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Summary

Salt marshes are ecosystems with extreme environmental conditions such as regular tidal inundation,
mechanical disturbances, salinity, waterlogged and anoxic soils, and potentially toxic compounds in
the soil. This adverse abiotic environment requires a high degree of adaptation of inhabiting plants
and animals and results in a highly specialized community in this ecosystem. The gradual elevation
from sea level from the lowermost pioneer zone, where the establishment of salt marshes begins, to
the upper salt marsh is characterized by a gradient of these abiotic factors leading to a distinct
zonation of salt marsh communities.

The presented PhD thesis is part of the joint research project BEFmate (Biodiversity and Ecosystem
Functioning across marine and terrestrial ecosystems) with the aim to study BEF relations during the
succession from marine (tidal flat) to semi-terrestrial (salt marsh) ecosystems. As part of this project,
the thesis investigated different root system functions and their relation to the abiotic conditions
across the salt marsh flooding gradient. It thereby contributes to the understanding of ecological
processes involved in the development of salt marsh zonation as well as their sensitivity to
environmental change. To fulfill these objectives, the study included in situ investigations at two
natural salt marsh sites on the German North Sea coast, investigations of communities transplanted to
experimental islands, as well as an additional greenhouse experiment.

Under the controlled conditions of a greenhouse experiment, we investigated effects of waterlogged
sediments on seedlings of three saltmarsh species characteristic for the three zones in NW European
salt marshes (Salicornia europaea from the pioneer zone, Atriplex portulacoides from the lower salt
marsh, Elytrigia atherica from the upper salt marsh). Seedlings of these species were grown under
different sediment waterlogging treatments within mesocosms simulating tidal inundation and
subsequently subjected to an erosion treatment. The upper marsh species E. atherica showed fastest
root and shoot growth under drained conditions but suffered strongest in the waterlogged sediment
compared to A. portulacoides and S. europaea from the lower salt marsh and pioneer zone,
respectively. Resistance against erosion decreased in all three species from drained to completely
waterlogged soil conditions with the strongest negative impact of waterlogging on the otherwise
strongly competitive species E. atherica. We found that resistance towards erosion was strongly
influenced by root growth of the seedlings. This indicates that species-specific responses of root
growth of seedlings under waterlogged soil conditions may be a first determinant of the distribution
of species across the saltmarsh elevational and flooding gradient.

In our second study we conducted an inventory of fine root mass across the saltmarsh gradient and

across two geomorphologically different sites. Fine root biomass was dependent on soil texture and



plant-available nutrient concentrations in soil: we found higher fine root biomass at the sandy (and
nutrient poorer) site on the back-barrier island of Spiekeroog compared to the clayey mainland salt
marsh near Westerhever. According to the optimal resource partitioning theory, fewer nutrients in the
soil require increased investments in fine root growth for nutrient uptake. Furthermore, the more
erosion-prone sandy sediment may require increased root biomass for plant stability under
mechanical disturbances. However, the most important predictor variable for fine root biomass was
species diversity. At both sites, fine root mass was greatest in communities with highest plant species
richness (in the intermediate lower salt marsh), potentially caused by root space partitioning in this
community. With this study we could demonstrate that salt marsh plants have adapted their below-
ground organs to the harsh environmental conditions which allows them to successfully develop
extensive root systems and ensures survival. Furthermore, their high below-ground biomass is an
important contribution to the carbon and nitrogen pools in salt marshes.

In our third study we used stable isotope measurements (8*%0) to investigate plant water use patterns
(i.e. the use of saline vs. freshwater) across the saltmarsh flooding gradient. We found a marked
gradient in plant water use from the pioneer zone (79-98 % seawater uptake by Spartina anglica) to
the lower marsh (61-95 % in A. portulacoides) and the upper marsh (25-39 % in E. atherica)
reflecting the predominant inundation regime at the three elevational levels. Only minor seasonal
differences in water use patterns were detected, likely due to the absence of longer dry periods during
summer in these temperate salt marshes. A. portulacoides significantly increased its uptake of
seawater following transplantation to lower elevations with higher inundation frequencies on
experimental islands which were set up within the BEFmate project. This indicates that certain
species are able to show a flexible water use strategy under changing inundation frequencies which
may enable long-term adaptation to rising sea levels. Integrating the data on vertical fine root
distribution and the soil depth of water uptake, we found that fine root mass distribution correlated
positively with water uptake across the soil profile. However, contradicting our expectations, the
physiological activity of fine roots (determined by the water uptake/root mass ratio) did not decrease
with soil depth demonstrating a good functionality of roots in deep and anoxic sediment layers in this
habitat.

In conclusion, this thesis demonstrates that saltmarsh plants have developed various species-specific
adaptations of their below-ground organs enabling their survival under the harsh environmental
conditions prevailing in salt marshes. Interspecific differences particularly corresponded to the
gradient of inundation frequency and associated salinity, waterlogging and mechanical disturbance in
all three studies. Supporting previous studies, it was underlined that the initial establishment as well

as further ecological processes in salt marshes are driven by the gradient of abiotic conditions.
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CHAPTER

General Introduction



CHAPTER 1

1.1  Saltmarsh ecosystems

Vegetated coastal ecosystems are found from the tropics to the arctic at the interface of land and sea
and include seagrass beds, salt marshes and mangroves. They are located at the upper part of the
intertidal zone in tidal systems and are subjected to regular inundation with seawater. These habitats
are characterized by extreme environmental conditions related to frequent flooding with seawater (i.e.
salinity, waterlogged and anoxic soils, erosion and sedimentation by wind and wave forces) and are
thus inhabited by highly adapted animal and plant communities. In the temperate zone, salt marshes
dominate the intertidal wetlands, whereas in tropical and subtropical climate, mangroves are found as
coastal ecosystems (Figure 1.1; Tomlinson 1994; Stuart et al. 2007; Saintilan et al. 2014).

In north-west Europe, salt marshes are found mainly in the Wadden Sea along the Dutch, German and
Danish North Sea coastline and cover an area of approximately 40,000 ha (Bakker 2014). Saltmarsh
vegetation is formed on the mainland in bays at the seaward side of artificial dikes as ‘foreland salt
marshes’, in estuaries, or on the leeward side of barrier islands sheltered by sand dunes (‘back-barrier

marshes’) (Leuschner and Ellenberg 2017).

Figure 1.1: Global distribution of vegetated coastal ecosystems including seagrasses, salt marshes and

mangroves (Pendleton et al. 2012).

Salt marshes provide numerous valuable ecosystem services (Barbier et al. 2011): they are one of the
most productive ecosystems in the world and are very effective in carbon sequestration by burying

atmospheric carbon in below-ground biomass (Drake et al. 2015; Mcleod et al. 2011; Artigas et al.
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2015; Mitsch et al. 2013). With around 200 g C m™ year™, the mean long-term carbon sequestration
rate of salt marshes is approximately 40 times greater compared to temperate forest ecosystems and
50 times greater compared to carbon sequestration in tropical forests so that the contribution of salt
marshes to global carbon burial is comparable to these terrestrial ecosystems despite their much
smaller area (Mcleod et al. 2011). Salt marshes provide a unique habitat for diverse flora and fauna;
they are of great importance as staging and breeding area for migratory birds and offer breeding and
nursery grounds for sheltered living marine species with importance for commercial fisheries (Barbier
et al. 2011). Furthermore, they act as filter for runoff water buffering the coastal ocean from
eutrophication and pollutants (Nelson and Zavaleta 2012) and play an important role in coastal
protection by attenuating wave forces during storm events as well as by sediment stabilization for
erosion control (Moller et al. 1999; Ford et al. 2016).

Establishment of salt marshes and zonation

Saltmarsh establishment can be described by the general concept of biogeomorphic succession, which
for example can also be applied to coastal dune, mangrove or fluvial ecosystem establishment (Balke
2013; De Groot et al. 2016; Corenblit et al. 2015; Corenblit et al. 2007). Biogeomorphic succession
describes the development from a bare substrate where physical processes dominate to a stabilized
ecosystem. During the first phase diaspores and organic material get deposited on open bare flats
which are strongly disturbed by hydrodynamics and sediment dynamics (‘geomorphic’ phase).
Deposited driftline material and periods free of hydrodynamic disturbances offer so called ‘“Windows
of Opportunity’ (Balke et al. 2011) for germination and initial seedling establishment on bare areas
(‘pioneer phase’). Species colonizing these bare areas are referred to as pioneer species. When a
critical density threshold of pioneer vegetation is reached, feedbacks between vegetation and abiotic
processes occur (‘biogeomorphic phase’). Plants trap sediment, produce organic matter, which gets
decomposed, and they reduce current velocities of wave energy. Due to these processes, the
biogeomorphic ecosystem becomes higher, is less flooded, and in turn vegetation gets denser. Finally,
a stable vegetation is reached, which is successively decoupled from the marine environment, and
biological factors such as competition and symbiosis determine the vegetation structure (‘ecological
phase’).

Salt marshes feature an elevational gradient with increasing distance from the sea, which is
accompanied by a gradual change in abiotic conditions due to less frequent inundation. This gradient
of elevation and abiotic conditions leads to a typical zonation of salt marshes from the pioneer zone to

the upper salt marsh with distinct plant communities in every zone (Figure 1.2; Armstrong et al. 1985;
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Bockelmann et al. 2002). The pioneer zone establishes just above Mean High Water of Neap Tides
(MHWN; Balke et al. 2016) and is inundated by most tides except the lowest neap tides. In this zone,
inhabiting plants are exposed to extreme environmental stress due to frequent tidal inundation,
including high salinity, soil anoxia, increased concentrations of toxic compounds in soil and
decreased availability of nutrients (Armstrong et al. 1985; Pennings and Callaway 1992). With
increasing elevation, i.e. less frequent inundation, environmental stress decreases, whereas
interspecific competition increases (Levine et al. 1998; Crain et al. 2004; Farifia et al. 2009; Pennings
and Moore 2001). Just above the Mean High Tide (MHT) line lays the lower saltmarsh zone, which is
inundated only by spring tides around 200 times per year. The adjacent upper saltmarsh zone is

inundated only during very high spring tides and storm events, which is around 50-100 times per

year.
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Figure 1.2: The three zones of a NW European salt marsh with their elevations relative to the Mean High Tide
(MHT) level and characteristic species. Mean High Water of Neap tides (MHWN) marks the transition from the

bare tidal flat to the pioneer zone. Figure by D. Hertel and R. Redelstein.

Saltmarsh plants and their physiological adaptations to environmental stress

There are several environmental parameters influencing plant species inhabiting the salt marsh with
the greatest impact of tidal flooding and thus fluctuating salinity (Rozema et al. 1985; Cooper 1982).
Species from the pioneer zone require highest adaptations to these extreme abiotic conditions, which

means that this zone is only inhabited by a few species. The dominant species in the pioneer zone of
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north-west European salt marshes is Spartina anglica C.E. Hubb., accompanied by Salicornia spp.
Dumort (Figure 1.3 a, b). One adaptation of Spartina to waterlogged and anoxic soil conditions is a
well-developed aerenchyma tissue for a rapid supply of oxygen from above-ground sources to the
below-ground roots and rhizomes so that plants are capable of oxidizing potentially toxic compounds
(i.e. sulfide) in the roots and rhizosphere (Lee 1999; Lee 2003; Maricle and Lee 2002; Koop-Jakobsen
and Wenzhoefer 2015). Plants of the genus Salicornia are adapted to high soil salinities and have
been shown to be the only saltmarsh species with optimal growth under saline conditions (Katschnig
et al. 2013). Salicornia accumulates incoming sodium ions in the vacuole in order to keep salt
concentrations in the cytoplasm below toxic levels, which drives water uptake into the cells and
results in succulent growth (Rozema et al. 1985).

The subsequent lower salt marsh is the most species-rich community with high cover of Atriplex
portulacoides L. and Puccinellia maritima (Huds.) Parl., besides occurrence of Cochlearia danica L.,
Suaeda maritima (L.) Dumort., Limonium vulgare Mill., Artemisia maritima L., Aster tripolium L.,
Triglochin maritima L., Plantago maritima L. s. str., Salicornia europaea L. s. str., Spartina anglica
and Spergularia media (L.) C. Presl at lower frequency (Figure 1.3 b, c).

The upper salt marsh is characterized by monospecific stands of Elytrigia atherica (Link) Kerguélen
with only a few individuals of Atriplex prostrata Boucher ex DC (Figure 1.3 d). Elytrigia atherica is
a highly competitive species but sensitive to waterlogging so that it spreads rapidly in the rarely
inundated upper saltmarsh levels. Its abundance has increased rapidly in several salt marshes along
the north-west European North Sea coast (Bockelmann and Neuhaus 1999; Stock et al. 2005). It has
been observed that the cessation of livestock grazing in many sites has led to the dominance of
Elytrigia atherica and a decrease in the number of other species (Veeneklaas 2013; Veeneklaas et al.
2013; Bakker 1985; van Wijnen and Bakker 1997). Under grazed conditions, the upper salt marsh
vegetation is more diverse and includes species such as Festuca rubra L., Armeria maritima (Mill.)
Willd. S. ., Juncus gerardii Loisel., Limonium vulgare, Artemisia maritima, Centaurium littorale
(Turner) Gilm. and Potentilla anserina L., among others.

Lower and upper saltmarsh species feature different specific adaptations to salinity which include,
besides succulent growth as in Salicornia, Suaeda maritima, Aster tripolium, Glaux maritima,
Spergularia media and Triglochin maritimum, salt exclusion or different morphological adaptations.
There are several mechanisms of salt exclusion: Spartina or Limonium for example, excrete salt ions
by salt glands (Rozema et al. 1985), whereas other species, for example Atriplex-species, develop
epidermal salt bladders on the leaf surfaces which accumulate salt ions (Freitas and Breckle 1992).
When the bladder is filled with salt, it dies and bursts and releases the salt from the plant. Puccinellia-

species achieve a reduction of ion uptake by a second endodermal layer in the root, which controls
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transport of ions to the xylem (Stelzer and L&uchli 1977). Morphological adaptations to osmotic stress
often resemble xeromorphic structures, which reduce transpiration rate so that the uptake of saline
water by the plant can be reduced and include i.e. epicuticular waxes as in Elytrigia (Rozema et al.
1983). A further strategy for osmotic adaptation is the accumulation of nitrogen-based compounds
such as proline and methylated quaternary ammonium compounds for intracellular osmotic

adjustment, which has been found i.e. in Atriplex portulacoides (Stewart and Lee 1974).

Ko v YRR

Figure 1.3: Typical vegetation of the three saltmarsh zones in the study areas. a) Establishing vegetation
(Salicornia sp.) on a bare tidal flat. b) Lower salt marsh (front) and pioneer zone (Spartina anglica dominated,
back) vegetation during tidal inundation. ¢) Lower saltmarsh vegetation (mainly Limonium vulgare, Atriplex
portulacoides, Aster tripolium and Triglochin maritimum). d) Upper salt marsh with a monospecific stand of

Elytrigia atherica. Photographs: R. Redelstein.

Salt marshes and sea level rise

Global sea levels have risen through the 20" century and will almost certainly continue to rise even

more rapidly in the coming years as a result of global warming (Nicholls and Cazenave 2010). This
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accelerated sea level rise (SLR) is caused by two main factors related to climate change: (i) thermal
expansion of sea water due to ocean warming, and (ii) water mass input from melting of glaciers, ice
caps and ice sheets (Solomon et al. 2007). Within the North Sea region, there are regional variations
in mean sea level rise (Bakker et al. 2016) with a mean SLR of 1-2 mm year™ in the Wadden Sea
region from 1900 to 2000 (Oost et al. 2009). The Intergovernmental Panel on Climate Change (IPCC,
Solomon et al. 2007) projects a global mean SLR of 60 cm by 2100 (6.7 mm year™), but there are
several model variants predicting a SLR of between 30 and 180 cm by 2100 (Nicholls and Cazenave
2010).

