and + 3) and zone (pioneer
zone, low marsh, and high marsh) on maximum nurobeeedlings per plot, we used a

GLM. A negative binomial error distribution was ddsecause the Poisson model was over-

dispersed. In contrast to the previous analysisysesl the single highest seedling number
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of each plot to analyze the effects of factors.réfare, the dates, when these maximum
numbers were reached, differ also within zonest-Ros pairwise comparisons, reference
levels, implementation of an interaction term, amadldation of model assumptions were

performed as described above.

Survival analysis

We used Kaplan—Meier survival curves to estimagediwrvival of individuals of the low
marsh and the high marsh, as seedlings in the @iczume were not marked as individuals
due to their high number. The analysis is basedhensurvivor function, which is the
probability to survive up to time T (Kleinbaum aKdein 2004). At time 0, the survival
probability equals 1. The survival probability ob@quals the median survival time, which
is also the median lifespan. Individuals, whichvewed up to the end of the study, became
censored. Censoring means that we can only sdjfébpan is at least as long as the time
from emergence to the end of the study. There imfoomation past that time (Kleinbaum
and Klein 2004). We analyzed the survival of podeddlings with separate Kaplan—Meier
survival curves for temperature treatment (ambient,.5, and + 3), zone (low vs. high
marsh) and taxon. We choose taxa with a minimumbaunof 15 individuals to assess
possible taxon effects on surviv@:. europaeaagg.,H. portulacoides Atriplex sp. and
Spergulariasp. (Table 4.1). The survival probability at 28ke (length of the study period)
was used to estimate the percentage of individwdigsh survived of each species. Due to
different emergence dates, the lifespan of surgividividuals can be different at the end
of the study. Individuals, which reached the enthefstudy but emerged later in the study,
are indicated by the crosses (censored) in thevalrgurves. In addition, we tested the
species-specific warming effects 8neuropaeagg., because it was the only species with
a high number of seedlings (> 100) in the low aigh marsh, where we had marked them
individually. For all separate Kaplan—Meier survivarves we used log-rank tests to
compare group differences. We did post-hoc pairngsenparisons with Bonferroni

correction for significant results.

Percentage of surviving seedlings
We calculated the percentage of surviving seedlatgbe end of the study for all zones as
a proportion. To get a proportion for each plog thaximum seedling number per plot was

divided by the number of individuals from the Isatnpling date of this plot. This proportion
84



is only based on total numbers at the date withmbhgimum numbers and at the end of the
study and does not consider that some individuadghinhave died before the date of the
maximum or emerged after it. It therefore only gian estimation of the likelihood to

survive (recruitment) until the end of the vegetatperiod in September. For the proportion
of seedlings that survived, a GLM with a quasibimedrarror distribution was used, because
the binomial model was over-dispersed. We entdregtoportion of seedlings that survived
as response and temperature treatment (ambier§, arid + 3) and zone (pioneer zone, low
marsh, and high marsh) as explanatory variablest-ffm pairwise comparisons, reference
levels, implementation of an interaction term, aadldation of model assumptions were
performed as described above. All statistical ssedywere performed with R version 4.1.2
(R Core Team 2021) applying a significance levgd &f0.05 for all tests. The additional R

packages used in the statistical analyses ard listthe Supporting Information Fig. S4.1

section 5.

Results

Germination started between March 7th and 14tkearlyg all plots. In some plots there were
already a few seedlings prior to the time when veeked the plots. We detected seedlings
from at least 10 different taxa (Table 4.8). europaeaagg. had the highest number of
individuals in total. In the pioneer zore, europaeagg. contributed to more than 95% of
the individuals. Other seedlings in the pioneerezortludedSpergulariasp. andSuaeda
maritima In the low marsh, the seedling diversity was bgjhwith nine taxa, while we
found seedlings from five taxa in the high marshe Thean overall species richness of the
seedlings was 3.3 = 0.9 in the low marsh and 24 1+in the high marsh. The overall
Shannon diversity in the low marsh was 0.79 = @2 in the high marsh it was 0.69 + 0.48.

Temporal patterns of seedling numbers

Overall, the mean seedling numbers increased eatiy April and afterwards declined in
the pioneer zone and high marsh. The low marsh sti@second peak, where the highest
seedling numbers were observed in May (Fig. 4.&jwBen April and June, the seedling
numbers showed fluctuations in all zones. The hagkeedling numbers were reached in
early April in the pioneer zone and high marsh lfldnd 4th, respectively) and early May
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(2nd) in the low marsh. At these dates, we countémtal of 1440 seedlings in the pioneer
zone, 219 seedlings in the low marsh and 48 segdimthe high marsh.

Table 4.1: Number of seedlings from the identified taxa @& tbw marsh and the high

marsh.

Taxor total Low marst High mars!| Life history strategy
Artemisia maritim. 4 4 0 perennie
Atriplexsp 18 0 18 annua
Elymus atherict 4 0 4 perennig
Glaux maritims 1 1 0 perennie
Halimione portulacoide 18 13 6 perennig
Puccinellia maritimi 1 1 0 perennig
Salicornia europaea ag 146* 138* 8 annua
Spergulariasp 54 38 16 annual/perenni
Suaeda maritir 1C 10 0 annua
Triglochin maritime 3 3 0 perennig
Unknowr 3C 9 21

Total 29C 217 73

* Excluding seedlings from three additional cohoftS ceuropaea aggn the low marsh, which were followed
only as total number per observation and not maikeigidually (see methods).

At these peaks, there was no significant differdretereen temperature treatments in any of
the zones. The effect of zone on seedling numbesrsigmificant both 1 week after warming
capacity was fully reached and at the peak of ggetation period. However, there was no
difference in seedling numbers between temperatteatments at these dates. The
interaction was also not significant for both dafEsble 4.2, Fig. 4.1). Although there were
no significant warming effects on seedling numbetha tested times (Table 4.2), we did
observe some trends (Fig. 4.1). In the pioneer ,zorean seedling numbers were slightly
higher in both warming treatments than in the amtieeatment in early spring (March to
mid-April), whereas afterwards only the + 3 treattneontinued to have higher mean
seedling numbers compared to ambient plots. Itothenarsh (Fig. 4.1), the ambient and +
3 treatment mean seedling numbers increased aneaged with a steeper slope, while the
+ 1.5 numbers remained lower and stayed stable &g April until June. The high marsh
seedling numbers showed a similar development inegitments until the first peak in early
April (4th). Afterwards, the seedling numbers sthigher in the ambient treatment, while
seedling numbers steadily decreased in the + 3ntezd. From July on, the seedling
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numbers in the high marsh stayed constant untiétiteof the study period (Fig. 4.1). There
was a mass die-off in late April in the pioneergowhile the numbers increased in the low
marsh and stayed constant in the high marsh. Alfir die-off, mean seedling numbers
stayed constant in the pioneer zone in all tempegdteatments, but from the end of May
on seedling numbers declined steadily until the@rte study. Mean seedling numbers in
the low marsh declined steadily from early May anilumid of July and afterwards stayed

constant. Until the end of July, there were modaviduals in the low marsh than in the high

marsh. Afterwards, the seedling numbers in therttawsh were as low as in the high marsh
(Fig. 4.1).

a) Pioneer zone b) Low marsh c) High marsh
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Fig. 4.1: Mean number of seedlings per temperature treat(nen) over the course of the
vegetation period 2019. Seedling numbers are displéor @) pioneer zone ) low marsh
and €) high marsh. Temperature treatment levels are@mbemperature, +1.5 °C and +3.0
°C. Dash-dotted lines display dates at which GLMraall zones were calculated (one week
after warming capacity was fully reached and atpbak of the vegetation period), dotted
lines display dates where single GLMs were condlftdie maximum seedling numbers per
zone. Note that the y-axis scales differ. For befigualization, error bars are not displayed.
Barplots with error bars of the analysed datesedaiound in the Supplementary Information
of the online version of this article (Supplementinformation Figs. S4.1-S4.3).
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Table 4.2: Model variables and results of all GLMs and twop#dNOVAS.