Global change and accompanying accelerated sea level rise (SLR) pose a direct threat to salt marshes
by increased flooding and finally potential drowning of the salt marsh. There are ongoing discussions
on the question whether salt marshes are able to keep pace with SLR (Kirwan et al. 2010; Cahoon and
Gutenspergen 2010; Kirwan et al. 2016). In general, saltmarsh survival is assessed by accretion
models which are based on minerogenic and organogenic sedimentation rates under conditions of
changing sea level, and on sediment compaction (Allen 1990). Salt marshes are able to survive when
they grow vertically at rates greater than SLR (Kirwan et al. 2016). Surface elevation change of salt
marshes decreases with increasing age of the salt marsh (van Wijnen and Bakker 2001), and differs
between mainland and back-barrier salt marshes with higher accretion rates on mainland marshes
(Bakker et al. 2016). Therefore, back-barrier marshes with lower vertical accretion may be affected
by SLR earlier than mainland marshes. Moreover, rates of surface elevation changes differ within one
salt marsh depending on the distance to the seaward edge and to creeks and ditches with greater
accretion rates at more frequently inundated sites (i.e. closer to the sea or to creeks and ditches;
Bakker et al. 2016). Several models predict increasing inundation frequencies as a result of SLR
despite increasing marsh elevation and high accretion rates in the long run depending on the SLR
scenario (Schile et al. 2014; van Wijnen and Bakker 2001; Kirwan et al. 2010). Accelerated sea level
without sufficient sediment accretion is expected to change the saltmarsh plant communities as
increased inundation leads to direct physiological stress to plants by increases of waterlogging or
salinity of soils. This may lead to changes in saltmarsh habitats and ‘coastal squeeze’ (Pontee 2013)
when low lying vegetation zones migrate to higher habitats, but higher marsh species are unable to
occupy higher habitats due to the barrier of an artificial seawall. It remains to be investigated how far
ecosystem services persist in these changing habitats (Roman 2017). In contrast, a meta-analysis of
Kirwan et al. (2016) suggests that marshes are building at similar rates to or exceeding historical sea
level rise and that accretion rates may double in response to sea level acceleration postulating an
overestimation of marsh vulnerability to sea level rise. However, some studies have already found

changes in species appearances indicating effects of rising sea level. For example, Veeneklaas et al.
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(2013) have found that on the back-barrier marsh of Schiermonnikoog (The Netherlands), Elytrigia
atherica, which is very sensitive to soil waterlogging, has been replaced by Phragmites australis far
from the saltmarsh edge. In Southern England, an increasing dominance of more flood-tolerant
species (i.e. Spartina alterniflora) has been found (Donnelly and Bertness 2001; Smith 2015).

It may be concluded that effects of sea level rise are very site-specific and may play an important role
at some saltmarsh sites in the future. Furthermore, the ability of salt marshes to keep pace with sea
level rise is strongly dependent on the occurring SLR scenario (Kirwan et al. 2010). Responses of
different plant species to increasing inundation have hardly been investigated and are of great interest
in light of the predicted SLR. Therefore, one focus of the presented study (Chapter 4) is on the
question whether saltmarsh plants are able to adapt to changing sea levels in terms of their water use,
whereas in Chapter 2, we investigated the sensitivity of saltmarsh seedlings to waterlogged soil and
their ability to establish under these conditions, which may play an important role in conservation and

restoration of salt marsh sites under changing sea levels.

1.2 Root system functions and the role of fine roots

Although often considered as the ‘hidden half’ of plants (Waisel et al. 2002), it is well known that
roots have major functions for plant viability. They are responsible for plant anchorage, they absorb
water and nutrients from the soil, transport substances from and to the shoot, and store resources. In
turn, roots present a main source of organic material for the soil and affect its structure, function and
biological activity (Waisel et al. 2002). The present study deals with different aspects of the below-
ground plant compartment in salt marshes, in particular roots and their functions and interactions with
the abiotic conditions. Especially in salt marshes, where plants are continuously exposed to extreme
soil conditions, root structure and functions, and their specific adaptations are of great importance for
plant viability and ecosystem functioning.

Roots are differentiated between coarse roots with diameters > 2 mm and fine roots, defined as roots
< 2 mm in diameter. Coarse roots are responsible for storage and transport of nutrients and water as
well as for the stabilization of plants, whereas fine roots are responsible for water and nutrient uptake
(Jackson et al. 1997; Leuschner and Hertel 2003). Fine roots play a central role in the carbon,
nitrogen and hydrological cycles of soils (Gill and Jackson 2000; McCormack et al. 2012). Although
they only represent a minor part of total plant biomass, it has been estimated that fine root growth
might account for about one third of annual global net primary production (Jackson et al. 1997). They
act as an important sink for carbon acquired in terrestrial primary production due to their short

lifespan and rapid turnover. Several studies have found relationships between different fine root traits
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and fine root lifespan. Typically investigated root morphological traits include root diameter, specific
root length (SRL; root length per weight), specific root area (SRA,; root surface area per weight) and
root tissue density (RTD; root weight per volume). It was found, for example, that roots with longer
lifespan have a higher RTD (Ryser 1996), and lower SRL (McCormack et al. 2012; Eissenstat et al.
2000). This is due to an increased investment in structural carbon per unit root length to optimize
nutrient and water transport in longer living roots (Eissenstat and Yanai 1997). Furthermore, an
increasing N:C ratio in roots may be related to faster growth rates and higher respiration rates and
thus, shorter root lifespan of roots (McCormack et al. 2012; Withington et al. 2006).

In forest ecosystems, fine root dynamics and morphology differ depending on the encountered abiotic
and biotic conditions such as soil properties, nutrient supply, temperature, water availability, and
microbial activities (Leuschner and Hertel 2003; Hertel et al. 2013; Gill and Jackson 2000; Eissenstat
et al. 2000). Due to the contrasting soil conditions in the three saltmarsh zones, different root
properties may be expected between species across this gradient. Bouma et al. (2003) tested the
hypothesis that the fast growing and competitive species Elytrigia atherica from the upper salt marsh
would have shorter root lifespan, lower RTD and higher SRL than the stress tolerating and slow
growing species Spartina anglica from the pioneer zone. Root lifespan was shorter in E. atherica,
however, for both species they found similar RTD which they ascribed to the presence of aerenchyma
in S. anglica. A clear relationship between root lifespan and root morphology could thus not be
proven for these saltmarsh species. In general, literature on root productivity and morphology in salt
marshes is scarce. However, it has been found that below-ground productivity outweighs that of
above-ground organs in salt marshes (Smith et al. 1979; Groenendijk and Vinklievaart 1987); for
example, fifty to ninety percent of the total annual production of Spartina alterniflora in eastern US
salt marshes occurs below ground as roots and rhizomes (Darby and Turner 2008; Valiela et al.
1976). Besides their functions in the soil carbon and nutrient cycle, roots also play an important role
in soil aggregation and stabilization in physically disturbed ecosystems such as salt marshes by
protecting against erosion (Gould et al. 2016; van Eerdt 1985; Ford et al. 2016).

In the present study, three different root properties and functions of roots from saltmarsh plants were

investigated:

1. The impact of root growth for the stability of newly establishing seedlings in physically
strongly disturbed ecosystems such as salt marshes.
2. Fine root biomass and morphology as physiologically active parts of the roots responsible for

water and nutrient uptake, and their relation to abiotic and biotic conditions in salt marshes.
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3. Water uptake (i.e. the use of saline water sources) of different saltmarsh plants and their
ability to adapt to changing inundation frequencies.

1.3 Project framework

As biodiversity is globally declining rapidly, which is to a great extent due to human impact (i.e. due
to climate change and sea level rise; see also Chapter 1.1 Salt marshes and sea level rise), there are
increasing concerns about the consequences for ecosystem functioning with impact on the provision
of ecosystem services, and finally on human wellbeing (Balvanera et al. 2006; Cardinale et al. 2012).
Functional effects on ecosystems caused by the loss of biodiversity are poorly understood and
therefore research on biodiversity-ecosystem functioning (BEF) is becoming of major importance in
ecology (Balvanera et al. 2006; Cardinale et al. 2012; Hillebrand and Matthiessen 2009). The
presented PhD project is part of the joint research project ‘Biodiversity and Ecosystem Functioning
across marine and terrestrial ecosystems’ (BEFmate), which addresses the challenges of BEF research
especially with regard to the integration of terrestrial and marine ecosystems by formulating five

major goals (BEFmate proposal 2013):

1. Understanding biodiversity-ecosystem function relationships across marine and terrestrial
ecosystems.

2. Assessing the functional consequences of biodiversity change across the tree of life and
across the entire range of biological organization from genes to ecosystems.
Merging ecological and evolutionary aspects of functional biodiversity research.

4. Synthesizing BEF research with ecological theory on elemental stoichiometry, species'
allometry, and food-web structure.

5. Unraveling how neutral and dispersal processes affect BEF relationships in space and time.

The project is divided into several subprojects which include meta-analyses and modeling as well as
field and laboratory experiments and addresses various functional ecosystem processes as well as
different levels of biological organization from genes to ecosystems and from microbes to larger
organisms of ecosystems at the interface between land and sea, in particular of salt marshes as highly
dynamic ecosystems underlying frequent disturbances. Within this joint research project, the present
PhD study was involved in the empirical subprojects.

The main research questions of the empirical subprojects are: How do plankton, plants and animals

colonize new habitats in dynamic ecosystems (i.e. coastal marine and terrestrial habitats)? How do the

10
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properties of newly formed soils affect colonization and establishment of plant and microbial
communities? How do ecosystem functions change with the arrival of new species or with the
extinction of present species and during the transition of a marine to a terrestrial ecosystem?

To study these research questions, different field and laboratory investigations were conducted within
the BEFmate project. Experimental islands were set up in the Wadden Sea to investigate effects of

changing sea levels on colonization and succession.

1.4  Study area and experimental setup

The study was carried out in the salt marshes and tidal flats of the German National Park Wadden
Sea. The National Park Wadden Sea reaches over 450 km along the North Sea coastline of Denmark,
Germany and the Netherlands and became UNESCO natural heritage site in 2009. The main study
setup was located on Spiekeroog Island (Lower Saxony, 53°45'44"N 7°43'23"E; Figure 1.4), whereas
for an additional comparison between geomorphologically different sites a second study site was
established in a salt marsh in the Tumlau Bight close to Westerhever (Schleswig-Holstein,
54°22'22"N 8°38'47"E). The two study sites differ from each other in their morphology: the
Spiekeroog salt marsh is a back-barrier marsh which developed naturally under the lee of a barrier-
beach, whereas the Westerhever salt marsh is a mainland marsh which is largely of anthropogenic
origin as it developed by ditching in the early 20" century and has been intensively grazed until 1991
(Stock et al. 2005). At both saltmarsh sites, samples were taken from the three saltmarsh zones with
the upper salt marsh being inundated 4 (Spiekeroog) and 8 (Westerhever) times on average per
month; the lower salt marsh is inundated approx. 16 times per month at both sites and the pioneer

zone is inundated 46 and 20 times, respectively, per month (own data, given in Chapter 3).
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Westerhever

on Eiderstedt/ Schleswig-
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0 50 100 200 Kilometers

Figure 1.4: Map of the German North Sea coast with the location of the two study sites Spiekeroog Island and
Westerhever and location of the sampling plots in the three saltmarsh zones pioneer zone (Pio), lower salt marsh
(Low) and upper salt marsh (Upp) (detailed satellite images: Tumlau Bight in Westerhever (A) and south side
of Spiekeroog Island (B)) (Service layer Credits: Esri, DeLorme, GEBCO, NOAA NGDB, and other
contributors, Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community).

Experimental setup

At both study sites, six areas of 2 x 2 m2 were installed in each saltmarsh zone (pioneer zone, lower
salt marsh and upper salt marsh) and marked by bamboo poles, resulting in 18 plots per site. The
percentage cover of all plant species in all plots was estimated with the Londo scale to the next 10 %
(> 10 % cover) or 1 % (< 10 % cover) (results in Chapter 3). For Spiekeroog, these plots are referred
to as natural reference plots in addition to the experimental islands.

Experimental islands were set up on the tidal flats on the southern coast of Spiekeroog Island in a
distance of approximately 500 m to the pioneer zone. Each island has three height levels (70 cm,
100 cm and 130 cm) corresponding to the three zones of the salt marsh in order to obtain similar

inundation frequencies as in the natural saltmarsh zones. Each level consists of four steel cages with
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1 m? top surface each. Steel cages were lined with a water permeable geotextile (HaTe® 1000 g/m?,
Huesker, Germany) and polyethylene bags (0.14 mm) in the lower parts to obtain a level of standing
ground water according to the one in the natural salt marsh. The islands were filled with sediment
from the surrounding tidal flats. Six of the islands were planted with sods composed of lower
saltmarsh communities, so that only the intermediate height level was within the realized niche of
lower saltmarsh species. On the lowest and highest levels increased or reduced inundation,
respectively, leads to increasing inundation-stress or competition in order to study their effects on
species diversity and ecosystem functions. The remaining six islands were not planted and were open
for colonization. Detailed description of island construction is shown in Figure 1.5 and given in Balke
et al. (2017).

A« .

Wave protection 600cm
\

-

180cm

| | |
Permeable geotextile Non-permeable PE liner Sediment level

\ Geotextile + metal mesh foundation
Soil anchor

Figure 1.5: A) Design of the experimental islands as given in Balke et al. (2017). B) Experimental islands
during tidal flooding. C) View from above on the lower level of an experimental island with four plots of 1 x
1 m. D) Bare plots of experimental islands with first colonization after one year. E) Experimental island plot

with vegetation from the lower salt marsh.
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1.5 Thesis outline

The presented PhD thesis includes three studies on different aspects of salt marsh below-ground plant
functioning and properties as well as their relation to the abiotic environment. Different approaches in
the field and laboratory were undertaken in order to address these research topics. In detail, the
research hypotheses and methods underlying the presented PhD study and the related scientific
publications were the following:

1. The first study focused on effects of waterlogged soil conditions on the stability of newly
establishing salt marsh seedlings in their physically strongly disturbed habitat (Chapter 2).

The following hypotheses were tested:

(i) Root growth plays an important role for the stability of seedlings to resist physical
disturbances as in salt marshes.

(i) Waterlogged soil conditions negatively affect root growth of developing saltmarsh
seedlings, leading to reduced resistance against physical disturbance.

(iii)  Seedlings of pioneer zone species cope more successfully with waterlogged soil
conditions and are more resistant to physical disturbances (i.e. erosion) under these
conditions than lower and upper saltmarsh species.

(iv) Environmental stress (i.e. waterlogged soil) affects root morphology and leads to an
increase in specific root length and a decrease in root tissue density, thus increasing the

efficiency of soil exploitation at lower construction costs (Eissenstat et al. 2000).

In order to study these hypotheses, a mesocosm experiment was set up. Mesocosms consisted of
tanks which were flooded twice per day with seawater and contained pots filled with sediment
from the tidal flats in the Wadden Sea. Pots were designed in order to obtain three levels of
waterlogging: fully-waterlogged, partly-waterlogged and drained. Seedlings of three saltmarsh
species, typical for the three zones of north-west European salt marshes (Salicornia europaea,
Atriplex portulacoides, Elytrigia atherica), were planted to the experimental pots. After eight
weeks of exposure to the waterlogging treatments, seedlings were subjected to a treatment
simulating erosion. Effects of the treatments were related to seedling stability towards erosion,

growth and further morphological traits.
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2.

In the second study, fine root mass and morphology were related to different abiotic and biotic
parameters across the saltmarsh gradient as well as at two sites differing in soil texture, such as
inundation frequency, soil nutrient contents, and species diversity (Chapter 3).

The following hypotheses were tested:

() Fine root mass is on average greater in the sandy than the silty sediments due to higher
nutrient availability in the latter.

(i) The decrease of rooting depth with increasing soil depth is less pronounced in the
pioneer zone due to an assumed greater adaptive potential of the inhabiting species to the
anoxic sediment conditions.

(iii)  The likely more stress-tolerant species of the frequently inundated pioneer zone have
more robust roots with lower specific root area and specific root length, but higher root
tissue density than the more competitive species of the upper salt marsh.

(iv) Plant species richness has a positive effect on the root mass of the community.

For these investigations, a field study was conducted. Samples were taken at two field sites at the
German North Sea coast differing in sediment texture: from the back-barrier salt marsh of
Spiekeroog Island with mainly sandy sediment and from a foreland salt marsh near Westerhever
with a very thick layer of clayey sediment. Fine root mass was determined from soil cores taken
from the three saltmarsh zones at both sites. Fine roots were scanned to determine morphological
traits including root diameter, specific root length, specific root area, and root tissue density, and
carbon and nitrogen contents of the roots were analyzed. Additionally, the following soil
properties were analyzed: grain size distribution, soil pH, total nitrogen, total carbon, C:N ratio of
soil, total Na- and S-content, plant-available P and mineral N content. Soil properties were related

to fine root mass and morphology.

The third study investigated the contribution of different water sources to plant water use (sea
water vs. fresh water; different soil depths) in relation to the location of plants in the salt marsh

and changes in plant water use with changing sea level, i.e. in terms of sea level rise (Chapter 4).
The following hypotheses were tested

0] There is a gradient in plant water use from the pioneer zone to the upper salt marsh

along which the use of seawater decreases with increasing distance from the sea.
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(i) The use of seawater and precipitation water changes seasonally in dependence on
precipitation patterns with higher seawater uptake in drier (precipitation-poor) months.

(iii)  The relative importance of water uptake from deeper soil layers decreases due to
potential anoxia and the presence of toxic substances in deeper soil.

(iv) Typical salt marsh halophytes are flexible in the use of water sources with rising sea

levels.

Natural abundances of stable isotopic ratios of oxygen (5'0) were used to identify the sources of
plant water. Since freshwater (e.g. precipitation) is isotopically depleted in *O compared to
seawater, stable isotopic ratios of water extracted from plants can be used to identify the
contribution of fresh versus sea water to plant water use (Ehleringer and Dawson 1992; Sternberg
et al. 1991; Sternberg and Swart 1987). Plant root crowns, which are expected to reflect the
isotopic signature of plant water (Barnard et al. 2006), were collected and the isotopic
composition of water extracted from roots was analyzed in comparison to isotopic compositions
of precipitation and sea water by means of Cavity Ring-Down Spectroscopy (CRDS).
Furthermore, stable isotopic ratios of water extracted from soil sampled from different depths
were analyzed and compared to isotopic ratios of plant water by means of stable isotope mixing
models in order to determine the soil depth of water uptake.

One major part of the present PhD study was the setup and validation of the instrumentation and
methodology for water extraction of plant and soil material and the measurement of stable
isotopes by CRDS. Detailed descriptions of the cryogenic water extraction line and stable isotope

analysis, and conducted validation tests are given in the Appendix of this thesis.
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CHAPTER 2

Abstract

Saltmarsh seedlings are exposed to extreme soil conditions in combination with mechanical
disturbance by waves and tides, especially at the seaward fringe. We tested whether soil waterlogging
affects resistance of seedlings against physical disturbance, thereby potentially influencing the
distribution of saltmarsh species. A mesocosm experiment was conducted to investigate effects of
waterlogging on plant traits, in particular root growth, and tolerance of seedlings against sediment
erosion. Three species, each dominating different elevations in NW European salt marshes
(Salicornia europaea, Atriplex portulacoides and Elytrigia atherica), were selected for the
experiments. Individual seedlings were grown under different waterlogging treatments and finally
subjected to an erosion treatment. The depth of erosion at which the seedlings toppled (Eci)) was
determined and related to above- and below-ground morphological traits of the seedlings. Resistance
against erosion decreased in all three species from drained to completely waterlogged soil conditions,
with the strongest negative impact of waterlogging on the upper marsh species E. atherica. Root
length and biomass, shoot biomass and the root:shoot biomass ratio were the most important traits
positively affecting Ecit. The experiment demonstrates that rapid root growth is essential for the
stability of seedlings, which is presumably of great importance for their successful establishment on
tidal flats where sediment erosion may be a limiting factor. Root growth, in turn, is affected by a
species-specific response to waterlogging. Our study suggests that this species-specific effect of
waterlogging on seedling stability contributes to species sorting along the inundation gradient of

coastal ecosystems.

Keywords: Coastal ecosystems, Erosion, Root growth, Species distribution, Tidal inundation,

Vegetation establishment
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2.1 Introduction

The establishment of seedlings is a crucial phase in plant ontogeny (Grubb 1977). Salt marshes are
dynamic ecosystems with phases of lateral expansion, when new vegetation establishes on tidal flats,
and phases of retreat due to lateral erosion or drowning (Balke et al. 2014; Bouma et al. 2016).
Saltmarsh seedlings generally establish above Mean High Water of Neap Tides (MHWN, Balke et al.
2016) and are exposed to extreme abiotic conditions, particularly during immersion. Vascular
saltmarsh plants require a high degree of adaptation to their physically and physiologically stressful
habitat (Bertness and Ellison 1987; van Diggelen 1991; Noe and Zedler 2000). Regular inundation by
seawater leads to high salinity of saltmarsh soils and to waterlogged soil conditions accompanied by
soil anoxia, increased concentrations of toxic compounds and decreased availability of nutrients
(Armstrong et al. 1985; Pennings and Callaway 1992). High concentrations of soluble sulfide in
waterlogged soils are both directly toxic to plants and reduce availability of essential elements such as
Fe, Mn, Cu and Zn (Havill et al. 1985; Lamers et al. 2013). Apart from waterlogged soil conditions,
seedling establishment in salt marshes is strongly impacted by physical disturbance by waves and
tidal currents. Resuspension of sediment from the tidal flat can lead to short-term erosion of several
centimeters (Hu et al. 2015; Hu et al. 2017) and hence to toppling or excavation of seedlings.

With increasing distance from the sea (i.e. increasing elevation and less frequent inundation) there is a
gradual change in abiotic conditions leading to a zonation of saltmarsh vegetation with distinct
species compositions (Fig.1; Armstrong et al. 1985; Bockelmann et al. 2002). Salinity and flooding
are the main abiotic factors controlling the establishment and species distribution in saltmarsh plant
communities (Cooper 1982; Armstrong et al. 1985; Rozema et al. 1985; Ungar 1998). The local
determinants of plant zonation in salt marshes may also include herbivory and facilitation (Ungar
1998; Noe and Zedler 2001; Ewanchuk and Bertness 2004; Pennings et al. 2005; Davy et al. 2011; He
et al. 2015). In general, the seaward edge of the salt marsh is only inhabited by a few species, which
are able to tolerate stressful abiotic conditions, whereas at higher elevations more competitive and
less stress-tolerant species prevail (Levine et al. 1998; Rand 2000; Pennings and Moore 2001; Crain
et al. 2004; Farifa et al. 2009).

Waterlogged soil conditions are common, especially in the lower salt marsh zones, and may directly
affect saltmarsh vegetation through reduced germination of seeds (Clarke and Hannon 1970), the
inhibition of root emergence at the seedling stage (Wijte and Gallagher 1996), or through growth
inhibition in general (Cooper 1982). These effects vary between species from different saltmarsh
zones, which leads to the characteristic vegetation pattern (Clarke and Hannon 1970). However, it has

not been assessed how the tolerance against erosion of different saltmarsh species is affected by
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waterlogging and how this influences the observed zonation. In general, seedlings are less tolerant to
stressful environmental conditions than adult plants (Ungar 1978), while their establishment is crucial
for vegetation formation. The first step of successful establishment of a seedling on the tidal flat is the
rapid anchoring during a disturbance-free period, the so-called Window of Opportunity (Balke et al.
2014). After anchoring, seedling survival depends on resistance to dislodgement by hydrodynamic
forces as well as on physiological abilities to cope with abiotic stress in tidally inundated soils (Balke
et al. 2011; Davy et al. 2011; Friess et al. 2012).

Waterlogged soils in combination with physical disturbance affect a number of ecosystems besides
salt marshes. In riparian floodplains, seedling survival is strongly dependent on the hydrological
regime, sediment erosion and deposition as well as the ability to root quickly (Segelquist et al. 1993;
Mahoney and Rood 1998; Corenblit et al. 2007). Similarly, seagrass beds have been found to die off
during events of extreme soil anoxia (Moore et al. 1993). However, populations of Zostera marina
are able to recolonize quickly after such anoxic crises despite continuous sediment resuspension and
strong hydrodynamic forces. This is due to rapid vegetative expansion after initial seedling
recolonization (Plus et al. 2003). Waterlogging and associated anoxic soil reduce root growth and
rooting depth across different wetland ecosystems (Visser et al. 1996; Bouma et al. 2001). This
reduced development of plant roots should in turn make plants more susceptible to physical
disturbance and thus play an essential role for the distribution of vascular plants along inundation and
disturbance gradients. The interactive effects of seedling trait plasticity due to waterlogging and
physical disturbance leading to plant toppling are currently poorly understood, despite their potential
relevance across biogeomorphic ecosystems (Corenblit et al. 2015).

Our study addresses the effect of waterlogged soil conditions on the stability of newly establishing
seedlings in physically disturbed ecosystems such as salt marshes. We conducted a mesocosm
experiment using seedlings of three species dominating the three saltmarsh zones in NW European
salt marshes: the annual pioneer species Salicornia europaea (Chenopodiaceae), which dominates the
lowest margin of the salt marsh (i.e. the ‘pioneer zone’, Fig. 2.1), the dwarf shrub Atriplex
portulacoides (Chenopodiaceae) from the lower salt marsh, and Elytrigia atherica (Poaceae), which
occupies well-aerated soils in the upper salt marsh. The pioneer zone just above MHWN is inundated
during almost every high tide throughout the year (Balke et al. 2017) and species are subjected to
permanently waterlogged and reduced soil conditions. The lower salt marsh lies just above the Mean
High Tide (MHT) level and is inundated only during high water of spring tides, and the upper salt
marsh is only inundated during very high spring tides and storm events. The lower and upper
saltmarsh soils are generally well-drained and aerated during most of the summer (Armstrong et al.
1985; Veeneklaas et al. 2013).
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Figure 2.1: The three zones of a NW European salt marsh with their elevations relative to the Mean High Tide
(MHT) level and characteristic species. Mean High Water of Neap tides (MHWN) marks the transition from the

bare tidal flat to the pioneer zone. Figure modified from Redelstein et al. (2018).

Considering the lack of data on early root growth in the context of intertidal wetland succession
(Friess et al. 2012), our study focuses on below-ground growth of seedlings in relation to shoot
growth under the given experimental conditions. We hypothesize that: (i) Root growth plays an
important role for the ability of seedlings to resist physical disturbances. (ii) Waterlogged soil
conditions negatively affect root growth of developing saltmarsh seedlings, leading to reduced
resistance against physical disturbance. (iii) Seedlings of pioneer zone species cope more successfully
with waterlogged soil conditions and are more resistant to physical disturbances (i.e. erosion) under
these conditions than lower and upper saltmarsh species. (iv) Environmental stress (i.e. waterlogged
soil) affects root morphology and leads to an increase in specific root length and a decrease in root
tissue density, thus increasing the efficiency of soil exploitation at lower construction costs
(Eissenstat et al. 2000).

Understanding the combined effects of soil waterlogging and disturbance on species distribution
across the elevational gradient of the saltmarsh environment is an important step towards a better
understanding of marsh zonation and improving the design of conservation and restoration measures.

This is especially important in light of accelerated sea level rise and changing wave climates.
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Furthermore, linking soil anoxia and seedling stability to key plant traits allows to draw conclusions
that are also relevant for vegetation establishment in other frequently flooded and physically disturbed
ecosystems (e.g. mangroves, riparian forests or seagrass beds).

2.2 Materials and Methods

Three experimental tanks (1 m x 1 m x 0.5 m, length x width x height) were set up in a greenhouse at
the Institue for Chemistry and Biology of the Marine Environment (ICBM) Terramare
Wilhelmshaven (University of Oldenburg, Germany). A fourth tank that served as water reservoir was
placed beneath the three experimental tanks. Tidal inundation was simulated by pumping water from
the reservoir to the experimental tanks (Eheim universal pump 1048, 600 I/h; EHEIM GmbH & Co.
KG, Deizisau, Germany). Seawater was mixed with freshwater to obtain a salinity of 6.5, which
corresponded to the salinity of the natural sediment collected from Jade Bay, Germany
(Schweinsriicken, 53°29°9°°N; 8°10°50°’E). A timer on the pumps was used to fill the experimental
tanks automatically, while switching off the pumps resulted in drainage of the upper tank through the
pump back into the reservoir. An overflow return pipe inside the experimental tanks maintained the
water depth at approximately 80 mm above the top of the plant pots. Each experimental tank was
flooded twice daily for 1.5 h, once during daytime and once at night. Salinity in the mesocosms was
measured every 2-3 days and maintained at 6.5 by the addition of fresh water to compensate for
evaporation.

Seeds of Salicornia europaea, Atriplex portulacoides and Elytrigia atherica were collected in the salt
marsh at the south side of the East Frisian Island Spiekeroog (Germany, 53°45°44°°N; 7°43°23’E) in
autumn 2014, air dried and stored dry at 7 °C until the start of the experiment in early summer 2015.
Experimental pots were made from PVC pipes of 12 cm diameter and 15 cm length. The pots were
prepared in order to obtain three different levels of waterlogging within the pots: (a) drained, (b)
partly-waterlogged and (c) waterlogged. Treatments were chosen to simulate permanently
waterlogged soils on the tidal flats (i.e. initial location of pioneer establishment) and better drained
soils in the lower and upper saltmarsh zones. For the drained treatment, slits were cut into the sides of
the pots and pots were lined with a water permeable fleece to allow complete drainage. For the partly-
waterlogged treatment, holes with a diameter of 3 mm were drilled into the upper three centimeters of
the pots. The lower part of the pots, which was not perforated, was lined with a plastic bag. In
addition, fleece was inserted into the pots to avoid sediment loss through the holes. For the
waterlogged treatment, pots were entirely lined with plastic bags. Sediment was collected from the

tidal flats of the Jade Bay. The grain size distribution of the sediment was: Sand (> 63 pm): 95.9 %;
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Silt (<63 um): 4.1 %; Clay (<2 pum): 0 %. After collection, the sediment was frozen at -18 °C for
three days in order to remove any live zoobenthos. Afterwards, the sediment was sieved (mesh size:
5 mm) and filled into the experimental pots. The pots were placed into the experimental tanks. Seven
days after initiation of the tidal regime different redox-potentials became established according to the
treatments (Table 2.1) and seedlings were transferred to the experimental pots (see below). Redox-
potential was measured as an index for soil aeration and we expected waterlogged treatments to be
associated with low redox-potentials (Davy et al. 2011). Each experimental tank included one
reference pot per treatment without a seedling to measure redox-potential. This was done every 2-3
days throughout the experiment at three different sediment depths (2.5 cm, 5cm and 10 cm) at
varying locations in each reference pot by means of a metal combination electrode with an Ag/AgCl
reference system (3 M KCI) and a platinum sensor (Pt 61, SI Analytics GmbH, Mainz, Germany).
Measured values were corrected by adding the potential of the reference electrode (210 mV) with
respect to the standard hydrogen electrode. In addition, the redox-potential was measured in the three
saltmarsh zones and on the tidal flat with beginning seedling colonization at Spiekeroog Island (Table
2.1).