Treatment Zone Zone:treatment

Distribution LRit=2 p LRy=2 p LRy=4 p
Maximum no. of seedlings Negative binomial 1.4 n.s. 52.5 <0.0001 3.2 ns.
Survived seedlings Quasi-binomial -5.3 n.s. 3.5 s. n. -8 n.s.
Seedling no. at warming at full capacity Negativgomial 0.1 n.s. 48.2 <0.0001 5.3 n.s.
Seedling no. at peak of vegetation season Neghaitnamial 0.5 n.s. 42.1 <0.0001 4.7 n.s.
Seedling no. at peak total no. piorfeer Negative binomial 0.7 n.s. - - - -
Seedling no. at peak 1 total no. EM Negative binomial 2.2 n.s. - - - -
Seedling no. at peak 2 total no. LM Negative binomial 2.6 n.s. - - - -
Seedling no. at peak total no. HM Quasi-Poisson 0.1 n.s. - - - -

LRat=2 LRagt=1 LRgt=2

Overall species richness COMpoisson 0.02 n.s. 38 s.n 0.007 n.s.
Species richness at warming at full capacity = COldpan 0.1 n.s. 0.05 n.s. 0.06 n.s.
Species richness peak of vegetation season Poisson 0.08 n.s. 3.3 n.s. 1.7 ns.
Species richness peak 1 total no.1LM COMpoisson 4.1 n.s. - - - -
Species richness peak 2 total no. LM COMpoisson 7.8 0.001 - - - -
Species richness peak total no. HM Poisson 15 ns. - - - -

Shannon diversity peak total no. HM non-parametric 2.6 n.s. - - - -




Fat=2 Fat=1 Far=2

Overall Shannon diversity Gaussian 1.2 n.s. 0.4 . n.s 0.4 n.s.
Shannon diversity at warming at full capacity Gaarss 46 0.03 2.6 n.s. 0.1 n.s.
Shannon diversity peak of vegetation season  Gaussia 0.02 n.s. 0.05 n.s. 0.3 ns.
Shannon diversity peak 1 total no. EM Gaussian 2.8 n.s. - - - -
Shannon diversity peak 2 total no. [M Gaussian 6.2 0.003 - - - -

The levels of zone are pioneer, low marsh, and higrsh. The temperature treatments are ambienetatope, +1.5 °C and +3.0 °C. LR are likelihood
ratio tests (Chi-square distribution) to estimagmiéicance of each factor included in the modedri@sponding p values are given for significantonie
(p < 0.05), n.s. stands for not significant. Iatgion between factors is indicated by “:". Theafimodels included factors with significant infleenbased
on backwards selection via LR and F tests.

*Maximum seedling number of each single plot over éntire course of the experiment.

tHighest number of seedlings in total per zone.

fFirst peak in the low marsh.

SA comparison with a Kruskal-Wallis log-rank testsieplemented.



Species richness and Shannon diversity

The pooled species richness and Shannon diveifsétly seedlings emerging during the study
period was neither significantly different betweka temperature treatments nor the zones and
there was no interaction of the variables (Tab® 8upporting Information Fig. S4.4). There
was a significant effect of warming on the Shandersity soon after warming was at full
capacity (Table 4.2, Supporting Information Fig.534However, post-hoc paired comparisons
revealed that the Shannon diversity of the amlireatment and the + 3 treatment of the pooled
seedlings from the low marsh and high marsh diddifégr significantly (0.05), and the + 1.5
treatment and the + 3 treatment just were sigmflgadifferent close to non-significance
(0.047). There was a significant influence of wargnon the Shannon diversity and species
richness (Table 4.2, Supporting Information Fig.634n the low marsh at the second peak of
the total seedling number. At the other dates thweas no significant influence of the
temperature treatments on Shannon diversity orispe@chness in both zones (Table 4.2,

Supporting Information Figs. S4.7, S4.8).
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Maximum seedling numbers

The temperature treatments had no significant effect on maximum seedling numbers per plot
and there was no interaction of temperature treatment and zone (Fig. 4.2a, Table 4.2). Maximum
seedling numbers differed significantly between marsh zones (Fig. 4.2b, Table 4.2). The highest
numbers occurred in the pioneer zone, with an average of 171 £ 30 individuals per subplot. The
maximum numbers of seedlings in the low marsh were on average 28 + 7 individuals per

subplot. The lowest numbers of seedlings occurred in the high marsh, with 6 + 1 individuals.
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Fig. 4.3: Kaplan-Meier survival curves of pooled seedlings with estimates of 95 % confidence
intervals for (a) temperature treatments and (b) salt marsh zones. A survival probability of 1 is
equivalent to 100 %. The median survival time (corresponding to 0.5 survival probability) and
confidence intervals are indicated by solid and dashed lines, respectively. Crosses indicate
censored individuals. Note that lifespan and not continuous time is plotted on the x-axis.
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Influence of warming on survival

In all temperature treatments, survival probaleditdecreased with increasing lifespan. In the
ambient treatment plots, the median survival tings \® weeks. Warming decreased median
survival of pooled seedlings to 7 and 8 weeks éitli.5 and + 3 treatment, respectively (Fig.
4.3a). However, these differences were non-sigmifi@ccording to the log-rank test (Ehi
0.6;p=0.7).

Survival in marsh zones

The median lifespan of seedlings did not diffengigantly (Ch?=0.7; p = 0.4) between marsh
zones. The median survival time of individualshia tow marsh (9 weeks) was 3 weeks longer
than in the high marsh (6 weeks; Fig. 4.3b). After a survival time of 15 weeks, the suaVi
probability was slightly higher in the high mardman in the low marsh. However, the

confidence intervals (Cl) overlap and the diffebetween zones was not significant.

Species-specific differences in survival

The log-rank test of the median survival times (rmedifespan) was significant for the four
analyzed taxa (Chi 16.9; p = 0.0008; Fig. 4.4a). Post-hoc pairwise comparisons resulted in a
significant difference between the survival cureésl. portulacoidesandS. europaeagg. (p

= 0.0013) andH. portulacoidesand Spergulariasp. (p = 0.0006). The other curves did not
significantly differ from each otheH. portulacoidesad the longest median survival time with
15 weeks. It had also the highest final survivalgaibility with 31% of the seedlings reaching
an age of 28 weeks. Although the median survivaétof Atriplex sp. was the lowest of all
species (5.5 weeksAtriplex sp. seedlings also had a 22% chance of survivihgeéeks. Of
theS. europaeagg. seedlings, the chance of surviving 28 weeds 5% and median lifespan
was 9 weeks. The survival curve §pergulariasp. seedlings showed a median survival time
of 6.5 weeksSpergulariasp. seedlings had a shorter total lifespan of 28ks compared to
the other species, meaning after 23 weeks thevalmiobability was 0 (Fig. 4.4a).

Influence of warming on survival 8f europaea

ForS. europaeagg. seedlings, the temperature treatment effasinat significant either (Chi

= 2.6; p = 0.3). But a trend toward shorter median survival times of seedlings in warming
treatments was also detectable (Fig. 4.4b). In antltreatments, median lifespan was 3 weeks
longer than in + 3 treatments and 4 weeks longan th + 1.5 treatments. However, the total

survival probability (lifespan) was lower in ambidreatments. After a lifespan of 18 weeks,
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the survival probability became 0, while in warming treatments the survival probability stayed
slightly above 0 for the + 1.5 treatment and for the + 3 treatment the survival probability became

0 after a lifespan of 24 weeks.

Q

Taxon/Species === Atriplex sp. H. portulacoides ==f== S.europaea agg. === Spergularia sp.

—
o
(@)

e
\‘
o

e
)
S

Survival probability

=
N
o

=
o
S

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

(o2

Treatment ==j= ambient +1.5 wjum 43

—
o
o

o
N
)

=
o
=

Survival probability
3

=
o
S

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Lifespan (weeks)

Fig. 4.4: Kaplan-Meier survival curves with estimates of 95 % confidence intervals (CI) for (a)
four taxa with n > 15. Atriplex sp.: n = 18; Halimione portulacoides: n = 19; Salicornia
europaea agg.: n = 146 and Spergularia sp.: n = 54 and for (b) Salicornia europaea agg. (n =
146) grouped by temperature treatments in the low and high marsh. A survival probability of 1
is equivalent to 100 %. The median survival time (corresponding to 0.5 survival probability)
and confidence intervals are indicated by solid and dashed lines, respectively. Due to low
number of events, there are no upper limits for the CI of Atriplex sp. and H. portulacoides.
Crosses indicate censored individuals. Note that lifespan and not continuous time is plotted on
the x-axis.
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Proportion of surviving seedlings

The proportion of seedlings, which survived untié tend of the observation period, did not
significantly differ between temperature treatmemtd zones (Fig. 4.5, Table 4.2). The median
proportion of surviving seedlings of the three tengpure treatments was 8.3%, 15.3%, and
3.1% for ambient, + 1.5 and + 3, respectively (Bi§a). In the pioneer zone, a median of 6.3%
survived, in the low marsh 3.7% and in the highsh&5% per subplot (Fig. 4.5b).
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Discussion