Table 2.1: Sediment redox-potential (means = se) measured at different sediment depths for the three
treatments of the mesocosm experiment and in the three saltmarsh zones and a tidal mudflat at Spiekeroog
Island (Germany). Measurements at the field site were taken during the growing period (August). Measured
values were corrected by adding the potential of the reference electrode (210 mV) with respect to the standard

hydrogen electrode.

Redox-potential (mV)

Sediment Mesocosm experiment Field Measurement
depth Partly Lower . Mudflat
Drained waterlogge Waterlogged Upper salt salt Ploneer with initial
marsh zone o
d marsh colonization
2.5¢cm +126.5 +107.5 +6.2 +412.7 +345.6 +236.0 +87.0
+9.1 79 +5.32 +10.8 +10.2 +33.2 +107.0
5cm -2.5 +4.1 -18.2 +409.0 +355.7 +289.2 -26.6
+52 +8.0 +34 7.3 +30.0 +36.5 +922
10 cm -54.2 -39.9 -40.4 +424.0 +371.8 +254.9 -196.9
+27 +3.1 +23 +115 +25.0 +55.0 +19.0

Seeds were sown in the same sediment outside of the mesocosms and seedlings were transferred 3-
4 days after germination to the experimental pots. Each pot was planted with one seedling with visible
cotyledons and a size of a few millimeters (Fig. 2.2a). Seedlings were assigned to pots using a

random number list whereby species and treatments were distributed evenly among the three
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experimental tanks. Per species and treatment, 18 (E. atherica and S. europaea) or 12 (A.
portulacoides) replicate pots were used. The seedlings were grown in the experimental pots inside the
mesocosms for a period of 47 to 55 days and monitored throughout the experiment for survival and
height three times per week. On the last day, all surviving seedlings were subjected to an erosion
treatment. Following previous studies (see Han et al. 2012 for seagrass; Balke et al. 2013 for
mangroves; Cao et al. 2017 for Spartina spp.), erosion was mimicked by placing 3 mm thick discs
from the bottom into the experimental pots and pushing the sediment above the edge of the pot.
Protruding sediment was carefully removed by water spray without breaking seedlings or roots.
Additional discs were inserted until the seedlings toppled under their own weight (Fig. 2.2b). The
depth of sediment removed was defined as the critical erosion depth (Ecrit).

1 containing experim pots with seedlings
X

Figure 2.2: (a) Mesocosm with experimental pots containing
seedlings of Salicornia europaea, Atriplex portulacoides and
Elytrigia atherica grown from seeds collected from a NW
European salt marsh. The pots were prepared in order to
simulate 3 different levels of waterlogging (1) drained, (2)
partly waterlogged and (3) waterlogged. (B) Design and
implementation of a test to simulate erosion and determine the
critical erosion depth (Ecrit) of each species. Photographs: R.

Redelstein.

b) Erosion treatment

add disc to the
pot bottom

remove upper
sediment layer

repeat until
toppling of
seedling

Salicornia europaea Atriplex portulacoides Elytrigia atherica
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Toppled seedlings were removed from the sediment, washed and maximal root length (length of the
longest root) and shoot height were determined. Fresh roots and shoots were separated from each
other, the roots were scanned under a flatbed scanner and total root length, root surface area, root
volume and root diameter were determined using the software WinRhizo (Regent Instruments,
Quebec, Canada). After scanning, roots and shoots were oven dried at 70°C for 72 h and weighed to
determine dry mass. Specific root length (SRL, root length/root dry weight), specific root area (SRA,
root surface area/root dry weight) and root tissue density (RTD, root dry weight/root volume) were

calculated from these measurements.

In addition, Salicornia spp. seedlings from a natural tidal flat close to a salt marsh near Westerhever
(Schleswig-Holstein, Germany, 54°37°50°°N; 8°63°52”’E) were subjected to the same erosion
treatment by entering one of the experimental pots into the sediment around a seedling, digging out
the pot containing the seedling and surrounding sediment, and performing the critical erosion test as
described above. Seedlings were brought to the laboratory, washed, maximal root length and shoot
height were determined and roots were scanned, dried and weighed for the determination of root
morphological traits as described above. Seedlings were chosen with a similar shoot height as the
seedlings grown in the mesocosm experiment. Due to difficult differentiation between taxa at the
seedling stage and the challenging taxonomy of Salicornia in general (Kadereit et al. 2012), we here
refer to the genus Salicornia spp.

Statistical analyses were conducted using R 3.3.2 software (R Development Core Team 2016). A
growth curve for each species was fitted to a three parameter-logistic growth model according to

Paine et al. (2012) using the R package ‘nlme’ (equation 2.1):

Ho'K

H=———
E 7 Ho+(K—Hgy)e Tt

Equation 2.1

where H; is seedling height at time t, Ho is seedling height at start of experiment (when transferred to
experimental pots), K is seedling height at harvest, and r is relative growth rate. Ho, K and r were
treated as random effects on the individual level. To test for differences between treatments the
restricted maximum likelihood method was used.

To account for species differences in initial seedling size and to compare shoot and root growth
between species, absolute growth rates were calculated as the increase in seedling height or root
length devided by the exposure period of the experiment (Paine et al. 2012). Absolute growth rates
are appropriate to capture age- and size-dependent growth (i.e. initial seedling growth in our study)

(Paine et al. 2012). Growth rates and seedling morphology data were log-transformed to achieve
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normality of residuals and homoscedasticity according to Shapiro-Wilks test (Shapiro.test, package
‘stats’) and Levenes test (leveneTest, package ‘car’), respectively. Two-way factorial ANOVAS were
conducted to compare the main effects of species and treatments and the interaction between species
and treatments on the different morphological traits and growth rates. Tukey HSD tests allowed
multiple comparisons between species and treatments (Anova and HSD.test, packages ‘car’ and
‘agricolae’, respectively). In cases of significant interaction effects, one-way ANOVAs with
subsequent Tukey HSD tests were conducted to investigate significant differences between levels
within the variables (species, treatment) separately. Where normality of residuals could not be
achieved (for values of Eit), a Kruskal-Wallis test (kruskalmc, package ‘pgirmess’) was used for
multiple comparisons of Eci: between treatments and species. Statistical significance was based on a
0.05 probability level. A principal components analysis (PCA) was used to assess how parameters of
seedling size and stability interrelate between species and treatments using the software CANOCO,

version 5.02 (Biometris, the Netherlands).

2.3 Results

Growth of seedlings depending on waterlogging treatment

Shoot growth rates differed between the three species in all treatments with highest shoot growth rates
for Elytrigia atherica and lowest shoot growth rates for Atriplex portulacoides (p < 0.001, Figs. 2.3 &
2.4a). This resulted in substantial differences in seedling size at the end of the experiment. Seedlings
of E. atherica (252 mm shoot height in the drained treatment) were 4 times and 8 times taller than
those of Salicornia europaea (75 mm) and A. portulacoides (34 mm), respectively (Table 2.2, see
also Table S2.1 for measurements of seedling height and Table S2.2 for results of two-way factorial
ANOVAS). Absolute root growth rates in the drained treatment differed between the three species
(p <0.001, Fig. 2.4a). Root growth rates of E. atherica were significantly higher than those of S.
europaea and A. portulacoides. Under waterlogged conditions there were no significant inter-specific

differences.
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Figure 2.3: Growth of Salicornia europaea, Atriplex portulacoides and Elytrigia atherica seedlings during the

experiment depending on waterlogging treatments. Dots represent measurements of individual seedlings; lines

represent predictions of a three-parameter logistic model for the different treatments. Note overlaying lines

under different treatments for S. europaea and A. portulacoides.

Table 2.2: Parameters of a three-parameter logistic model for the growth of Salicornia europaea, Atriplex

portulacoides and Elytrigia atherica seedlings exposed to three waterlogging treatments. Ho: height at

beginning of the experiment (mm), K: shoot height at harvest (mm); r: relative growth rate (mm mm<* day?).

Values for partly-waterlogged and waterlogged treatments are given as deviation from the drained treatment.

Deviations were non-significant (restricted maximum likelihood test) except where shown: p < 0.05: *, p <

0.01: **, p < 0.001; ***,

Ho + SE K+ SE r+SE Residuals

S. europaea

drained 6.2+0.5 754+34 0.0868 + 0.0030 2.095
partly-waterlogged 0.3+0.7 9.7+49* 0.0003 + 0.0041 2.095
waterlogged -0.6+£0.7 73148 0.0062 + 0.0041 2.095
A. portulacoides

drained 87+10 34.0+3.0 0.0797 + 0.0060 1.855
partly-waterlogged -0.3+£1.3 44+4.1 -0.0014 £ 0.0079 1.855
waterlogged -1.4+13 23142 -0.0002 £ 0.0080 1.855
E. atherica

drained 328+19 251.5+10.3 0.1031 + 0.0090 10.966
partly-waterlogged -09+26 -8.4+14.4 0.0100 + 0.0122 10.966
waterlogged -45+28 -92.5+ 15,1 *** 0.0127 £ 0.0132 10.966
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Figure 2.4: Root and shoot growth rates, and measures of root morphology for Salicornia europaea, Atriplex
portulacoides and Elytrigia atherica seedlings grown under different waterlogging treatments (drained, partly
waterlogged, waterlogged). Horizontal lines indicate median values, boxes the interquartile range, and error
bars minimum and maximum values. Open circles represent outliers. Where the interaction was significant,
different lower case letters indicate statistical differences between treatments within species, while different
upper case letters mark significant differences between species within treatments according to one-way
ANOVA with Tukey’s HSD tests (p <0.05). Elsewhere, different lower case letters indicate significant
differences comparing species and treatments by two-way factorial ANOVA with Tukey’s HSD tests (p < 0.05).
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Seedling size at the end of the exposure period was affected significantly by waterlogging treatments
within species for S. europaea and E. atherica. Performance of S. europaea seedlings was slightly
better under partly-waterlogged and fully waterlogged conditions compared to the drained treatment.
However, only the partly-waterlogged treatment led to a significant increase in shoot height (21.5 %)
compared to the drained treatment (p < 0.05). E. atherica was affected negatively in its growth by
waterlogging. Shoot height of seedlings was lower by 37 % (p < 0.001) in the waterlogged treatment
compared to the drained treatment (three-parameter logistic growth model; Fig. 2.3 and Table 2.2).
Absolute root growth rates of A. portulacoides and E. atherica were reduced by waterlogging
treatments (Fig. 2.4b). Absolute root growth rate of A. portulacoides seedlings was reduced by 36 %
(p < 0.05) when waterlogged. This effect was also evident for E. atherica (70 % reduction of absolute
root growth rate, p < 0.001). Root and shoot biomass showed similar patterns as shoot height and root
length (Table S2.1).

Effects of waterlogging on seedling morphology

In the three species, root:shoot length ratios tended to decrease from the drained to the waterlogged
treatment, although this trend was only significant for S. europaea (33 % decrease) and E. atherica
(40 % decrease, p < 0.05, Fig. 2.4c). Root:shoot length ratios differed between all three species in all
treatments (p < 0.001) and were highest in A. portulacoides seedlings and lowest in E. atherica. The
root morphological traits SRL, SRA, RTD and root diameter were not affected by the treatments (Fig.
2.4d-f, Table S2.1). S. europaea seedlings showed higher SRL and SRA and lower RTD under

drained and partly-waterlogged conditions compared to the other species (p < 0.001).

Effects of waterlogging on seedling stability

A significant decrease of Eqit from the drained to the waterlogged treatment was only found in E.
atherica (80 % decrease, Kruskall-Wallis, p <0.05, Fig. 2.5). Furthermore, E. atherica seedlings
from the drained and partly-waterlogged treatments showed a significantly higher Ei: compared to S.
europaea and A. portulacoides within treatments. Under waterlogged conditions, critical erosion

depth of E. atherica was similar to that of S. europaea and A. portulacoides.
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Figure 2.5: Critical erosion depth of Salicornia europaea, Atriplex portulacoides and Elytrigia atherica
seedlings depending on sediment conditions in the greenhouse experiment and of Salicornia sp. seedlings
grown under natural field conditions. Lower case letters mark statistically significant differences between
treatments within species, upper case letters mark statistically significant differences between species within

treatments (Kruskal-Wallis multiple comparisons, significance level p < 0.05).

Comparison with Salicornia seedlings from the tidal flat

Salicornia sp. seedlings naturally established in the field showed significant differences compared to
experimental plants. Although similar in shoot height (Table S2.1), they had higher root biomass,
shoot biomass, root length and ratios of root:shoot biomass and length (one-way ANOVA with
Tukey’s HSD tests, p<0.001 in all cases, Table S2.1). SRL and SRA were lower (p <0.001),
whereas RTD (p < 0.05) and root diameter (p < 0.001) were higher compared to seedlings from the
greenhouse. Critical erosion depth of naturally recruited seedlings was more than 5-fold higher
compared to those grown in the experimental mesocosms (Fig. 2.5). Redox-potentials measured at the
tidal flat, where seedlings were collected, were intermediate between the values of partly-waterlogged
and waterlogged treatments in the experiment at shallow depth (+87 mV in upper 2.5 cm), but more
negative compared to the experimental pots in deeper sediment (approx. -200 mV at 10 cm) (Table
1). Redox-potential in the vegetated saltmarsh zones was positive in the pioneer zone (approx.

+200 mV) and increased to highly oxidized conditions in the upper salt marsh (approx. +400 mV).
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Linking seedling morphology to stability of seedlings against erosion
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Figure 2.6: Results of Principal components analysis (PCA) of factors influencing seedling stability in response
to erosion for Atriplex portulacoides (triangle), Salicornia spp. (circle), and Elytrigia atherica (square).
Seedlings were subjected to three treatments: drained, partly waterlogged (partly-wl) and completely
waterlogged (wl); in addition seedlings of Salicornia spp. were grown under natural field conditions. Factors
considered in the analysis included measures of seedling size and the critical erosion depth (Eci)) determined for
each species under different conditions (see Fig. 2.5). For detailed results of the PCA see Table S2.3).
Abbreviations: r.length: root length; s.height: shoot height; root bm: root biomass; shoot bm: shoot biomass;
ratio length: ratio of root length to shoot length; ratio bm: ratio of root biomass to shoot biomass; EV:

eigenvalues.

In the Principal Components Analysis (PCA, Fig. 2.6, Table S2.3), critical erosion depth was strongly
positively associated with the first axis (eigenvalue 0.63) together with root length and biomass as
well as shoot biomass and the ratio in root:shoot biomass. Furthermore, shoot height was strongly
negatively associated with the second axis (eigenvalue 0.33), while the ratio in root length: shoot

height was positively associated with this axis. The PCA plot in Fig. 2.6 indicates that S. europaea
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and A. portulacoides seedlings resembled each other in terms of seedling size and stability in all three
treatments, while the drained and the partly-waterlogged treatment formed a cluster separated from
the waterlogged treatment in the case of E. atherica. Salicornia sp. seedlings grown under natural
field conditions did not group with any of the treatments of S. europaea in the greenhouse or with the
other two species.

2.4  Discussion

Seedling establishment is a critical phase in plant ontogeny, especially in frequently disturbed
ecosystems such as salt marshes, mangroves and riparian forests. Short-term sediment erosion during
inundation can excavate and dislodge seedlings; rapid root anchorage is thus crucial for seedling
survival in these environments. Understanding bottlenecks for vegetation establishment is particularly
important when attempting restoration of tidal wetlands, which are increasingly acknowledged for
their ecosystem services. Our study demonstrates that waterlogged soil conditions may inhibit root
growth of saltmarsh seedlings, leading to decreased resistance of seedlings against physical
disturbance. The strongest negative effect of waterlogging was found for the upper saltmarsh species
Elytrigia atherica. While seedlings from E. atherica grew fastest throughout the experiment under
drained conditions, they were most susceptible to waterlogging (Figs 3 to 5). This result supports
previous findings that Elytrigia atherica is a highly competitive species, but very sensitive to
waterlogging (Armstrong et al. 1985; Schroder et al. 2002; Veeneklaas et al. 2013). Along the NW
European North Sea coast, E. atherica spreads rapidly in many sites frequently forming monospecific
stands at the rarely inundated upper salt marsh (Bockelmann and Neuhaus 1999; Stock et al. 2005).
Rhizomes of E. atherica can spread rapidly and locally outcompete other species, but successful
seedling establishment is still necessary for reproduction over larger distances (Veeneklaas 2013).
Our study indicates that successful establishment of E. atherica seedlings on tidal flats may be limited
by a strong inhibition of root growth and the resulting decreased stability of seedlings during erosion
events. In the upper salt marsh however, E. atherica is able to outcompete Salicornia spp. and
Atriplex portulacoides due to its rapid root and shoot growth under drained conditions.

Bockelmann and Neuhaus (1999) investigated competition between E. atherica and A. portulacoides
and concluded that E. atherica is excluded from the lower salt marsh due to competition with A.
portulacoides rather than by abiotic factors. Our study suggests that E. atherica may also be
disadvantaged at frequently flooded sites in the absence of competition due to a higher sensitivity to
waterlogging at the seedling stage. This may be especially important where newly available habitats

are colonized by saltmarsh plants (Balke et al. 2017).
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In contrast to the strong negative impact of waterlogging on E. atherica, S. europaea and A.
portulacoides were hardly affected in their growth by the waterlogging treatments. Shoot height of S.
europaea was even higher under partly-waterlogged conditions compared to the drained treatment
(Fig. 2.3, Table 2.2), indicating the good adaptation of this species to waterlogged conditions on tidal
flats. Although root growth of A. portulacoides was reduced under waterlogged conditions, there was
no difference between seedling stability of S. europaea and A. portulacoides. Thus, further abiotic
and biotic components and their interactions need to be considered when explaining niche separation
across the saltmarsh gradient, such as salinity tolerance (Cooper 1982; Rozema et al. 1983;
Armstrong et al. 1985; Rozema et al. 1985; Redondo-Gomez et al. 2007; Katschnig et al. 2013),
interspecific competition (Huckle et al. 2000; Balke et al. 2017), or herbivory (He et al. 2015).
Frequent inundation and accompanying strongly reduced soil conditions as simulated in our
experiment are especially common on bare tidal flats suitable for new colonization, but also in the
lowest elevations of the salt marsh. Anoxia persists in this zone throughout the growing season even
in the upper centimeters of the sediment (Table 2.1, Armstrong et al. 1985). All treatments of our
experiment had lower redox-potentials compared to field measurements in the salt marsh (including
the pioneer zone), whereas sediment of the tidal flat was overall more reduced than the partly-
waterlogged and drained treatments. In Davy et al.’s (2011) study on the relationship of species
distributions and redox-potential, Salicornia europaea was found to tolerate redox-potentials of less
than -100 mV, A. portulacoides was absent in plots below a threshold of +100 mV and E. atherica
was absent below +200 mV. Comparing these thresholds to the values measured in our experimental
treatments shows that seedlings in the experimental pots were subjected to extremely reduced
conditions below the limits in their natural habitats (Table 2.1). However, seedlings of all three
species not only were able to survive these extreme conditions but also showed treatment-dependent
effects. This suggests an effect of anoxia on seedling development that may also depend on site (e.g.
sediment type, salinity, wave exposure) and life stage (e.g. isolated seedling, adult plant in
competition with other species). Relatively small differences in redox-potential between treatments in
deeper sediment layers, despite the differences in water level of the sediment, indicate that a less
negative redox-potential in the upper sediment layers is already sufficient for the seedlings to
establish roots which are strong enough to withstand erosion.

Unexpectedly, waterlogging treatments had no with-species effects on root morphology. This
indicates that these herbaceous and grass species do not adjust their root morphology under changing
environmental conditions as found for example for tree species (Eissenstat et al. 2000; Ostonen et al.
2007; Vanguelova et al. 2007). S. europaea had significantly higher SRL and SRA and lower RTD

compared to E. atherica and A. portulacoides in the drained and the partly-waterlogged treatments.
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This is consistent with findings that roots with shorter lifespan have lower RTD (Ryser 1996) and
higher SRL and therefore make relatively small investments in structural carbon (Eissenstat et al.
2000). Annual plants, such as S. europaea, are typical examples. Moreover, the tap root system of S.
europaea and A. portulacoides may have advantages for plant stability compared to the fibrous root
system of E. atherica, as common for monocotyledons. The fibrous root system may also explain the
strong competitive abilities of E. atherica since it provides better opportunities for resource
exploitation. However, from the roots at the seedling stage (i.e. time of harvest in our experiment)
differences in root structure could not be observed between species (recognized in the WinRhizo
images, not shown). We therefore conclude that these differences in root structure do not yet play a
role at the early seedling phase and may only become important during later development stages.

We found substantial differences between naturally recruited seedlings and those grown in the
greenhouse experiment. Although similar shoot heights were chosen, seedlings from the tidal flat
showed significantly higher stability, which may be related to a higher root length (Figs 5 & 6, Tables
S1 & S3), and possibly also to the already well-developed tap root (WinRhizo images) which the
experimental seedlings were still lacking. Field material was harvested in late June and hence
approximately 2-3 months after germination in March to April (i.e. they were approximately of same
age as the experimental seedlings). Differences between field and greenhouse-grown plants have been
observed in various ecosystems e.g. for germination rates (Elberse and Breman 1990), photosynthetic
induction (Zotz and Mikona 2003) or salt tolerance in Salicornia spp. (Riehl and Ungar 1982). This
asks for caution when interpreting data from laboratory studies. In our study, differences between
field and experimental seedlings indicate that permanently acting mechanical stress from wind and
waves, which was not simulated in the greenhouse, may lead to important plastic morphological
responses (i.e. thigmomorphogenesis; (Jaffe 1973; Chehab et al. 2009)). Increased root allocation of
field grown seedlings by thigmomorphogenesis increases their resistance to mechanical perturbation
(‘tolerance strategy’, Puijalon et al. 2011) and has been observed by other authors in aquatic (Puijalon
and Bornette 2006) and terrestrial (Crook and Ennos 1996; Goodman and Ennos 1996) plants as a
response to mechanical stimulation. In addition, lower light levels in the greenhouse may have
affected growth rates and seedling morphology in relation to surveyed seedlings in the field. Pennings
et al. (2005) conducted field and greenhouse experiments with Juncus roemerianus and made similar
observations: biomass was much higher in individuals grown in the field than in those grown in the
greenhouse, but the response of seedlings to various flooding and salinity treatments was highly
correlated between field and glasshouse. Thus, we conclude that the results of our mesocosm
experiment are of ecological relevance, especially when comparing the three species grown under

same, controlled conditions in the greenhouse among each other. However, this study highlights that
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the effects of thigmomorphogenesis for seedling stability may also play a role in seedling
establishment on tidal flats and requires further experimental investigation.

The close relationship between the critical erosion depth of seedlings grown in the experimental
mesocosms and seedling traits such as root and shoot biomass and length (Fig. 2.6, Table S2.3) may
also be relevant to other plant species in biogeomorphic ecosystems (i.e. mangroves, riparian
vegetation or seagrass beds). Rapid root growth of seedlings in their first weeks of development is
crucial for their tolerance against physical disturbance in these habitats. It is known that several
intertidal wetland pioneer species (i.e. Salicornia spp., Spartina spp. and Avicennia spp.) show rapid
root emergence and development (Friess et al. 2012). With rapid root growth, saltmarsh and
mangrove pioneers are able to utilize disturbance free Windows of Opportunity to gain tolerance
against subsequent disturbance by inundation, wave action and short-term sediment erosion (Balke et
al. 2011; Balke et al. 2014; Cao et al. 2017). The present study showed that seedling stability within
the first weeks after emergence can be severely limited by soil waterlogging through reduced root
growth.

Conclusions

Our study showed that waterlogged and anoxic soil conditions can eliminate species-specific
differences in root growth and tolerance of seedlings against erosion that otherwise exist in drained
conditions. Niche separation in salt marshes may thus not only be attributed to tolerance of salt and
inundation stress or competitive strength, since tolerance against physical disturbance at the seedling
stage may be strongly influenced by soil waterlogging. This interaction could be demonstrated for the
upper saltmarsh species Elytrigia atherica in our study and may be one determinant for the
distribution of this species across the elevational saltmarsh gradient. Further studies are suggested
across frequently disturbed and inundated ecosystems (mangroves, riparian forests, seagrass beds) to
investigate the effects of soil anoxia on plant traits and stability, and the spatial relationship between
exposure to disturbance and soil anoxia of suitable habitats for colonization. This is especially

important to improve restoration success in coastal wetland ecosystems.

Acknowledgements

A special thanks to the team of the Institue for Chemistry and Biology of the Marine Environment
(ICBM, University of Oldenburg) mechanical workshop for help with the setup of the experiment. Dr.
Robert Fischer (Oldenburg) helped during the experiment and Roman Link (Gottingen) gave

statistical advice. This work was part of the joint research project ‘Biodiversity and Ecosystem

41



CHAPTER 2

Functioning across marine and terrestrial ecosystems’ (BEFmate) funded by the Ministry for Science
and Culture of Lower Saxony, Germany (project number ZN2930).

42



SEEDLING STABILITY IN WATERLOGGED SEDIMENTS

Supplementary Material

2.5

qT100 e €00 e 00¢ a1y qeTo avto q09e 2T'Ge aT'v qs'1
+920 +¥T0 +6.TT +9vT +8€0 +T€0 +0'99T +0'6S +29 +6'T pabBopiarem
2 70°0 2 €00 2 802 e ge qotT0 e9T0 e /vy qzse © /0T eeo pabboisrem
+0€0 +VvT0 + /00T +TTT +97°0 + 670 +9'8¢€¢ +6'60T +6'€C +07¢T Apued

qe€00 €200 €90¢ qeve 120 eyT0 e Z'Gh e /'0¢g eGTl eg'q
¥820 FETO FOCIT Feet F¥9°0 FSY0 F76EC F8GYT Fgae FETT paurei@
eolIayle eibnA|g

q® €00 €S00 e0zy eg/ g.20 gqs00 e LTl e6¢CT egg e)T
+€20 +9T0 +9vTT + 19T +€TT +T1T0 +0'vE +G'/¢E +EVT +8'T pabBbopiarem
gs00 e$00 ©6.¢ e g qeTyo eG00 eZ8 e g0l e6'S eyl pebibojierem
¥820 F9T0 ¥ 9207 FoCT FEVT F9T0 ¥8'6¢ ¥68Y F0LT ¥87¢ Ajued

eE00 e$0°0 e /2y eg/ e6E0 eG00 eQ’L e6°0T e6'S eCT
+€20 +9T0 +68TT +T.T +¢9'T +¥T0 +2'T¢E +99y +VET +0¢ psureid
sapiooe|nuiod xa|diny

gs0oo0 geo0o g 10¢ 6T 260 AN e6¢CT 2967 gG'Ge qeer
+¥70 +¢T0 + 108 + 69 +99'T +.€0 +0'89 +8'80T +€'8. +6'9¢ leinieN

500 q'® 600 e$19 eT. a610 900 RN g6'6T e09 eTT
+120 +€T0 +1¢ST +08T +090 +¢T0 FIv.L +2'Sy +T0T +€7T pabbojiarepn
200 q'e 600 ® 166 e oTT av1o 29T°0 eEET qe9Tr eegy eeT pabboperem
+82°0 +0T0 +9¢0¢ +LEC +99°0 +FvT0 +TvL +.8v +96 +€T Aped

€700 eE00 B ggeT e 88T eEZ0 800 eG0T eTTI e6C e/.0
+82°0 +800 + 99T¢ +9G6¢ +68°0 +vT0 +.'99 +T'/.S + 08 +171 psuteiq
‘dds eiuloo1pes

(ww) (ewo/B) (6/7wo) (B/w) ibus) ssewlolq (W) (ww) (bw) (bw)

J3jpwelp Ausuap BaJe 100l yabuaj 1004 one. one. ybiay GIVE] ssewiolq ssewiolq
1004 anssn jooy a1y198ds a1198ds 100US:100  100Us:100Y 100YSs 1004 100YS 100

'$91030S UIYIIM SIUBLLYESI]) UB3MIaq Pajonpuod

aJam suosuredwod (50°0 > d) s1sal ASH SAMNL YuM WAONY Aem-T 01 Buipiodoe Saduasajlip [eollsiels a1edlpul SIa)s] ased Jamo| Jualaplq
"UOITRINSD pJepuels F Sueaw Se UaAIb ale sanjes 8IS plals [einyeu e woly sbuipass “dds eiui09ifes Jo pue wawuadxs syl Burnp juswiess] Juswipss uo
Juapuadap sbuljpass eoLayle eibLnA|g pue sepiode|niiod xajdiy ‘eaedoina elulodifes Jo ABojoydiow 1004 pue azis Buljpaas Jo saInsea| :T°ZS d|gel

43



CHAPTER 2

Table S2.2: Two-way factorial ANOVA with effects of species and treatment for measures of seedling size and
root morphology of Salicornia europaea, Atriplex portulacoides and Elytrigia atherica seedlings exposed to
three different sediment treatments (drained, partly-waterlogged, waterlogged) over 47 to 55 days.