Influence of warming on seedling numbers, emergeaticersity, and survival

Our first hypothesis, that warming will have a zapecific influence on seedling number, was
not supported, as we saw no effects of warming emdling number, nor any interactions
between warming and salt marsh zone. The specgstature optima might be within a range
and therefore the applied warming of up to + 3.@&@&s not affect germination of the studied
salt marsh species directly. However, there aragen the pioneer zone, which suggest that
warmer temperatures may lead to increased seedhmgrgence (Ungar 1977) soon after
warming was at full capacity on March 22nd. Thisncaled with a neap tide period (around
March 28th) with less flooding and shorter flooditigrations during that week (Supporting
Information Figs. S4.9, S4.10). Therefore, anotpessible explanation would be a faster
growth and reaching of a tolerance threshold (valzéh et al. 2022) during the window of
opportunity with benigmphysical conditions (Hu et al. 2015; Cao et al. 2018) resulting in higher
survival probabilities during the spring tides arduApril 5th, which may also be reflected in
the higher counts of the next sampling date (Alitth). In the low marsh we saw high seedling
numbers oBalicornia europeagg., in two of the plots (ambient and + 3), whmost likely
caused by a high adult plant abundance from theiqure year (Supporting Information Fig.
S411; Ungar and Woodell 1993; Rand 2000). Additionally, seeds from the pioneer zone might
be transported there more easily (Wolters and Bakker 2002; Wolters et al. 2005), because of
the position and elevation of these two plots witthie experiment. Between the end of March
and the end of April, the precipitation was verwlat the study site [data from the German
Meteorological  Service, (DWD, https://opendata.dvedclimate_environment/CDC/
observations_germany/climate/monthly/kl/historigalast accessed 07 October 2022 for
Hattstedt, which is 15 km from the study site] dnere were no floodings in the high marsh.
Drought conditions may impact seedling establishimensalt marshes, depending on the
species (Kuhn andedler 1997; Noe and Zedler 2000; Uyeda et al. 2019). As increased
temperatures can lead to increased evapotrangpiyaeedlings in the high marsh warming
treatments mighiave suffered more from drought stress (Egan and Ungar 1999; van Regteren

et al. 2020) than those in the ambient treatmerfdaining the trend of a faster decline of mean
seedling numbers. As clonal propagation of perérspacies (Shumway afBkrtness 1992;
Nieva et al. 2001; Mateos-Naranjo et al. 2008) is considered as the morencomstrategy, this

might only have a minor influence on vegetation evoef perennial species such as the
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dominant grask. athericusHowever, annual species liRgriplex littoralis, Atriplex prostrata

andSpergularia marinacould become negatively affected with future waugni

Contrary to the expectation of our first hypothegtsat warming will reduce the lifespan of the
low and high marskeedlings - we found no significant differencesvaen thesurvival curves

of the temperature treatments in generainémgroves, seedling survival was not affected in a
warmingexperiment either (Coldren et al. 2016). Howeves,didobserve a (non-significant)
reduction of median lifespan pboled seedlings and &. europaeagg. seedlings in the
warming treatments, which may have been causeddrgased drought stress with warmer
temperatures. This might have shortened the timedow of opportunity) for seedlings to
establish as soil moisture levels may stronglyurice germination processes like germination
speed and seedling emergence in salt marshes (dagealler 2000, 2001). While most early
emergingS. europaeagg. seedlings died, we saw a few of those segdim the warming
treatments survive until the end of the study knwehich may be an indication that they used
the window of opportunity by reaching a toleranieeeshold toward drought conditions (van
Belzen et al. 2022). Nevertheless, the chance tabkshment was equal in all treatments,
therefore warming does not significantly alter diegd establishment with the applied
temperature treatments. However, the windows ofodppity for seedling emergence and
especially survival in the higher marsh zones mutange in the future due to exposiare
prolonged and/or more intense temperature increasewas found for seedlings exposed to
drought conditions idifferent habitats (de Dios et al. 2012; Davis et al. 2016; van Regteren et
al. 2020). The increase of species richness andr®hadiversity at the peak of the seedling
numbers in the low marsh and Shannon diversithenvteek after warming capacity was fully
reached, was contrary to our second hypothesis. Wias also contrary to the results for salt
marsh communities by Gedan and Bertness (2009)tHautsignificant positive effect of
warming on seedling Shannon diversity in our expernt needs to be interpreted with care,
since it could also be an artifact of seed abunelaaased by adult plant abundanceneplots
(Ungar and Woodell 1993; Rand 2000).

Zonation effects on seedlings

The decline in maximal seedling numbers from piorteelow marsh to high marsh zones
supports part of our third hypothesis. The gengtafiher seedling numbers in the pioneer zone
(mainly S. europaeagg.) compared to the other zones, are probalaltecketo a high individual

seed production, even at high population dendifieeries et al. 1981) and high seed numbers
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in the soil seed bank (Wolters and Bakker 2002).foved no significant difference between
the Shannon diversities and species richnesseséeteones, which did not confirm our
expectation. The absence of seedlings from otheciep in the pioneer zone lil@partina
anglica which makes half of the vegetation coverage, beagxplained by an only episodically
occurrence of seedling establishmentSofanglica(Hu et al. 2021). The large variation of
maximum seedling numbers within the pioneer zongrsbably caused by adult plant
abundance and therefore distataceed source (Ungar and Woodell 1993; Rand 2000; Wolters

et al. 2005). This assumption is supported by tsitpe linear relationship between abundance
of S. europaeagg. in 2018 and seedling numbers in 2019 (Sumgoariformation Fig. S4.11).
The die-off in the pioneer zone in late April/eafjay was probably caused by strong
sedimentation (van Regteren et al. 2020) corregpgnalith the spring tides around the 19th
of April. While flooding times and flooding duratis were similar for both the week before
and the week of the main die-off, there was a chandandwards winds in the week of the
main die-off. This may have increased wind wavessadiment deposition (see McManus and
Alizai 1987; Maynard et al. 2011), by increasing suspendedvsati concentrations (SSC) in
the flooding water due to resuspension on the ratglfWeir and McManus 1987) as well as
influenced current velocities and turbulence (Boushal. 2005). Sediment deposition and
increased turbulence increase the risk of seedtmbscome buried (van Regteren et al. 2020)
or dislodged due to scouring (Bouma et al. 2008 ass et al. 2012; Schoutens et al. 2021) and

bed erosion, which exceeds the critical erosioritdepseedlings (Hu et al. 2021).

There was no significant difference between theeriton of surviving seedlings between
marsh zones, which did not confirm the expectatdrour third hypothesis for seedling
survival. Seedling survival increased with highlewations within the pioneer zone (Cao et al.
2021), but we saw a nonsignificant trend of thepprdon of surviving individuals being greater
in the high marsh. In our study, this could indéctitatE. athericusalso provides shelter for
seedlings and alleviates stress, and not only aytetes them for space (Bertness and Leonard
1997) and light (Bakker et al. 1985; Bakker and de Vries 1992).

Species specific reactions of seedling survival

Median seedling lifespan differed significantly Wween some of the species, which partly
confirmed our fourth hypothesis. The low survivablpabilities of S. europaeaagg. and
Spergulariasp., were in line with our fourth hypothesis (asswg that most of th8pergularia
sp. seedlings were from the annual species). Wadatidxpect the high survival probability for

Atriplex sp., as both species in the study area are anrialgever, the recorde8alicornig
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SpergulariaandAtriplex species differ in their seed size (Sterk 1969; Ungar 1979; Bakker and

de Vries 1992). Species with small seeds producehrmore seeds than large-seeded species
(Henery and Westoby 2001), which gives them anainddvantage in seedling numbers.
Species with large seeds provide more food forsbedling and were found to have an
advantage to establish undetlosed canopy (Gross and Werner 1982; Goldberg and Werner
1983). Thus, the high survival probabilities Afriplex sp. individuals can probably be
attributedto their large (heavy) seeds (Bakker and de Vries 1992; Moles and Westoby 2004).
Therefore, the interspecific differences in seegbarvival might simply be differences due to
life-history traits (Davy and Smith 1985; Kaminsky et al. 2015).

Conclusions

This study provides first insights of germinationdaseedling survival patterns under
experimental warming along the elevation gradieret temperate salt marsh. The advantage of
this field experiment is the possibility to studyamming effects in combination with other
abiotic stressors like inundation and drought. 8eltsh seedling emergence and survival was
not significantly affected by a temperature incesakup to + 3 °C. However, due to the trends
we detected in warmed plots and the significaritierfce on Shannon diversity at some dates,
we conclude there may be future effects under asing) global temperatures in the high marsh.
We mainly expect an earlier onset of drought comt due to increased evapotranspiration
and rare floodings in the summer months, whereapittneer zone will probably be affected
in a different way. One possible scenario in thenper zone could be a faster growth of the
seedlings and therefore a shorter window of oppastdor establishment under warming may
be needed. Due to practical reasons, we were unftely not able to measure seedling size
and mark pioneer zone individuals. Additional sésdiwhich focus on the different abiotic and
biotic interactions of the distinct zones more #pEadly and include size measurements of
seedlings, are necessary to disentangle the zau#fispreactions of seedling establishment

under global warming.
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Supplementary Information:

1. Mean seedling numbers for specific time steps: péaleedling numbers per zone,
one week after full warming capacity was reachatiatrthe peak of the vegetation

period.
a) Pioneer zone April 11th b) Low marsh April 11th
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Fig. $4.1: Peak seedling numbers per zone a) pioneer zorewlnarsh at the first peak c)
low marsh at the second peak and d) high marshe®present 25 % and 75 % quartiles from
the median (thick line), whiskers represent maximam minimum values. Data points are
shown as circles. Mean values are shown as croBsfferent letters denote significant
differences from post-hoc pairwise comparisons €luKISD, p<0.05) for a), b), c) and d)
separately.
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a) Pioneer zone b) Low marsh c) High marsh
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Fig. S4.2: Seedling numbers one week after full warming capacity was reached (March 28™).
a) pioneer zone, b) low marsh and c) high marsh. Boxes represent 25 % and 75 % quartiles from
the median (thick line), whiskers represent maximum and minimum values. Data points are
shown as circles. Mean values are shown as crosses. Different letters denote significant
differences from post-hoc pairwise comparisons (Tukey HSD, p<0.05).

a) Pioneer zone b) Low marsh c) High marsh
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Fig. S4.3: Seedling numbers at the peak of the vegetation season (July 17%). a) pioneer zone,
b) low marsh) and high marsh. Boxes represent 25 % and 75 % quartiles from the median (thick
line), whiskers represent maximum and minimum values. Data points are shown as circles.
Mean values are shown as crosses. Different letters denote significant differences from post-
hoc pairwise comparisons (Tukey HSD, p<0.05).