Variable Source of variation Type 111 SS df F-value Sig.
Root length
Species 11.50 2 56.52 fale
Treatment 0.62 2 3.06
Species x Treatment 2.60 4 6.39 fale
Residuals 13.12 129
Shoot height
Species 30.18 2 291.67 fale
Treatment 0.18 2 1.04
Species x Treatment 1.55 4 7.48 fale
Residuals 6.67 129
Root biomass
Species 55.12 2 44.99 fale
Treatment 2.77 2 2.26
Species x Treatment 22.38 4 9.13 fale
Residuals 79.03 129
Shoot biomass
Species 11.65 2 20.31 fale
Treatment 0.65 2 1.13
Species x Treatment 15.05 4 13.12 Fhx
Residuals 37.00 129
Ratio root:shoot length
Species 5.12 2 35.26 Fhx
Treatment 0.51 2 3.50 *
Species x Treatment 0.27 4 0.92
Residuals 9.37 129
Ratio root:shoot biomass
Species 16.80 2 38.73 Fhx
Treatment 0.86 2 1.98
Species x Treatment 1.10 4 1.27
Residuals 27.97 129
Specific root area
Species 3.23 2 11.79 Fhx
Treatment 0.09 2 0.34
Species x Treatment 0.96 4 1.74
Residuals 17.67 129
Specific root length
Species 2.69 2 7.83 Fhx
Treatment 0.56 2 1.63
Species x Treatment 1.50 4 2.19
Residuals 22.16 129
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Source of

Variable variation Type 111 SS df F-value Sig.
Root tissue density
Species 4.64 2 15.51 faleial
Treatment 0.01 2 0.04
Species x 0.73 4 1.23
Treatment
Residuals 19.28 129
Root diameter
Species 0.28 2 6.88 **
Treatment 0.20 2 4.88 *x
Species X 0.14 4 1.75
Treatment
Residuals 2.62 129

p <0.05:* p<0.01: **, p<0.001: ***

Table S2.3: Results of a Principal Components Analysis (PCA) regarding the critical erosion depth of seedlings

and different measures of seedling size. Given are the loadings of the selected variables along the four main

explanatory axes as well as the cumulative r2 values (in brackets) for a given variable. Numbers below the four

axes indicate the eigenvalues (EV) of the axes. Numbers in bold indicate the variables with the closest relation

to the respective axis. Axis 3 and 4 are not given due to their low explanation of variance.

Axis 1 Axis 2

EV 0.63 EV 0.33
Critical erosion depth 0.93 (0.86) 0.35(0.99)
Root length 0.91 (0.84) -0.30 (0.92)
Shoot height 0.58 (0.34) -0.81 (0.99)
Root:shoot ratio in length 0.09 (0.01) 0.94 (0.89)
Root biomass 0.95 (0.90) 0.28 (0.98)
Shoot biomass 0.83 (0.69) 0.53 (0.97)
Root:shoot ratio in biomass 0.88 (0.77) -0.43 (0.96)
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CHAPTER 3

Abstract

Saltmarsh plants are exposed to multiple stresses including tidal inundation, salinity, wave action and
sediment anoxia, which require specific root system adaptations to secure sufficient resource capture
and firm anchorage in a temporary toxic environment. It is well known that many saltmarsh species
develop large below-ground biomass (roots and rhizomes) but relations between fine roots, in
particular, and the abiotic conditions in salt marshes are widely unknown. We studied fine root mass
(<2mm in diameter), fine root depth distribution and fine root morphology in three typical
communities (Spartina anglica-dominated pioneer zone, Atriplex portulacoides-dominated lower
marsh, Elytrigia atherica-dominated upper marsh) across elevational gradients in two tidal salt
marshes of the German North Sea coast (a mostly sandy marsh on a barrier island (Spiekeroog), and a
silty-clayey marsh on the mainland coast (Westerhever)). Fine root mass in the 0-40 cm profile
ranged between 750 and 2500 g m™ in all plots with maxima at both sites in the lower marsh with
intermediate inundation frequency and highest plant species richness indicating an effect of
biodiversity on fine root mass. Fine root mass and, even more, total fine root surface area (maximum
340 m* m?) were high compared to terrestrial grasslands, and were greater in the nutrient-poorer
Spiekeroog marsh. Fine root density showed only a slight or no decrease towards 40 cm depth. We
conclude that the standing fine root mass and morphology of these salt marshes is mainly under
control of species identity and nutrient availability, but species richness is especially influential. The
plants of the pioneer zone and lower marsh possess well adapted fine roots and large standing root

masses despite the often water-saturated sediment.

Keywords: Diversity effect, Nutrient availability, Root depth distribution, Sediment texture, Specific

root area, Tidal inundation gradient
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3.1 Introduction

The plants of temperate salt marshes are exposed to multiple stresses such as frequent flooding
associated with salinity, temporary anoxia in the sediment, and possibly sulfide and manganese
toxicity together with mechanical stress and sediment coverage (Leuschner and Ellenberg 2017).
Despite these constraints, some saltmarsh plants such as cordgrass (Spartina spp.) and sea purslane
(Atriplex portulacoides) are known to be highly productive (Bouchard and Lefeuvre 2000; Smith et
al. 1979; Schubauer and Hopkinson 1984). Many saltmarsh species develop extensive root systems
and it has been found that plant biomass and productivity may be larger below- than above-ground in
these environments (Smith et al. 1979; Groenendijk and Vinklievaart 1987; Schubauer and
Hopkinson 1984; Tripathee and Schaefer 2015; Valiela et al. 1976). For example, 50 to 90 % of the
productivity of Spartina alterniflora was found to be contributed by root and rhizome growth and
turnover in a salt marsh in the eastern United States (Valiela et al. 1976; Darby and Turner 2008).
This suggests that a large part of the soil organic carbon contained in saltmarsh sediments is derived
from roots, and below-ground productivity is an important factor in the carbon and nutrient cycles of
these semi-aquatic ecosystems. Due to their short lifespan and rapid turnover, fine and very fine roots
(diameters < 2 mm) act as an important sink for carbohydrates supplied by photosynthesis (Jackson et
al. 1997; Gill and Jackson 2000). However, most studies on the saltmarsh below-ground compartment
focus on the total (i.e. fine and coarse root, and rhizome) biomass, while only few studies have
addressed the structure and dynamics of roots < 2 mm in diameter, i.e. the fraction of the root system
which likely is responsible for water and nutrient uptake.

Coastal salt marshes are extreme habitats, which require specific adaptations of the plants that
colonize them. Species growing in the frequently inundated lower zone of the marsh have to cope
with anoxia and reducing conditions in the soil. This environment may trigger the formation of
aerenchyma in roots and rhizomes, which facilitate oxygen supply, and foster the development of
strategies to exclude and excrete salt (Rozema et al. 1981; Rozema et al. 1985). Root aerenchyma can
increase the plant’s capacity to detoxify potentially harmful ions such as S%, Fe** or Mn?* in the
rhizosphere (Lee 1999; Lee 2003; Maricle and Lee 2002). In the upper marsh, stress from inundation
is less frequent, but plant growth may additionally be limited by nitrogen shortage (Levine et al.
1998; Kiehl et al. 1997; Valiela and Teal 1974; van Wijnen and Bakker 1999). The large below-
ground biomass often found in salt marshes is thus not surprising, as it may be needed to secure
nutrient and water acquisition, and to anchor the plants in a relatively unstable sediment. Root:shoot
mass ratios exceeding unity are also found in other stressful environments such as nutrient-poor or

dry grasslands and cold tundra ecosystems (Jackson et al. 1996; Leuschner et al. 2013).
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Small-scale heterogeneity is a characteristic feature of many temperate saltmarsh ecosystems. Even
minor elevation differences in the salt marsh may cause great spatial differences in inundation
frequency, water level height, salinity and the degree of soil anoxia, and thus in the conditions for
root growth in the sediment. This is also reflected in the zonation of saltmarsh communities (Bakker
2014; Leuschner and Ellenberg 2017), with salinity and tidal inundation as the main factors driving
species distribution across the elevation gradient (Armstrong et al. 1985; Cooper 1982; Rozema et al.
1985; Ungar 1998).

Root system studies across elevation and water level gradients and in different sediment types should
reflect the small-scale vegetation mosaic in salt marshes and may display the associated plant
strategies to cope with varying environmental constraints. An example illustrating species differences
is the study of Bouma et al. (2003) in a Dutch salt marsh, who found root longevity to be shorter in
the highly competitive upper marsh grass Elytrigia atherica than in the more stress-tolerant grass
Spartina anglica from the lowermost pioneer zone. Results of Steudel et al. (2011) and Ford et al.
(2016) suggest that plant species richness, which can vary between one species per plot at the most
stressful sites and more than ten species at higher elevation, could also influence the root mass of
saltmarsh communities, modifying the influence of abiotic factors. Also for other ecosystems it is
known that plant diversity increases root biomass (Eisenhauer et al. 2017; Mommer et al. 2010;
Mueller et al. 2013). Resource capture in more diverse communities may for example be enhanced by
adjusting the depth distribution of roots between species (i.e. ‘complementarity effect’; Loreau and
Hector 2001; Cardinale et al. 2007; Mommer et al. 2010). Furthermore, the ‘selection effect’” may
increase biomass production in more diverse communities, when a very productive species dominates
the biomass of the species mixture (Loreau and Hector 2001).

In this study, we examined the variation in fine root mass, fine root depth distribution and fine root
morphology across elevational gradients in two common types of North Sea tidal salt marshes, a
barrier island marsh with mostly sandy sediment and a foreland salt marsh with silty-clayey sediment.
Due to these differences in geomorphology, sites assumedly differ in nutrient availability and further
soil properties, such as bulk density, enabling the investigation of these parameters on fine root traits.
The variation in elevation and inundation frequency was addressed by transects reaching from the
low-elevation pioneer zone with dominant Spartina stands with daily inundation to the high-elevation
upper salt marsh with dominant Elytrigia swards that experience flooding only 4 to 8 times per
month. We focused on fine roots < 2 mm in diameter due to their relevance for resource uptake, while
larger roots and rhizomes with primarily storage, conduction and anchorage function were not
considered. We searched for those abiotic and biotic factors (inundation frequency, salinity, soil

texture, soil nutrient and element content, species diversity), which exert the largest influence on fine
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root mass and morphology in the studied salt marshes. We tested the hypotheses that (i) fine root
mass is on average greater in the sandy than the silty sediments due to higher nutrient availability in
the latter, (ii) the decrease of rooting depth with increasing soil depth is less pronounced in the
pioneer zone due to an assumed greater adaptive potential of the inhabiting species to the anoxic
sediment conditions, (iii) the likely more stress-tolerant species of the frequently inundated pioneer
zone have more robust roots with lower specific root area and specific root length, but higher root
tissue density than the more competitive species of the upper marsh, and (iv) plant species richness

has a positive effect on the root mass of the community.

3.2 Materials and Methods

Study sites

Sampling was conducted in late September (i.e. towards the end of the growing season) at two
saltmarsh sites of the German North Sea coast (Fig. 3.1A): one site was located on the south coast of
Spiekeroog Island (Lower Saxony, 53°45'44"N, 7°43'23"E), the second site was located in a salt
marsh in the Tlmlau Bay close to Westerhever (Schleswig-Holstein, 54°22'22"N, 8°38'47"E). Sites
differ in terms of geomorphology: Spiekeroog is a barrier island with marshes on the leeward side
developed on a base layer of sand on which a thin layer of silt has been deposited (Bakker 2014). This
marsh has developed naturally in the shelter of sand dunes and is not grazed by livestock. In contrast,
the foreland salt marsh in Westerhever is located on the mainland coast on the seaward side of an
artificial dike and has developed on a fine-grained sediment consisting of a thick (0.5 — 0.8 m) clayey
silt layer (Peiter 2004). This salt marsh was drained in the early 20™ century and has been intensively
grazed until 1991 (Stock et al. 2005).

In both salt marshes, six plots of 2 m x 2 m size were installed in each of the three saltmarsh zones
resulting in a total of 18 plots per site. Zones differed in elevation relative to sea level and thus
inundation frequency and inhabiting saltmarsh communities (Fig. 3.1B). The pioneer zone is
inundated by most tides except the lowest neap tides and the dominant species is Spartina anglica
C.E. Hubb., accompanied by Salicornia stricta Dumort., Suaeda maritima (L.) Dumort., Aster
tripolium L. and Puccinellia maritima (Huds.) Parl.. The subsequent lower salt marsh, inundated less
frequently only by spring tides, is the most species-rich community with high cover of Atriplex
portulacoides L. and Puccinellia maritima and occurrence of Cochlearia danica L., Suaeda maritima,
Limonium vulgare Mill., Artemisia maritima L., Aster tripolium, Triglochin maritima L., Plantago

maritima L. s. str., Salicornia europaea L. s. str., Spartina anglica and Spergularia media (L.) C.
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Presl at lower frequency. The upper salt marsh is inundated only during very high spring tides and
storm events and is dominated by Elytrigia atherica (Link) Kerguélen with a few individuals of
Atriplex prostrata Boucher ex DC.
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Figure 3.1: A) Map of the German North Sea coast with the location of the two study sites Spiekeroog Island
and Westerhever and location of the sampling plots in the three saltmarsh zones pioneer zone (Pio), lower salt
marsh (Low) and upper salt marsh (Upp). Detail maps: Tumlau Bight in Westerhever (a) and south side of
Spiekeroog Island (b). “T” marks the location of the tide gauge station from which water level data for
Westerhever were obtained (Service layer Credits: Esri, DeLorme, GEBCO, NOAA NGDB, and other
contributors, Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community). B) Zonation of a salt marsh with elevations relative to the
mean high tide (MHT) water level and species typically inhabiting the three zones in a north-west European salt

marsh.
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Tidal inundation and soil properties

To measure water level variation and the frequency of tidal inundations of the plots, a RBRduo | TD
wave sensor (RBR Ltd., Ontario, Canada) was installed on the tidal flat of Spiekeroog and its
elevation determined relative to the height of the saltmarsh plots using a differential GPS. For the
Westerhever site, data on water level fluctuation were provided from the nearby gauge station Timlau
AP (Fig. 3.1a) by the Schleswig-Holstein Agency for Coastal Protection, National Park and Marine
Conservation. The elevation of the Westerhever saltmarsh site is specified in Stock (2012).
Inundation frequency and flooding duration of the three community types were calculated from the
data on water level fluctuation and plot elevation.

From each plot, two soil samples for chemical analysis were taken, separated into the upper Aw/Ai-
horizon (mineral horizon of the topsoil with accumulation of humus (h) or initial humus development
in the pioneer zone (i); approx. 0-20 cm depth) and the lower Go/G:-horizon (horizon affected by
groundwater, oxidized (0) or reduced (r); approx. > 20 cm depth) and combined to one pooled sample
per soil horizon. For the analysis of grain size, an aliquot (5 g) of dried soil (105 °C) was used. To
account for organic substances, carbonates and iron-oxides, samples were treated with H,O,, HCI and
Na-Dithionite prior to analysis. Particles > 20 um were separated using sieves of different mesh sizes,
whereas particles < 20 um were separated by performing Atterberg cylinder analysis of sinking
velocity. The remaining soil was dried at 40 °C until constant weight and used for chemical analyses.
Samples were sieved to 2 mm and ground in a ball mill (200 rpm for 5 min). One aliquot of a sample
was digested with 65 % HNO; (Heinrichs et al. 1986) and total element contents (Al, Ca, Fe, K, Mg,
Mn, Na, P, S) were determined using Inductively Coupled Plasma — Optical Emission Spectroscopy
(ICP-OES, iCAP 6300 Duo View ICP Spectrometer, Thermo Fisher Scientific GmbH, Dreieich,
Germany). From another aliquot, inorganic carbon was removed by treatment with 1 M HCI; this
sample was dried at 50°C and analyzed for organic carbon (Corg) and total nitrogen (N) using a C/N
elemental analyzer (Flash 2000, Thermo Fisher Scientific, Cambridge, UK). A third aliquot was used
for determination of plant-available phosphorous according to Schiiller (1969): 5 g of soil were added
to 100 ml of calcium-acetate-lactate (CAL)-solution and shaken automatically for 90 min. Extracts
were filtered into Falcon® Tubes, whereby the first 5 ml were discarded, and stored at 4°C until
further analysis no longer than 24 h. Plant-available phosphorous was measured photometrically as a
molybdate-complex using a microplate reader at 820 nm wavelength. For the analysis of mineral
nitrogen (NOs and NH,"), a further aliquot of fresh soil was immediately frozen after sampling.
20 ml of a 2.5 M K3SO, solution were added to 5 g of fresh soil and thoroughly mixed for 30 s.