2. Shannon diversity and species richness of seedlings in the low marsh and high marsh
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Fig. $4.4: Shannon diversity and species richness over @silpbag dates.
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Fig. $4.5: Shannon diversity and species richness one weekvairming capacity was
reached.
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Fig. $4.6: Shannon diversity and species richness at thendgoeak seedling no. in the low
marsh.
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Fig. $4.7: Shannon diversity and species richness at thepiiak seedling no. in the low
marsh.
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Fig. $4.8: Shannon diversity and species richness at the gmsking no. in the high marsh.

3. Flooding of the pioneer zone
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Fig. $4.9: Hours of flooding between two consecutive samplilages in the pioneer zone.
Hours are cumulative and displayed at the end efpériod. From June on the sampling
frequency was two weeks, therefore the number ofshof flood is higher.
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Fig. $4.10: Number of floods between two sampling times ingleeer zone. From June on
the sampling frequency was two weeks, thereforetimber of floods is higher.

4. Adult plant abundance and seedling numbers
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Fig. $4.11: Relationship ofSalicornia europaeagg. seedling numbers 2019 and adult plant
cover of the previous year (July 2018). For thenper zone maximum seedling numbers were
used, for the other zones total number of seedliAglsillt plant cover was recorded as
percentage of total cover of plants in the subseatf the subplot for seedling counts.
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5. Additional R packages used for statistical analyses

We used the additional packages car (Fox and Wgjsttd 9), DHARMa (Hartig 2021),

dplyr (Wickham et al. 2021), emmeans (Lenth 2088plot2 (Wickham 2016), ggpubr
(Kassambara 2020), lubridate (Grolemund and Wicktl), MASS (Venables and Ripley
2002), multcomp (Hothorn et al. 2008), multcompVi@raves et al. 2019), performance
(Lidecke et al. 2021), spaMM (Rousset and Ferdyp&Llrvival (Therneau 2021),
survminer (Kassambara et al. 2017), vcd (Meyet.&2096) and vegan (Oksanen et al. 2016).
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5

General discussion

The aim of this thesis was to examine how globahwag affects the performance of salt marsh

plants. This general discussion of the results ¢m®p three main sections. First, | will

summarize the key findings of each study includihgrt conclusions. Second, | will establish

connections between the key findings, discuss, symdhesize them to a comprehensive

overarching result. Third, | will close the syntisesvith implications of the results, the

identification of knowledge gaps for future resdr@nd the overall conclusion of this thesis.

5.1 Key findings

Root biomass dynamics under warming (Fig. 5.1; chapter 2)

1.

3.

In general, there was little effect of warming atat root biomass across years and
zones. This indicates that the soil stabilizatignrbots against erosion may not be
affected under future warming.

Root biomass in the high marsh shifted from theaugpil depth to the lower soil depth
in the warming treatments under the continuous gitbwconditions of 2019. This
indicates that the high marsh plants show belowtplqahenotypic plasticity in order to
access water in deeper soil layers and that tletioeato warming is strongly mediated
by soil moisture conditions, which in turn are nadd by precipitation and elevation.
The root biomass was zone-dependent. In the upgdetepth, root biomass was higher
in the pioneer zone and low marsh than in the hginsh. Contrastingly, in the lower
depth, the root biomass was highest in the low marbereas it was comparably low
in the pioneer zone and the high marsh. Theserdiftes of root biomass between
depths indicate that the rooting depth is also Bpexific and probably influenced by
soil factors (moisture, redox, nutrients, and sfjrand interspecific competition for

space.
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Fig. 5.1: How does warming alter belowground productivitydldr arrows indicate more
important effects. Direct effects are indicatedotgck arrows, mediating (indirect) effects
are displayed in yellowlhe effect of warming on soil moisture is stronghgdiated by
precipitation patterns and elevation (zone, flogdlimand less strongly mediated by season.
The elevation is a proxy for flooding frequency atgration, species composition, and
gradually changing soil factors (nutrients, redotential, and salinity). The species
composition and soil factors have a direct inflleena root biomass and are mediated by
warming. The effect of soil moisture availabilitgddmes more important with increasing
elevation. The influence of soil depth is very sg@and mediated by soil moisture and by
elevation (species and redox) as it differs betwamres. The coastal protection function
may not change due to warming.
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Response of ecophysiological traits of plants to warming (Fig. 5.2; chapter 3)

1. Warming had significant effects on ecophysiologialts of salt marsh plants in all
zones. However, the responses of traits showerhimteal variations and were species-
specific. In general, WUE of salt marsh species wase affected by temperature
treatment than SLA. This indicates that the respdnsincreasing temperatures may
lead to shifts in species composition, dependinghenplasticity and adaptability of
single species within the community.

2. Generally, the low marsh specids. (portulacoide¥ and the high marsh specids. (
athericug showed drought responses under warming. Both isecetheir WUE under
experimental warming in all years, as indicatedrizyeasingd'*C values, which was
often mediated by seasonal effects. The pioneee apecies§. anglica showed a
general decrease 8FC under experimental warming. Thus, the soil wateilability
seems to play an important role for the directiod etensity of the warming effect.

3. Inthe low marsh, the within-zone elevational geadliwas an important factor for plant
responses, a®. maritima showed a decreasing WUE with increasing elevation.
Furthermore, the SLA dii. portulacoideshanged along the elevational gradient in two
years. This indicates that warming is not the ns&iessor for some marsh species, but
rather soil properties connected with elevationdifidnally, these species show a high
phenotypic plasticity, as they adapted their ecspggical traits according to the
environmental stressors.

4. Both WUE and SLA were strongly affected by seasohahges. Season was a mediator
of warming effects, but irrespective of warmingge tecophysiological traits were
affected by seasonal changes and climatic facsowgel. Therefore, the influence of up
to +3 °C warming on physiological and metabolicqasses during life cycle stages

seems to be only marginal when compared to thetatiap to seasonal influence.
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Fig. 5.2: Does warming lead to drought responses of ecoploggcal traits as indicated by
WUE and SLA? Bolder arrows indicate more imporilifécts. Direct effects are indicated
by black arrows, mediating (indirect) effects anspthyed in yellow. Soil moisture
availability has a strong influence on ecophysialagdrought responses. The elevation has
an important effect on soil moisture availabilityda mediates the direction of the
ecophysiological response of plant traits to wagnim different salt marsh zones. The
elevation is a proxy for flooding frequency andation, species composition, and gradually
changing soil factors (nutrients, redox potengalinity). As different species show different
reactions, there is also a direct influence of aiewm on responses of ecophysiological traits.
The seasonal effect on the influence of warminglse a strong mediator on soil moisture
availability. Season mediates both, the generahghdetween seasons across zones, and
the influence of elevation on the warming effectsoil moisture availability. The seasonal
change of temperature also mediates the direatteffavarming on ecophysiological traits.
Phenological processes affect ecophysiologicabtadisalt marsh species and are mediated
by warming. Warming may alter interspecific competi, due to differing responses
between species.
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Seedling survival and recruitment under warming (Fig. 5.3; chapter 4)

1. Seedling emergence slightly increased under warnmrtge pioneer zone. In the
high marsh, the decrease after peak seedling enmrgeas slightly faster due to
warming. This indicates that warming has differempacts on seedlings depending
on the zone.

2. The seedling Shannon diversity and species richmasssignificantly higher under
warming at peak seedling numbers in the low markis may either be a result of
increasing abiotic stress (drought) leading to@etese in interspecific competition,
or it may be an artifact of the seed abundanckarmptots.

3. The percentage of recruited seedlings did not ohahg to temperature treatment
and seedling survival was not significantly affelchy experimental warming. There
were trends which showed a decreased median sbupmlability under warming
by one to two weeks under +3 °C and +1.5 °C, respdy. Therefore, warming may
lead to a decrease in seedling survival due tmarease in drought conditions at
higher elevations under increasing temperatures.

4. The survival probability was significantly affectég plant species irrespective of
warming, and seedling numbers differed significariietween zones. Thus, the
influence of changing soil conditions along thevatenal gradient may be of great
importance for seedling establishment. Howevergrspecific differences in

recruitment may mainly arise due to differencebf@history traits.