Samples were shaken for 2 h on an overhead shaker and finally filtered through a Whatman (no. 2)
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filter. Concentrations of ammonium and nitrate in the extracts were determined using a continuous

flow injection colorimeter (Cenco/Skalar Instruments, Breda, The Netherlands).

Sampling and processing of fine roots and aboveground biomass

For the inventory of fine root mass, samples were taken with a stainless steel corer (35 mm diameter,
400 mm length) on all plots to a depth of 40 cm. Soil cores were divided into depth intervals of 0-
5cm, 5-10 cm, 10-20 cm and 20-40 cm and the samples were stored frozen until processing in the
laboratory. The sediment material was washed over a sieve with 200 um mesh size to separate roots
from finest-grained sediment. Under a stereomicroscope the roots were further cleaned and separated
from rhizomes and other organic material. Only fine roots < 2 mm in diameter were considered for
analysis. After the extraction of larger fine root fragments (> 1 cm length), the remaining sediment
with small rootlets was evenly distributed on a sheet of filter paper subdivided into 36 squares
according to Hertel and Leuschner (2002). Six of the squares were randomly selected and all fine root
fragments in the squares collected quantitatively under a binocular. The dry mass of these subsamples
was extrapolated to the 36 squares to estimate the total mass of finest rootlets in the sample. In
selected subsamples, we separated dead from living fine root material under the microscope to
estimate the fraction of living fine roots. A non-turgid stele and periderm, the loss of the stele, or
differing root color and elasticity were used as indicators of root death. Since the proportion of dead
fine roots was < 10 % in all samples, we decided to refrain from distinguishing between dead and live
roots in every sample in order to process a larger number of replicate samples. Thus, all data refer to
total fine root mass which consists to > 90 % of biomass.

Root morphological traits were determined by scanning the extracted roots on a flatbed scanner. Total
root length, root surface area, root volume and root diameter were measured using the software
WinRhizo (Régent Instruments, Quebec, Canada). After scanning, roots were oven dried at 70 °C for
72 h and weighed to determine dry mass. Specific root length (SRL, root length/dry weight), specific
root area (SRA, root surface area/dry weight) and root tissue density (RTD, dry weight/root volume)
were calculated from these measurements. Cumulative root surface area (Root Area Index, RAI) was
calculated from SRA and fine root mass for a specific plot. For analyzing the C and N content of root
mass, the dried roots were ground in a vibrating disc mill and a subsample of 5 mg was analyzed in a
C/N elemental analyzer by gas chromatography (vario EL Il1; elementar, Hanau, Germany).

The percentage cover of all species in the 2 m x 2 m plots was estimated with the Londo scale to the
next 10 % (> 10 % cover) or 1% (<10 % cover). Plant species diversity in the 4 m? plots was

expressed by Shannon’s H. Aboveground biomass was sampled in all plots by randomly placing a
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square of 10 cm x 10 cm in the plot and cutting all plant stems directly at the soil surface inside the
square. Biomass was separated from necromass, cleaned in the laboratory, dried at 70 °C for 72 h and
weighed.

Statistical analysis

Statistical analyses were conducted using R 3.3.2 software (R Development Core Team 2016). One-
way Analysis of Variance (ANOVA) with Tukey’s HSD test was applied for multiple comparisons
between saltmarsh communities and sites (ANOVA and HSD-test, packages ‘car’ and ‘agricolae’,
respectively). Where normality of residuals and homoscedasticity were not given, values were log-
transformed to meet these requirements. When assumption of normality could not be achieved, we
used the Kruskal-Wallis test (kruskalmc, package ‘pgirmess’) for multiple comparisons between
communities and sites. Welch’s two sample t-test was used for comparisons between soil horizons.
Step-wise multiple linear regressions with forward and backward variable selection were carried out
with the ‘MASS’ package to identify the best predictor variables for fine root mass. The initial model
included total phosphorous content, mineral nitrogen content, Shannon’s H, aboveground biomass,
and the soil Na and S content; the final model was selected by means of minimum AIC. A
significance level of p <0.05 was used throughout. A principal components analysis (PCA) was
conducted with the software CANOCO, version 5.02 (Biometris, the Netherlands) to analyze inter-
relationships between fine root mass and morphology, and soil properties across the different

saltmarsh communities and sites.

3.3 Results

Tidal inundation regime, soil properties and plant species diversity

Due to the local tidal flat morphology, the pioneer zone plots in Spiekeroog were more frequently
inundated than those in Westerhever (46 vs. 20 flooding events per month), whereas flooding events
in the upper salt marsh occurred less frequently than in Westerhever (4 vs. 8 events per month; Table
3.1). The inundation frequency gradient from the pioneer zone to the upper salt marsh was thus
steeper in the Spiekeroog transect. The two study sites also differed with respect to sediment texture
and chemistry (Table 3.1, Table S3.1).
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FINE ROOT TRAITS IN SALT MARSHES

The Spiekeroog site was characterized by a larger sand but smaller silt fraction in both the uppermost
(An) and lower sediment layers (Go/G: horizon) compared to the generally finer textured Westerhever
site (p < 0.05). An exception was the very silt- and clay-rich A, horizon in the upper salt marsh of
Spiekeroog. While the Westerhever sediment profiles were relatively uniform in terms of grain size
distribution, the Spiekeroog profiles were clearly stratified with a distinct increase in the sand fraction
from the An to the lower Go/G: horizon (p < 0.05). This was reflected in a significant (p < 0.05)
decrease in the mineral N and plant-available P content of the soil as well as in the Na and S contents
towards the subsoil in Spiekeroog; this decrease was not as pronounced in Westerhever. At both sites,
the grain size composition did not differ significantly between the pioneer, lower and upper saltmarsh
zone. While the total N content of the sediment was similar across sites, the soil organic carbon
content of the sediment and the related C:N ratio tended to be higher in Westerhever (significant in
the topsoil of the pioneer zone and lower salt marsh, p < 0.05). While plant-available P was detected
with significantly higher concentrations in the Westerhever sediments (p < 0.05), especially in the
topsoil, the K.SOs-exchangeable nitrate and ammonium concentrations in Westerhever were higher in
the deeper soil than in Spiekeroog (p < 0.05). The total Na and S contents were particularly high in
the frequently inundated pioneer zone of Spiekeroog and decreased towards the upper salt marsh in
both soil horizons (p < 0.05).

At both sites, the lower saltmarsh zones showed greatest plant species richness (10 species per plot at
both sites) and Shannon diversity (H’: 0.56 at Spiekeroog and 0.33 at Westerhever), whereas species
richness and diversity in the upper salt marsh were lowest (2 species per plot; H’: 0.02 at Spiekeroog
and 0.03 at Westerhever). Mean species number in the pioneer zone plots was 4 (Spiekeroog) and 7
(Westerhever) and Shannon’s H was 0.2 (Spiekeroog) and 0.27 (Westerhever) (Tables S3.1 and
S3.2).

Fine root and aboveground biomass and their dependence on environmental factors and plant

diversity

Total fine root mass (0-40 cm) was at both sites greatest in the lower salt marsh (2547 gm? in
Spiekeroog and 2379 g m? in Westerhever) and smallest in the upper salt marsh (1579 g m? in
Spiekeroog and 759 g m in Westerhever) (Fig. 3.2). However, this difference was only significant in
Westerhever (p < 0.05). Aboveground biomass decreased in Spiekeroog from the pioneer zone
(1048 g m?) to the upper saltmarsh (481 g m?) community (difference not significant), while it
peaked in Westerhever in the lower salt marsh (2376 g m?), which was significantly greater than in

the pioneer zone (1134 g m?, p < 0.05). Differences between the two sites in aboveground biomass in
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CHAPTER 3

a given zone were larger than for fine root mass. In the Westerhever salt marsh, aboveground biomass
was generally larger than in Spiekeroog on the sandy sediment (significant for the lower and upper
salt marsh, p < 0.05) (Fig. 3.2).
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Figure 3.2: Aboveground biomass and fine root mass in the three saltmarsh communities at the two study sites
(n =6, means = SE). Different letters indicate significant differences between communities at a site (a,b) or
between the sites within a community type (A,B) (Kruskal-Wallis multiple comparison test, p < 0.05). Letters
inside the bars indicate significant differences for different sediment horizons, letters below bars stand for the

entire soil profile.
The ratio of fine root mass:aboveground biomass was in all communities at both sites greater than

unity (except for the upper salt marsh in Westerhever), and reached a maximum of 4.8 in the lower

salt marsh of Spiekeroog (Table 3.2). The ratio was generally greater in Spiekeroog than in
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FINE ROOT TRAITS IN SALT MARSHES

Westerhever; this difference between sites was significant in the lower and upper salt marsh
(p < 0.05) but diminished in the pioneer zone. Root area index (RAI, i.e. total fine root surface area)
in the sediment to 40 cm was at both sites greatest in the lower salt marsh (335 and 205 m2 m? in
Spiekeroog and Westerhever, respectively, Fig. 3.3). In the pioneer zone and upper saltmarsh
communities, RAI was significantly greater in Spiekeroog than in Westerhever (125 vs. 62 and 206
vs. 48 m2 m in the pioneer zone and upper salt marsh, respectively; p < 0.05).

Table 3.2: Fine root mass:aboveground biomass ratio (median values) in the three saltmarsh zones at both study
sites. Different letters indicate significant differences between zones within a site (a) or between sites within a
zone (A,B) analyzed by Kruskal-Wallis multiple comparisons (p < 0.05).

Root:shoot biomass ratio Pioneer zone Lower salt marsh Upper salt marsh
Spiekeroog 1.853A 4,76 3A 3.523A
Westerhever 1.153A 1.2023B 0.57 2B
Spiekeroog Westerhever
400 b.A Soil depth
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Figure 3.3: Cumulative fine root surface area per m2 ground area in the profile to 40 cm depth in the three
saltmarsh communities at the study sites Spiekeroog and Westerhever (n=6, means + SE). Different letters
indicate significant differences between the communities at a site (a,b) or between the two sites for a
community type (A,B) according to Kruskal-Wallis multiple comparison tests (p < 0.05). Letters inside of the
bars indicate significant differences for a given sediment horizon, letters above bars stand for the entire soil
profile.
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Vertical fine root distribution

The density of fine roots (root mass per soil volume) decreased with increasing depth in the sediment
at both sites and in all communities (Fig. 3.4). The decrease from the topsoil (0-5 cm) to the subsoil
(20-40 cm) was, however, significant only in some cases (Westerhever: upper and lower salt marsh,
Spiekeroog: upper salt marsh; Kruskal-Wallis multiple comparison test, p < 0.05, data not shown). At
10 cm soil depth, there was a remarkable difference in fine root density in the lower salt marsh with
very high values in Spiekeroog (13.5 g dm™) compared to Westerhever (6 g dm™). At both sites, the
pioneer zone held the lowest percentage of roots in the upper 20 cm of soil, i.e. the highest percentage
of deep-reaching roots (significant for Westerhever, p < 0.05, Table 3.3).

Spiekeroog Westerhever
0
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10 — — »
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£ |
S | B
< 204 _. ........
[=% .
) .
o
i=}
w
30 1
40+
0 5 10

Fine root density (g dm™)

Figure 3.4: Change in fine root density (fine root mass per soil volume) with soil depth in the three saltmarsh
communities (Pio = pioneer zone, Low = lower salt marsh and Upp = upper salt marsh) at the study sites
Spiekeroog and Westerhever (n=6, means * SE).

Table 3.3: Percentage of fine root mass in the upper 20 cm of soil of the total soil profile (0-40 cm) (means +
SE, n=6). Different letters indicate significant differences between zones within a site (a,b) or between sites

within a zone (A,B) analyzed by Kruskal-Wallis multiple comparisons (p < 0.05).

Percentage root mass in

. Pioneer zone Lower salt marsh Upper salt marsh
upper 20 cm of soil
Spiekeroog 69.48 + 4.88 A 86.16 + 2.75 2A 82.88 +3.54 2A
Westerhever 64.08 + 3.88 A 66.05 + 7.65 ®:B 81.26 +1.715A
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FINE ROOT TRAITS IN SALT MARSHES

Relation between fine root mass and environmental factors and plant diversity

Stepwise multiple regression analysis with the variables total Na, P, S and mineral N content in the
sediment, Shannon diversity and aboveground biomass in the initial model revealed that Shannon
diversity had a highly significant effect (p < 0.001) on fine root mass (Table 3.4). This effect had a
higher explanatory power than that of mineral N content in the sediment (p < 0.01) and also of the Na
content as a proxy of the inundation regime (p < 0.05). The prominent role of the influence of plant
diversity disappeared when the root mass in the lower Go/Gr horizon was considered. Here, soil

chemical parameters (Na and total P content) were the only influential factors (p < 0.01).

Table 3.4: Predictor variables for fine root mass identified by stepwise multiple regression analyses (forward
and backward variable selection) grouped by study site and soil depth.

Model variables Estimate se t value p- value
Best model fit: both study sites, all soil depths (AIC =-92.75, F = 11.46, df = 3, 58, p < 0.001, R2 =0.37)
(Intercept) 7.23 1.24 10 58.44 falel

Na 2.4910° 1.2310°% 2.02 *
mineral N 1.31107? 412103 -3.18 *x
Shannon-Wiener index, H 1.01 2.82 101 3.57 *xx
Best model fit: Spiekeroog, all soil depths (AIC = -79.18, F = 9.68, df = 2, 33, p < 0.001, R2=0.37)
(Intercept) 7.23 0.11 68.51 Fhx
Shannon-Wiener index, H 0.80 0.20 4.03 il
aboveground biomass 0.00 0.00 1.62 n.s.
Best model fit: Westerhever, all soil depths (AIC = -27.12, F =6.10, df =4, 21, p <0.01, R2=0.54)
(Intercept) 6.15 3.43101 17.92 oo

Na 8.8110° 3.68 10° 2.39 *
Shannon-Wiener index, H 1.80 7.53 10 2.39 *
aboveground biomass 2.9310* 1.39 10 2.11 *

total S -2.210% 1.4310* -1.54 n.s.
Best model fit: both study sites, An horizon (AIC = -48.39, F = 6.90, df = 3, 30, p < 0.01, R2=0.41)
(Intercept) 7.36 2.40 101 30.60 ool
mineral N -1.38 10 5.8810°° -2.35 *
Shannon-Wiener index, H 1.05 3.80 101 2.76 **
aboveground biomass -1.69 10* 9.0010° -1.79 n.s.
Best model fit: both study sites, Go/Gr horizon (AIC = -13.29, F = 4.05, df = 3, 24, p < 0.05, R2 = 0.34)
(Intercept) 5.05 0.28 18.343 Fhx

Na 0.29 10°% 0.10 10 2.80 fola

total P -1.8510° 0.60 10°® -3.06 fola
aboveground biomass 0.3210°% 0.24 10 1.34 n.s.

n.s.. p>0.05, * p: <0.05, **: p<0.01, ***: p<0.001
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Root morphological and chemical traits

Specific root length (SRL) and specific root area (SRA) ranged between 46 and 120 m g™’ and
between 455 and 1546 cm2 g, respectively, in all studied plots (Fig. 3.5). Significant differences
between zones (p < 0.05) were only found in Westerhever, where the highest SRL was found in the
lower salt marsh. Root tissue density (RTD) ranged from 0.17 to 0.34 g cm™ with particularly high
values in the pioneer zone and upper salt marsh of Westerhever. Significant site differences existed
for SRL, SRA (lower values in Westerhever) and RTD (higher values in Westerhever) in the pioneer
zone and the upper saltmarsh community (p < 0.05). Root diameter was relatively uniform across the
plots (0.3-0.4 mm) with no site- and community-specific differences. Root nitrogen concentrations
differed between all three communities at both sites (p < 0.05). They were highest in the lower salt
marsh of both sites (16.7 and 14.1 mg g™ in Spiekeroog and Westerhever, respectively) and lowest in
the upper salt marsh of Spiekeroog (12.4 mg g™*) and the pioneer zone of Westerhever (10.9 mg g™?).
Particularly high values were found in the pioneer zone and lower salt marsh of Spiekeroog

(significant difference to Westerhever, p < 0.05).
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FINE ROOT TRAITS IN SALT MARSHES

Root diameter (mm) Root tissue density (g cm™)  Specific root area (cm?g™")  Specific root length (m g™")

Root N concentration (mg g™')
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Figure 3.5: Means + SE of five fine root

morphological traits in the three saltmarsh
communities (Pio = pioneer zone, Low = lower
salt marsh and Upp = upper salt marsh) at the
study sites Spiekeroog and Westerhever (n=24).
Different letters indicate significant differences
between study sites and saltmarsh communities
according to one-way ANOVA with Tukey’s

post-hoc test (p < 0.05).
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Principal Components Analysis

Ordination of the 36 plots with PCA based on the studied soil and root-related parameters confirmed
the differentiation among the two study sites and three saltmarsh zones (Fig. 3.6, Table 3.5).