111



Warming

Seaso

l— Elevatior Precipitation

\ 4
Life . .
history Soil moisture

traits availability

v |

Seedling recruitment

» (emergence, diversity and survival)

l

Altered competition, loss of
species

Fig. 5.3: How is seedling recruitment affected by warming®d@r arrows indicate more
important effects. Direct effects are indicatedhdbgck arrows, mediating (indirect) effects
are displayed in yellow. The elevation is a proxyffooding frequency and duration, species
composition, seed availability, and gradually chaggsoil factors (nutrients, redox
potential, salinity). The seedling emergence (nusibis highly dependent on life history
traits which are different between zones (elevafiand which also affect survival
probability. Flooding frequency (elevation) and gp&ation mediate the influence of
warming on soil moisture conditions. Season hasdiating effect on the warming effect
on soil moisture, indicated by a change in spede&sness and Shannon diversity of
seedlings in early development and at peak vegeatagason which may indicate shift in
species competition. The direct effect of seasom idecreasing number of emerging
seedlings with increasing time. Warming may altanpetition and lead to a loss of annual
species mainly in the higher marsh zones.
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5.2 The impact of warming on the performance dfsarsh plants

Plants are a key element of the salt marsh ecamy3Jtee performance of the plant affects
vegetation performance, which determines how tlesystem functions and which services
it will provide. In this thesis, the influence ofawning on plant response concerning the
aspects of belowground biomass production, ecoplogical (drought) traits, and seedling
recruitment was studied. These three aspects at pkrformance show differences and
similarities in their reaction to warming. In geakithe influence of warming was strongest
on ecophysiological traits of the salt marsh plaimgontrast, both seedling recruitment and
root biomass were almost unaffected by warming. élex; the effect of warming became
more important when it affected or interacted wsihl water availability. In general,
warming may decrease soil moisture availabilitygfd et al. 2001) by directly increasing
evapotranspiration (Wang et al. 2022), and by asirg the water demand of plants due to
increased transpiration rates (Gates 1968). Thiirdot effect of warming on plant
performance via soil water availability is one imjamt factor which | will elaborate on. |
will discuss it with respect to differences betwesatt marsh zones, species, and seasons.
Furthermore, | will elaborate on why warming indeg@ent factors may have had a greater

influence on salt marsh plant performance in soases.

Plant performance differs between salt marsh zdoego changing soil moisture conditions

mediated by warming

Based on the differences in inundation frequenay @uration between Wadden Sea salt
marsh zones, the influence of warming on soil nmoégstonditions is mediated by elevation.
Although | did not measure soil moisture in my thes assume that there is a decreasing
soil water content with increasing elevation in g@h After an intensive literature review
on ‘soil water content’ and ‘soil moisture’ in safiarshes, | did not find any studies which
have explicitly measured soil water content or smisture along an elevational gradient in
NW European salt marshes in-situ. However, Bakkexl.e(1985) measured the moisture
content of soils along a dune to salt marsh gradigithe weight loss of soil samples at 105
°C after 24 h and found a clear increasing moistaetent gradient from dunes to low
marsh. Suchrow and Jensen (2010) showed thatékeatelinal gradient of salt marshes in
the North Sea is strongly associated with moistureheir study, moisture was indirectly
quantified for 2,691 plots by using the unweighteelin of Ellenberg’s indicator values for
moisture (Ellenberg et al. 1992) as a surrogatgdoil) moisture per plot (Suchrow and

Jensen 2010). Therefore, my assumption is basetl) dhe direct correlation between
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elevation and flooding frequency, which is alsofeomed by the species composition within
each zone (Bockelmann et al. 2002; Silvestri et al. 2005; Suchrow and Jensen 2010), and the
correlation between species composition and masawailability (Suchrow and Jensen
2010). The species composition can be used as fooxpil moisture because the species
growing in each zone have different flooding totexes (Yando et al. 2023). 2) | personally
observed that the topsoil became increasingly dringd the year with increasing elevation.

We found a drought response of species in higheragtd marsh zones. The increased
drought response was especially detectable indsgonse of ecophysiological traits and
root biomass distribution in the high marsh. Thghhmarsh planElymus athericushowed
drought responses by an increased WUE due to wgrmiall years (chapter 3). | would
assume that this response enalifesathericus(in most circumstances) to cope with
warming-induced decreases in soil water availgbiiithout any negative effect, as there
was no general increase in root biomass due to imgrm the high marsh. However,
warming paired with severe drought conditions, asolvserved in the high marsh in 2019
(chapter 2), also lead to a shift in rooting defthis was evident by a decrease of root
biomass in the upper depth, with a simultaneougase of root biomass in the lower depth.
Therefore, an increase in WUE and deeper rootingeéeh water in deeper soil layers
underline the high potential &lymus athericuso cope with (warming-induced) drought
conditions and indicate a high phenotypic plastidithas been shown before thaymus
athericusis highly susceptible to hydrological changes, #rat there are two genotypes
(low marsh- and high marsh genotype) adapted ferdiiit flooding conditions (Mueller et
al. 2021; Reents et al. 2021). Furthermore, the impact of flooding on biomass responses
differs between the genotypes: while both showralar reduction in belowground biomass
with increased flooding frequency, the decreasabimveground biomass of the high marsh
genotype is greater (Reents et al. 2021). Ourteshbw that low flooding frequency also
impactsElymus athericusHowever, in case of drought conditions, root assidoes not
increase in general (as we may expect), but dbiftsver soil depths. Additionally, the end-
of-season aboveground biomass in the high marsivesth@an increasing trend under
warming in 2019 (Appendix, Fig. 5.1), which may icate that warming stimulated high
marsh aboveground productivity even under droughtlitions. This result confirms Reents
et al. (2022), who reported th&ilymus athericusndividuals were slightly taller after

applying a drought treatment, suggesting an ineitaboveground biomass.
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In the low marsh, we also observed warming-induesgonses of plant performance. WUE
of H. portulacoidesgenerally increased under warming (chapter 3),clwhwas more
pronounced in summer. Interestingly, in summer 2020E decreased in this species due
to warming. That summer had high precipitation ame{Appendixchapter 3; Fig. S3.6),
and the low marsh was flooded for a longer duratthuring the weeks before the
measurements (Appendix, Fig. S5.2). Thereforeyésponse of ecophysiological traits of
salt marsh plants to warming seems highly depenalersoil water availability (Fig. 5.2).
Gedan and Bertness (2009) studied the effect ofmma on WUE viad'*C of two forb
panne species in an open-top chambers experimemtNew England salt marsh. Both
species showed a decreas®dC under warming (Gedan and Bertness 2009), which
indicates a decreased WUE (Farquhar et al. 19829)1%s the forb panne habitat is
consistently waterlogged, there is no water linotathence they explained their results by
a less efficient water use (where WUE decreases)tduncreasing transpiration under
warming (Gedan and Bertness 2009). Our resultsifgrortulacoidesupport this finding,

as warming paired with potentially high soil wademilability led to a decrease in WUE.

In contrast to the high marsh, we found a sligltrease of root biomass in both depths of
the low marsh in 2019, but it was more pronouncedhe lower depth. As low marsh
flooding occurred occasionally during the vegetatiperiod, plants may not have
experienced drought stress to the same extent. rikeless, rooting depth may have
changed due to warming-induced changesii properties (Charles and Dukes 2009; Noyce
etal. 2019; Tang et al. 2023). Interestingly, this trend diminished in the following years. One
explanation could be gradual acclimation of thgseces to warming (Quan et al. 2020).
Another possibility may be, that climatic differ&sc (e.g. precipitation, ambient
temperature) between years could have affectedngpdepth, as seen in the high marsh.
Since we did not distinguish between species, ittag also be an indication of a shift in
rooting depth by one species, followed by the oatiop of this soil depth by another.
Therefore, warming may lead to alterations of bgimund interspecific competition for

space.

In the pioneer zone, we found responses of plafbimeance as well. There was a trend of
increased root biomass under warming in all stuelyry in the upper depth (7-9 cm) and
313C of S. anglicagenerally decreased with warming. This may berjméted as a direct
result of higher transpiration in warmed plotsdieg to reduced WUE under waterlogging
(Gedan and Bertness 2009). However, translafif@into WUE of C4 plants lik§. anglica
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is not as straightforward as with C3 plants (vore@merer et al. 2014), because the
discrimination of PEPC is much smaller as from Rabi (Farquhaet al. 1989; von
Caemmerer et al. 2014). Furthermore, the biochdntomposition and allocation of
compounds is thought to be of higher importanceHterisotopic signature of C4 plants, as
the different organic compounds show differentapat enrichments or depletions compared
to bulk leaf signature (von Caemmerer et al. 20IAgrefore, and in contrast to the results
of the high- and low marsh, the responses in thegar zone may not be affected by low
soil water availability, but may indicate a dece@$ waterlogging stress under warming
(Gedan and Bertness 2009), or may also be affégtsttess related to other soil factors like
salinity or nutrient availability (Bowman et al. 1989; Farquhar et al. 1989; von Caemmerer

et al. 2014; Tang et al. 2023; Noyce et al. 2019).

The overall lack of significant changes in root roass due to warming across zones,
seasons, and years was unexpected (chapter 2pdSsible explanation for this unexpected
result is that the response might be non-linearkafming experiment on the US Atlantic
coast, which also warms the soil (Noyce et al. 2019; Smith et al. 2022), showed that root
biomass response to warming was non-linear and eth@imilar values between ambient
temperatures and +3.4 °C warming (Noyce et al. POH®wever, in an intermediate
treatment (+1.7 °C), there was an increase int@shoot ratio. Since we did not measure
the intermediate treatment response in our expatifiel.5 °C) for root biomass, we may
have missed the identification of similar effed#oyce et al. (2019) also reported that
between +1.7 and +3.4 °C warming increases N mlimati®n, providing the plants with
sufficient N supply to shift their biomass allocatiaboveground. The aboveground biomass
data of the low marsh (Appendix, Fig. S5.1) indésagimilar biomass values in ambient +3
°C treatments, but in the +1.5 °C treatment, tlwemiaiss is lower. Which may indicate an
increased belowground biomass allocation under ¥T,5as in the study of Noyce et al.
(2019). However, these results remain to be Stzlt tested. Furthermore, it is important
to consider that the salt marshes of the US Atardiast and the Wadden Sea are different
in terms of soil conditions. The soils at the U$aAtic coast contain more organic carbon
and are wetter (Niering 1997; Yando et al 2023), which may lead to differences in N
mineralization alterations due to warming. HoweWee, study of Tang et al. (2023) suggests
that the organic matter decomposition rate incrtakee to warming in Wadden Sea salt

marshes, which may also indicate an increased Nnalization.
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To synthesize the findings regarding root biomamss ecophysiologal traits with respect to
zone-warming interactions, salt marsh plants ofttigher marsh zones seem to cope with
the effect of warming on decreasing soil water labdlity by first adjusting their WUE, and
then only showing other responses like increadwegrooting depth under serious drought
conditions. The main influence of warming in themeer zone was a decreasg&fiC, which
either indicates a decreasing WUE under warming &aterlogged soils (Gedan and
Bertness 2009), or it may be an implication forhargye in biochemical composition of
leaves (von Caemmerer et al. 2014) as a directioeatm warming or induced by other

stressors like salinity.
Zone-specific plant performance

In general, and irrespective of warming, we foumifecences between salt marsh zones
which most likely originate from both abiotic cotidns and biotic interactions. The root
biomass, for example, was mainly affected by saltsim zone and did not significantly
change under warming conditions, except in comhmnavith drought (see above). Seedling

emergence was also strongly affected by salt nwosh (chapter 4).

Root biomass pooled over depths was highest ifothenarsh compared to pioneer zone or
high marsh, which is in line with (Redelstein et 2018a), who found a higher fine root
biomass in the low marsh than in both pioneer zme high marsh. In the upper depth,
however, root biomass was similar between pionesrezand low marsh. A higher
belowground biomass in the upper soil depth maiyrip®rtant for the pioneer zone species
to ensure safe anchorage in the soil and to ah@dgéermanent stress of anoxia in deeper
layers. In the low marsh, species show belowgrapate partitioning, as indicated by a
higher root biomass in the lower depth. This canrberpreted as both competitive and
facilitative behavior because the partitioning mdice leads to the use of more resources (also
known as the complementary effect) and is regaegedne major mechanism of positive
biodiversity-ecosystem functioning relations (Laread Hector 2001). In the high marsh,
roots are mainly limited to the topsoil, which pabity helps to efficiently use water supplied
by precipitation or occasional flooding, but undesught conditions, they can shift to deeper
soil layers to reach for water (chapter 2). Thefthe differences between salt marsh root
biomass are highly affected by the different adamta to soil (moisture) conditions of the

species within each zone (Bouma et al. 2001; Redelstein et al. 2018a).
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Differences in seedling emergence are mainly adtetty differences in life history traits
between zones and the dominant species (Davy aitth $885). In the pioneer zone, 95 %
of seedlings originated frolalicornia europaeagg, which is an annual and thus needs to
complete its life cycle within one vegetation pekidhe dispersal strategy 8f europaea
agg. is to produce many small seeds (Jefferiek &081), which was reflected in the high
emergence, and maximum seedling numbers we fouttieipioneer zone (chapter 4). In
the low marsh, we found seedlings originated froffieicbnt species, but maximum seedling
numbers were much lower than in the pioneer zomeee Hompetition for space and light
(Bakker et al 1985; Bakker and de Vries 1992) might prevent higher seedling emergence. In
the high marsh, we only found the lowest seedlmgrgence in general, but the percentage
of seedlings that survived was highe2§2) than in the other zones (low marsh 3.7 %;
pioneer zone 6.3 %; not significant). The dominant speciel. athericuss a clonal perennial
with pronounced vegetative growth (Bockelmann amdiidus 1999). By this life-history
and the associated lower dependence on regenebgtgaed germination, the species avoids
drought conditions in the seedling stage. The reaierging and surviving seedlings in the
high marsh were oAtriplex sp., which produce large heavy seeds (Bakker andride
1992; Moles and Westoby 2004) that are advantageous for seedling survival by providing
more resources and increase survival probabiligeurtlosed canopy (Gross and Werner
1982; Goldberg and Werner 1983).

Seasonal impacts of warming effects on plant peréorce

Temperature thresholds are important for all pHggical and metabolic processes,
especially for species growing in temperate regions (Baskin and Baskin 1988; Korner 2006).
Here, seasonal temperature variations determiniaitiegion or inhibition of processes like
germination, growth, and senescence. An increagseniperature in spring or autumn may
change the length of the vegetation period, antebyephenology. This may have major
influences on the performance of plants, as it afégct reproduction and survival. Reents
(2022) found a prolonged vegetation period in tHERWT experiment under warming by
using NDVI sensors. This was most pronounced irhtgke marsh, but also an earlier green
up in the pioneer zone was detected (Reents 2022hapter 4 of my thesis, we also
observed a steeper increase in seedling numbees watming in spring, as soon as the
treatments were at full capacity. Unfortunatelye tiitial seedling emergence was not
observed under warming treatments due to techdiffeulties. | assume that the effect we
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detected would be much more pronounced if warmatydtarted earlier in 2019. It has been
shown before that germination of salt marsh spasiésghly temperature dependent, and
that there are species which thrbetter under warming (Ungar 1977; Egan and Ungar 1999;
Martin 2017). However, an earlier germination magrease the risk of pioneer zone
seedlings to experience storms and extreme flogahgch occur in early spring, and thus
could alter recruitment success. Overall, with wagnstarting after initiation of
germination, the survival of seedlings was not iicemtly affected by warming in both the
low marsh and the high marsh (chapter 4). We fausidght reduction in survival probability
under warming, but general seedling survival was In all treatments, and seedling
numbers peaked between April and May. This imptlest soil water availability is an
important factor for seedling survival, as the sadre not yet desiccated in spring.
Germination and seedling establishment of salt mapgcies depend on soil moisture and
salinity conditions in the topsoil (Shumway and Bertness 1992; Noe and Zedler 2000). In
contrast to mature plants, salt marsh seedlingbatly cannot cope with the general
increasing topsoil desiccation over the cours@@fseason irrespective of warming, because

of their shallow root systems.

Contrary to seedlings, mature salt marsh plantsc{gep-dependent) seem to change their
performance in response to the interacting efféod water availability and warming,
depending on the season. The interacting effeseaton and temperature treatment was
most pronounced in the response of ecophysiologia# of salt marsh plants (chapter 3).
Especially the plants of the higher marsh zordgnjus athericu@ndH. portulacoide}
showed seasonal variations regarding the influeficgarming on their ecophysiological
traits. But we also found a seasonal effect of vilagnon root biomass production under dry
conditions iN2019 (chapter 2; Appendix chapter 2, Figs. S2.2, S2.4). In the mglrsh, we
found root biomass in the warming treatments diddezrease in spring, but decreased in
summer and autumn in the upper depth in 2019. Tp®gte pattern was visible in the
pioneer zone. While in spring, the root biomasshi@ upper depth was comparable to
ambient treatments, in summer and autumn, it ise@an the warming treatments in the
pioneer zone. | already discussed the influenceoot in this matter, but this also shows
the clear interacting effect of zone and seasoroohbiomass in the upper depth in 2019
(chapter 2). And even though not statistically gigant, it seems that warming also slightly
interacted with the seasonal effects in differemmes. | assume this contrasting effect of
warming in these two zones is not strong in spnvigen all zones have been flooded more

regularly. However, in summer the soils desiccatden warming, which for the pioneer
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zone may lead to less anoxic conditions and hendecaease in root biomass. | speculate
that warming minimizes the trade-off between ragtilepth and soil anoxia in the pioneer
zone. Continuous warming may lead to drought caombtin the high marsh, where the

plants shift their rooting depth to deeper soilel@y Therefore, | want to emphasize that
seasonal and climatic factors are also strong rteadiaf the soil water availability and thus

of the warming response of salt marsh plants (Fdsand 5.2).

To synthesize, the results of my thesis suggestliesadaptation to seasonality is stronger
than the influence of +1.5 °C and +3.0 °C warmiMghile warming leads to plastic
responses in salt marsh plants by increasing WUdEalaring SLA in some species, general
patterns of salt marsh plant performance were maffttcted by phenology. In general, root
biomass was lower in spring and autumn and incceasesummer. SLA was strongly
affected by season, with generally higher SLA inirgpand a decrease in summer and
autumn, and warming did not change this generattr&herefore, plant performance was
less affected by warming than expected. Howeveih whe expected increase of both
temperatures and extreme weather events (IPCC 2023)erformance of salt marsh plants
may change, as was indicated by an interactingteffewarming and drought conditions
(chapters 2 and 3).

Salinity effects with respect to warming

Salinity of salt marsh soils is one important factehich | did not discuss at length since |
focused on soil moisture. However, | will shortlial®orate on how salinity might have
influenced some of my results. In general, salisthigh in the pioneer zone, where soils
are inundated daily, and decreases with elevation (Bockelmann and Neuhaus 1999; Suchrow
and Jensen 2010). Warming might have increasedaalimulation in the less flooded soils
(low marsh and high marsh), due to increased evapspiration. The effect of salt stress is
important for ecophysiological responses (Rozema et al. 1985; Duarte et al. 2013) and plants
react similarly to those under drought stress (Nwahand Tuteja 2005). Therefore, the effect
of warming and potential increases in soil salimty salt marsh plants is difficult to
disentangle without experimentally testing it. Witbspect to the results of my thesis,
warming may have increased soil salinity, and tloeeesome of the plant responses may
also partly be a reaction to increased salt stidss.responses of ecophysiological traits in
the pioneer zone may be one example. Salt strads te similar mechanisms in plants as

drought stress (Munns 2011). For example, the jgione@ne specieS. anglicaresponded to
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possibly changing soil salinities under increasedpetranspiration with warming in
summer and autumn (2020, 2021), by a decreaseAn&ld lower C/N), which may be an
indication for lignification of cell walls due tosmotic stress (Rozema et al. 1985), and an

investment in N-rich osmoprotectants (Flowers apnth@r 2008) to cope with salt stress.
5.3 Implications

Further knowledge gaps

The aspects of plant performance under warmingchviwere captured by the studies
conducted for this thesis, imply that, in genesalt marsh plants in the Wadden Sea area
may cope with warming of up to +3 °C. The colonmabf salt marshes by new individuals
seems not to be affected by warming, as the suraivd thus recruitment of seedlings was
not significantly changed due to warming. Howewehllt individuals of different species
showed different ecophysiological responses, iriigaa possible advantage under
warming for species with a higher plasticity. Whileese results suggest that salt marsh
seedlings may not be affected by warming, it res&orbe verified how and if warming may
alter competition of mature salt marsh plants amereby seed production or dispersal
patterns. Warming lead to a rapid decline of spgedieersity in a US salt marsh (Gedan and
Bertness 2009), which ultimately also alters disakrbecause dispersal is highly affected
by adult plant abundance (Appendix chapiteFig. S4.11; Rand 2000). Additionally, less
individuals of a certain species produce less seetd$al. Furthermore, the viability of seeds
may be impaired by stratification requirements @kadt al. 2011), which should be studied
by implementing winter warming treatments. Therefa@tudies which capture Wadden Sea
salt marsh species composition responses underimgamne necessary to predict if some
species may become outcompeted in the future. Tdtadees should also aim to answer if
biodiversity affects ecosystem services, such ascthastal protection function of salt
marshes. A possible effect of species diversitgeaiment stability was reported by Ford et
al. (2016). Even though the results of my thesmagd that root biomass mostly did not
change under warming, and thus sediment stabildy adso not change (de Battisti et al.
2019), the effect of biodiversity remains to bedgtd.

Accretion in salt marshes remains one of the mugbrtant aspects under global change
scenarios in relation to sea-level rise. While riggults of my thesis suggest that warming
alone did not alter belowground biomass, | alscs@méed preliminary evidence for an

increased aboveground biomass due to warming, iedlgyaa the high marsh (Appendix,
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Fig. S5.1). An increased aboveground biomass mtgr akcretion rates by sediment
trapping (Fagherazzi et al. 2012; see also Schulze et al. 2022 for Hallig salt marshese to
the MERIT site), but also increase vulnerabilitywiave damage (Schoutens et al. 2021).
Under current temperature conditions, dislodgenwnsalt-marsh plants has not been
observed, but rather stem breakage was reported (Rupprecht et al. 2017; Schoutens et al.
2021; Reents et al. 2022). I recommend investigating the possible effect of higher
aboveground biomass accumulation due to warmintfy mispect to possible changes of
plant resistance (Charles and Dukes 2009; de Battisti et al. 2019, Schoutens et al. 2021;
Reents et al. 2022) on sediment dynamics for a eteepderstanding of future marsh
development. Additionally, it is necessary to studgt biomass along a continuous depth
gradient and distinguish roots between species(}y in the low marsh). Because this
would disentangle possible alterations of belowgtbinterspecific competition due to

warming by detecting patterns of root biomass umgsming across a soil profile.

The response of single ecophysiological traits swrmwng, as investigated in this thesis
(8*3C), indicates high- and low marsh species may perfoell under higher temperatures
because they adjust their WUE. A knowledge gap msntor the interpretation of the
pioneer zone results, because it was difficult &kkena statement without data on soil salinity
and moisture content in the pioneer zone under warroonditions. For future studies,
regarding ecophysiological trait responses of seltsh plants to warming, | recommend
including measurements on soil moisture content saldhity levels (especially in the
pioneer zone). To better understand the responsé®cfin C4 salt marsh species like
Spartina anglicait is also recommended to include analyses afti@mical properties under
warming conditions (von Caemmerer et al. 2014) hSueasurements would give insights
on whether C4 salt marsh plants in waterloggedsachange their composition of organic
material, and if this may be the reason WHC decreased under warming.

Furthermore, climate warming scenarios predict mlgoation of increasing temperatures
and elevated CO(IPCC 2023), and it has been shown that plantopeidnce responses
differ between combined treatments of warming a4 énd single treatments (Naudts et
al. 2013; Noyce et al. 2019). Experiments which combine these factors with natural
processes of salt marshes are riigy¢e et al. 2019; Smith et al. 2022), and in salt marshes
with a high tidal amplitude and wave impact, likese studied in this thesis, are extremely
difficult. Therefore, the research of this thesigeg an important baseline for the single
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warming effect on plant performance. This, combingti the results from warming x GO
studies in other systems or with warming x@@socosm experiments at the Wadden Sea
(Koop-Jakobsen and Dolch 2023), may help to prddiate meso- to macrotidal salt marsh

development under rising atmospheric&els.
Conclusions

The work presented in my thesis is the first toorepnow combined aboveground and
belowground warming influences plants in meso- &zrtidal salt marshes of the Wadden
Sea under natural conditions. The results highliglet importance of studying different
aspects of plant responses to warming, as we foundr responses of recruitment and root
biomass, but demonstrated that warming affectadsaish plants on a physiological level.
Despite the different intensities of responses &oming, we observed one overarching
similarity: the mediating effect of soil moisturEhus, salt marsh plants seem to cope with
warming according to their position along a hydgibal gradient. It should be noted that
the plastic responses of salt marsh plants, asateti by an adjustment of WUE with
warming, probably also account for interannual abidifferences (temperature, salinity,
flooding frequency) and thus may be a necessamytatian. However, we were also able to
demonstrate that warming and low water availabii@gulted in further plastic responses,
indicated by root biomass shifts. Especially wigspect to warming-induced drought
conditions, the higher marsh zones were more a&ifletthan the pioneer zone. Climate
change scenarios predict both accelerated sea-lesel and highly unpredictable
precipitation patterns. Therefore, it remains unknmowhether a potentially increasing
aboveground biomass under warming, with the pakrité trap more sediments and
accelerate accretion, will enable salt marsheséplpace with sea-level rise. Nevertheless,
warming-induced drought conditions may increadagtter elevations, especially with low
precipitation. The results of this thesis indicatagh phenotypic plasticity of certain studied
salt marsh plants, which may enable them to coplke future warming of up to +3 °C.
However, it remains unknown whether a possible aitipe replacement of less well
performing species under warming will lead to atems of ecosystem functions and thus

affect ecosystem services in the future.
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Appendix
1. Aboveground biomass sampling

The aboveground biomass was harvested mid-Septeshbach year (2019-2021). We
harvested all standing biomass, by directly cligp@tbove soil surface in three squares
in the centre of the plots. In 2019 and 2020 theases were 10x10 cm? in 2021 they
were 20x20 cm2. We took the samples to the laboraiod dried them at 70 °C for 48
h. Aboveground biomass (g3nwas estimated by taking the mean of the thregptes
per plot and extrapolating them to 1 m2. Due tdahimethodological conception, the
aboveground biomass was not harvested in the lowshma 2019.
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Fig. S5.1: End-of-season aboveground biomass for 2019-2021.
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Abstract

Ecosystem services provided by salt marshes, tikstal protection or carbon sequestration,
become increasingly important under future climateange scenarios. Rising global
temperatures threaten the salt marsh ecosystemcklesated rates of sea-level rise and the
higher risk of extreme weather events like stoi@isebal warming may also alter ecosystem
functions and thereby ecosystem services may letaff. The persistence of salt marshes
under rising temperatures, is highly dependenthenpgerformance of salt marsh plants.
However, the influence of warming on plants in mesomacrotidal salt marshes is still
largely unknown. Thus, this thesis aims to imprée knowledge on salt marsh plant
responses to warming in their natural environmé&he thesis comprises of three studies,
which were conducted in a whole ecosystem warmipgement on the German Wadden
Sea coast. The influence of warming on salt malaht performance was studied under the
aspects of belowground biomass (chapter 2), ecagbggcal traits (chapter 3), and seedling

recruitment (chapter 4).

Chapter 2 investigates the effect of warming (+38&root biomass in different soil depths
(7-9 cm, 19-21 cm), seasons (spring, summer, aytand salt marsh zones (pioneer zone,
low marsh, high marsh). We found little responseaait biomass to warming in general.
However, warming combined with prolonged droughtdibons in 2019 led to a shift of
root biomass to lower soil depths in the high matstespective of warming, we found
higher root biomass in the upper soil depth and bi@mass differed between salt marsh
zones. Pooled across depths, root biomass wasstighthe low marsh followed by pioneer

zone and lowest in the high marsh.

Chapter 3 focuses on the response of ecophysialogts ¢*C and SLA) of five salt
marsh plantsalicornia europaea, Spartina anglica, Halimionetptacoides, Puccinellia
maritima, Elymus athericgigrom different salt marsh zones (pioneer zone,iearsh, high
marsh) to warming (+1.5 °C, +3 °C) in different s@as (spring, summer, autumn). The
influence of warming 068*3C was evident in all salt marsh zones. The diractibchange
was mediated by differing abiotic conditions aldhg elevational gradient. In the higher
marsh zones, increasidg’C values under warming indicated a higher waterefsgiency

of plants, while in the pioneer zone the responas the opposite, more complex, and
difficult to interpret. SLA was mainly affected ®gason, which was evident by generally

higher SLAs in spring and lower SLA in summer antuann.
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Chapter 4 studies the influence of warming (+1.5+& °C) on seedling emergence in all
three salt marsh zones (pioneer zone, low margjn marsh) and survival and seedling
diversity in two salt marsh zones (low marsh, higarsh). Warming slightly increased
seedling numbers in spring in the pioneer zone sligihtly accelerated the mortality of
seedlings in the high marsh. Seedling survival, #wg recruitment, was not significantly
affected by warming, but the median lifespan watuced. However, seedling survival
curves differed significantly between different sigs. We found significant differences
between the median survival timeldélimione. portulacoide$l5 weeks) and the median

survival times ofSalicornia europaeagg. (9 weeks) anfipergulariasp. (6.5 weeks).

In general, salt marsh plants seem to cope witimeatemperatures by adjusting their water
use efficiency according to their position along thlevational gradient. With drought
conditions, which may occur in the high marsh dgrsummer, the plants also show
additional plastic responses such as adjusting tbeting depth to reach for water. The
results of this thesis suggest that the studiednsatsh plants are highly plastic in their
response to warming, therefore the ecosystem fumatiay not be impaired under warming.
However, the response to warming was also spepedfe and thus warming may lead to

a shift of salt marsh species composition in ther&i
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Zusammenfassung

Okosystemdienstleistungen, wie die Kiistenschutzfonkund Kohlenstoffbindung, welche
durch Salzmarschen bereitgestellt werden, gewizneerhmend an Bedeutung im Hinblick
auf zukinftige Klimawandelszenarien. Die ansteigenglobalen Temperaturen stellen
aufgrund von beschleunigtem Meeresspiegelanstied das hoheren Risikos fir
Extremwetterereignisse, wie Stiirmen, eine Bedroffiingas Okosystem Salzmarsch dar.
Die globale Erwarmung kénnte auch Funktionen inakrides Okosystems verandern und
dadurch konnten auch die Okosystemdienstleistungeindert werden. Der Fortbestand
von Salzmarschen unter steigenden Temperaturent (siizidx von der Performanz der
Salzmarschpflanzen ab. Allerdings ist bisher weibgr den Einfluss von Erwarmung auf
Pflanzen in meso- bis makrotidenbeeinflussten Salgamen bekannt. Dementsprechend ist
das Ziel dieser Dissertation, den Wissensstand (dmr Erwarmungseinfluss auf
Salzmarschpflanzen zu verbessern. Die Dissertdtesteht aus drei Studien, welche in
einem in situ Okosystem Erwarmungsexperiment arkKdste des deutschen Wattenmeers
durchgefuhrt wurden. Der Einfluss von Erwarmung 8afzmarschpflanzen wurde unter
den Aspekten unterirdische Biomasse (Kapitel 2ppblysiologische Merkmale (Kapitel 3)

und Keimungserfolg (Kapitel 4) untersucht.

In Kapitel 2 wird der Effekt von Erwarmung (+3 °Q@uf die Wurzelbiomasse in
verschiedenen Bodentiefen (7-9 cm, 19-21 cm), 8aigbrihling, Sommer, Herbst) und
Salzmarschzonen (Pionierzone, Untere Marsch, QWdarsch) untersucht. Generell haben
wir nur eine geringe Reaktion der WurzelbiomasseEawadrmung gefunden. Allerdings
fuhrte Erwarmung kombiniert mit Durrebedingungewl@n Oberen Marsch im Jahr 2019 zu
einer Verschiebung der Wurzelbiomasse in die untgoelentiefe. Unabhangig von
Erwarmung haben wir eine gréfl3ere Wurzelbiomasderimberen Bodentiefe gefunden und
die Wurzelbiomasse unterschied sich zwischen dém@aschzonen. Tiefenubergreifend
war die Wurzelbiomasse in der Unteren Marsch anin$t@én, gefolgt von der Pionierzone

und der Oberen Marsch.

Kapitel 3 fokussiert sich auf die Reaktion von olkggiologischen Merkmalers{®C und

SLA) von funf Salzmarschpflanzersdlicornia europaea, Spartina anglica, Halimione
portulacoides, Puccinellia maritima, Elymus athesy aus unterschiedlichen
Salzmarschzonen (Pionierzone, Untere Marsch, OMarsch) auf Erwarmung (+1.5 °C,
+3 °C) in unterschiedlichen Saisons (Fruhling, S@nnHerbst). Der Einfluss von

Erwarmung auf das Isotopenverhéltnis der Kohlefissotope §°C) war in allen
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Salzmarschzonen ersichtlich. Die Richtung der Aundgrwurde durch sich andernde
abiotische Bedingungen entlang des Hohengradievrgemittelt. In den hohergelegenen
Marschzonen deuteten zunehmeld€ Werte eine erhdhte Wassernutzungseffizienz der
Pflanzen an. In der Pionierzone dagegen, war daktitan in die entgegengesetzte Richtung,
komplexer und schwer zu interpretieren. Die Spedie Blattflache (SLA) wurde
hauptséachlich durch die Saison beeinflusst. Diesxteman an den generell hbheren SLA-

Werten im Fruhling und den niedrigeren SLA-WertenSommer und Herbst erkennen.

Kapitel 4 untersucht den Erwarmungseinfluss (+C5+3 °C) auf die Keimung von Samen
in allen drei Salzmarschzonen (Pionierzone, Untdagsch, Obere Marsch) und das
Uberleben der Keimlinge, sowie die Diversitat inetvBalzmarschzonen (Untere Marsch,
Obere Marsch). Erwarmung fihrte zu einem leichterstieg der Keimlingsanzahl im
Frihling in der Pionierzone und zu einer leichtdsunigten Mortalitat in der Oberen
Marsch. Das Uberleben und daher die Rekrutierungdevunicht signifikant durch
Erwarmung beeinflusst, aber die mediane Lebensspaarde reduziert. Das Uberleben der
Keimlinge zwischen verschiedenen Arten, war allggdi signifikant unterschiedlich. Wir
fanden signifikante Unterschiede zwischen der nmegial ebensspanne vd#alimione
portulaciodeq15 Wochen) und den medianen LebensspanneBalicornia europaeagg.

(9 Wochen) undhtriplex sp. (6,5 Wochen).

Grundsatzlich scheinen Salzmarschpflanzen mit wéam&emperaturen zurechtkommen,
indem sie ihre Wassernutzungseffizienz gemal} iRosition entlang des hydrologischen
Gradienten anpassen. Mit Durrebedingungen, welch#ger Oberen Marsch im Sommer
vorkommen kénnen, zeigen die Pflanzen auch zush&lplastische Reaktionen wie die
Anpassung der Wurzeltiefe, um an Wasser zu gelaridjerErgebnisse dieser Dissertation
lassen annehmen, dass die untersuchten Salzmdasdget eine hohe Plastizitat in ihrer
Reaktion auf Erwarmung zeigen. Deswegen konnteFdigktion des Okosystems durch
Erwadrmung unbeeintrachtigt bleiben. Allerdings said die Reaktionen auf Erwarmung
artenabhangig und daher kdonnte Erwadrmung in Zukmafeiner Artenverschiebung in

Salzmarschen fuihren.
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