SRA

i Nmin

RS

soil C:N

Axis 2 (EV: 0.23)

floodi r
5 - ooding

-1.0

............................................................................................

-1.0 Axis 1 (EV: 0.49) 1.0

Figure 3.6: Plot showing the distribution of the three saltmarsh communities (Pio = pioneer zone, Low = lower
salt marsh and Upp = upper salt marsh) of the two sites Spiekeroog (S) and Westerhever (WH) in relation to the
PCA axes 1 and 2 (EV: eigenvalues of the axes) and their association with important soil and root properties
(SRA: specific root area, Y T: clay fraction, RAI: root area index, FRM: fine root mass, root N: root N
concentration, Y S: sand fraction, H: Shannon-Wiener index, Na: Na: concentration in the sediment, flooding:
no. of monthly flooding events, P: total P in the sediment, Pav: plant-available P in the sediment, RTD: root
tissue density, > U: silt fraction, Nmin: mineral N concentration (NO3™ and NH4*) in soil) in the upper soil
horizon (An). Vector length and angle are proportional to the direction and degree of their correlation with the

plot ordination scores.

For the topsoil data (0-20 cm), the first axis (eigenvalue 0.48) separated the two study sites, and
associated fine root mass, SRA, root:shoot ratio, RAI and root N concentration with the Spiekeroog
site, whereas mineral N content, RTD and soil silt fraction were more closely associated with the
Westerhever site. The second axis (eigenvalue 0.23) separated the three saltmarsh communities along

a gradient of decreasing distance to the ocean. Mineral N as well as SRA were associated with this

68



FINE ROOT TRAITS IN SALT MARSHES

axis in the direction of the upper salt marsh, whereas on the opposite side, flooding frequency, S, Na
and plant-available P contents of the soil were associated with this axis in the direction of the pioneer
zone. The differences between the two study sites in terms of soil nutrient content in association with
sediment texture were even clearer in the deeper sediment horizon (20-40 cm) than in the topsoil (Fig.
S3.4).

Table 3.5: Results of a Principal Components Analysis (PCA) on the differentiation of the three saltmarsh
zones at both study sites with respect to fine root mass, root morphological traits, species diversity and soil
properties of the Ax-horizon. Given are the loadings of the selected variables along the first and second
explanatory axes. Numbers in brackets below the axes indicate the eigenvalues (EV) of the axes. Numbers in
bold mark the variables with closest correlation to the respective axis (cumulative fit values are given in
brackets).

Axis 1 AXis 2

(EV 0.4855) (EV 0.2342)
fine root mass 0.79 (0.62) 0.04 (0.62)
fine root:shoot ratio 0.79 (0.63) 0.51 (0.89)
specific root area 0.66 (0.44) 0.72 (0.96)
root tissue density -0.91 (0.82) 0.05 (0.82)
root N concentration 0.90 (0.82) -0.14 (0.84)
root surface area 0.80 (0.64) 0.44 (0.84)
total Na in soil 0.68 (0.46) -0.65 (0.89)
total P in soil -0.50 (0.25) -0.45 (0.46)
total S in soil 0.21 (0.04) -0.93 (0.90)
C:N ratio in soil -0.78 (0.60) -0.02 (0.61)
plant-available P -0.62 (0.39) -0.52 (0.66)
mineral N -0.84 (0.71) 0.49 (0.94)
> Sand 0.68 (0.46) -0.25 (0.52)
> Silt -0.83 (0.69) 0.11 (0.71)
> Clay 0.45 (0.21) 0.30 (0.30)
H (Shannon-Wiener index) 0.56 (0.31) -0.22 (0.36)
Flooding events 0.40 (0.16) -0.88 (0.93)
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3.4 Discussion

Our fine root inventory in three common saltmarsh communities at two geomorphologically different
saltmarsh sites clearly showed differences in fine root mass between the three saltmarsh communities
across the elevational gradient, but also between the two sites. At both study sites, the greatest fine
root mass was recorded in the lower salt marsh, which correlated with highest plant diversity in these
communities, where Atriplex portulacoides co-existed with about 10 other herb and grass species. We
assume that in this lower saltmarsh community, a considerable diversity of below-ground space
occupation strategies exists, as annuals (Salicornia spp.), small herbs (Spergularia media), tall herbs
(e.g. Aster tripolium, Triglochin maritima), grasses (Puccinellia maritima, Spartina anglica, Festuca
rubra) and dwarf shrubs (Atriplex portulacoides) share the rooted soil volume and likely partition
space as explained by the ‘complementarity effect’ (Loreau and Hector 2001). In contrast, the upper
saltmarsh community is nearly exclusively occupied by dense stands of Elytrigia atherica, and the
pioneer zone is largely dominated by Spartina anglica with only low cover of additional grasses or
herbs, which leaves less room for root space partitioning. This positive correlation between diversity
and fine root mass in agreement with our hypothesis (iv) matches results from other root studies in
salt marshes and other ecosystems and indicates an existing effect of biodiversity (Cardinale et al.
2006; Hooper et al. 2005). For example, Ford et al. (2016) found plant species richness to be a
significant predictor of root biomass in a salt marsh in the UK. Similarly, in the mesocosm
experiment of Sullivan et al. (2007) with various saltmarsh species, a significant increase in root
biomass and also in the root:shoot ratio was recorded with increasing species diversity. These
different reports suggest that plant diversity is a driver of fine root mass in temperate saltmarsh
communities, in agreement with the findings in other non-saline grassland habitats (Weisser et al.
2017; Eisenhauer et al. 2017; Mommer et al. 2010; Mueller et al. 2013).

The lower saltmarsh zone plays a crucial role for sediment trapping and stabilization in the foreland
bordering dykes and islands along the north-west European Wadden Sea coast. Our root data suggest
that the relatively species-rich communities with abundant A. portulacoides are effective sediment
stabilizers, since plant diversity was found to increase root density. This matches the observation that
plant species richness enhances soil stability and erosion protection in salt marshes and other
grasslands (Chen et al. 2012; Coops et al. 1996; Gould et al. 2016). Supporting previous studies
(Chen et al. 2012), we suggest that A. portulacoides plays a role as key species in stabilizing sediment
by its extensive root system in ungrazed saltmarsh sites.

The multiple regression analysis and the direct comparison of the three community types (zones) and

two sediment types (sites) suggest that the principal abiotic factors salinity and inundation frequency
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only have a relatively small influence on fine root mass. The Na content of the sediment as a proxy of
inundation duration showed a positive (though relatively weak) influence on root mass in the total
sample (and in Westerhever), and root mass and root density reached a minimum in the upper marsh
of both sites, where the exposure to salinity and inundation was lowest. This pattern is best explained
by a dominant effect of plant species identity and species richness on community fine root mass,
while effects of salinity (and anoxia) are diminished by effective adaptation of the species. It appears
that productive species like S. anglica and A. portulacoides with specific adaptations to salinity and
anoxia replace less adapted species in the lower marsh and pioneer zone, where they are capable of
establishing large root systems. The photosynthesis of the C4 grass Spartina is rarely limited by
salinity (Longstreth and Strain 1977) and the species is capable of oxidizing sulfide in the roots and
rhizosphere by means of effective O, transport to the sediment through its aerenchyma (Lee 1999;
Lee 2003; Maricle and Lee 2002). Therefore, S. anglica is a highly productive species (exceeding
6000 g d.m. m?yrY; Long and Woolhouse 1979) despite the mostly anoxic sediment. A.
portulacoides is also highly tolerant of salinity (Redondo-Gémez et al. 2007) which is due to the
accumulation of quaternary ammonium compounds for osmoregulation (Stewart and Lee 1974;
Rozema et al. 1985). The effective adaptation of the pioneer zone species (and also of the lower
marsh zone taxa) to the adverse conditions in this environment is also reflected in a higher proportion
of root mass (31-35 %) in the subsoil (20-40 cm depth) of the pioneer zone compared to the upper salt
marsh (17-19 %). This is in accordance with our hypothesis (ii) in which we postulated a deeper root
system in the more frequently inundated pioneer zone with well-adapted species. Interestingly, there
was a great difference in fine root density between sites at 10 cm soil depth (Fig. 3.4). It may be
speculated that the very high fine root density in this soil depth found at Spiekeroog is related to the
soil texture and associated lower plant-available P concentrations in the soil which may lead to a
species-specific increase in fine root mass (assumedly by A. portulacoides) to compensate for limited
P in the lower salt marsh. An earlier study by Strieckmann (1989, unpubl. data; Supplementary
Material 4) also found no root density decrease down to 24 cm depth in other north German S.
anglica marshes. In contrast, the fine root density decrease from the topsoil to 20-40 cm was
significant in the upper salt marsh of both sites, indicating that E. atherica is more sensitive to
waterlogging (Veeneklaas et al. 2013; Schrdder et al. 2002; Armstrong et al. 1985) and thus develops
a shallower distribution of fine roots.

Our data also suggest that higher nutrient availability tends to reduce fine root mass, as it was
postulated in our first hypothesis. Fine root mass was higher by roughly 25 %, and root area index
even by about 50 % in the sandy Spiekeroog plots compared to the silt- and clay-rich Westerhever

plots. This may indicate that the plants in the sandy sediment need to produce larger root systems,

71



CHAPTER 3

with especially large surface area, to compensate for the generally lower concentrations of plant-
available nutrients found in the sandy sediments of the Spiekeroog salt marsh. Sediment stability
might also be responsible for differences in fine root mass: a higher root mass in the sandy
Spiekeroog sediments could be required for plant anchorage, as fine-grained clay soils resist erosion
better than sandy soils (van Eerdt 1985; Allen 1989). Since bulk density was higher at the sandy
Spiekeroog site providing less air and water space, and less space for root proliferation, especially in
the deeper soil horizon, it may be assumed that the need of fine roots for nutrient capture and plant
stability exceeds the disadvantages for root growth in soil with higher bulk density, furthermore
indicating the good adaptation of roots to the abiotic conditions.

Comparison of our fine root mass data to other studies on below-ground biomass in salt marshes is
limited due to several reasons. First, it has to be kept in mind that we measured total fine root mass
and not fine root biomass, even though our figures should be close to biomass according to our
live:dead ratio assessment under the microscope in a number of subsamples. While a few authors
explicitly sampled only fine root biomass, various studies do not state, whether live and dead roots
were separated, and the term ‘biomass’ is sometimes used for total root mass (biomass + necromass),
which makes comparison to other studies difficult. Second, other authors used different criteria for
defining root mass or biomass, sometimes including coarse roots and rhizomes as well, or retrieving
root mass with sieves of greater mesh size than we did. This will increase or decrease root biomass
figures, thus leading to deviating results. Groenendijk and Vinklievaart (1987) investigated total
below-ground biomass in 0-60 cm in a Dutch salt marsh and obtained much higher profile totals than
we did, which may only be partly explained by the lower profile depth investigated in our study (0-40
cm). Nevertheless, the same root mass distribution patterns along the saltmarsh elevational gradient
became visible in the Dutch study: Greatest below-ground biomass totals were recorded in the A.
portulacoides-dominated lower marsh (mean: 13,338 g m™), while the lowest biomass occurred in the
upper marsh dominated by E. atherica (mean: 7763 g m?). On the North Sea coast of England, Ford
et al. (2016) reported at six saltmarsh sites lower root biomass totals (1500 to 8800 g m™ to 30 cm soil
depth) than found in the Netherlands. Comparison of our data from the S. anglica stands at our study
sites (site means of 1500-2000 g m) with data from Spartina alterniflora-dominated salt marshes on
the east coast of the United States indicates a similar root biomass average, but larger variation among
sites (600 to 11,000 g m?; Tripathee and Schaefer 2015; Smith et al. 1979; Windham et al. 2003).
Unpublished root biomass data from a grazed and an ungrazed salt marsh in Schleswig-Holstein
(Germany) of Strieckmann (1989, unpublished) range between 1000 and 5000 g m™ for the profile to
24 cm (Table 3.6, Supplementary Material 4). In contrast to our study, the greatest below-ground

biomass in the ungrazed site was recorded in the plots dominated by S. anglica and A. tripolium,
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while the minimum (~1500 g m?) occurred in the A. portulacoides stands. Similar to our plots in
Westerhever, the upper saltmarsh community with E. atherica dominance was the only stand with a
root biomass:aboveground biomass ratio < 1 (Table 3.6).

Table 3.6: Compilation of root mass and above-ground biomass data from North Sea salt marshes up to a

sediment depth of 20 cm from this study and for two further sites investigated by Strieckmann (1989).

Dominant Root mass Above-ground

Study site plant species (gm?) biomass (g m?) Methodology Reference
Spiekeroog, S. anglica 1503 £331 1048 £ 205 Size of sieve for root
Germany A. portulacoides 2243 + 484 712 + 210 washing: 200 um;
(ungrazed Soil depth: 20 cm;
marsh i i
) E. atherica 1296 + 111 481 + 37 only fine roots (dead |, . study
and alive);
Westerhever, S. anglica 888 + 123 1134 + 159 samp"ng in
Germany . September;
(ungrazed A. portulacoides 1469 + 332 2376 £ 329 mean + se
marsh) E. atherica 617 + 46 1685 + 387 presented
S. anglica 2594 235+ 146
Oland, f\' ‘:‘:Iggﬁi; 5156 783 +179 o
Germany 3 |- - Ceto Size ct:f S|ev3el1;0r root
+ : ; .
(ungrazed -anglica ! 778+ 184 Weshing: S WM sirieckmann
marsh) _ soil depth: 24 cm; (1989)
A. portulacoides 1661 1191 £ 916 no differentiation )
between root unpublished
E. atherica 1712 2178 + 281 . data
fractions;
Sonke- P. maritima 3496 518 + 83 sampling in June;
Nissen-Koog, mean + sd presented
Germany P. maritima 2148 486 + 164
(grazed
marsh) S. anglica 2743 499 +171

The fact that we considered only fine roots (< 2 mm in diameter) and not coarse roots and rhizomes,
may explain differences in root biomass totals among different studies in Spartina marshes. For
example, Darby and Turner (2008) found a mean root biomass of 753 g m? but a mean rhizome
biomass of 1952 g m? of S. alterniflora in a Louisiana salt marsh, matching findings of Schubauer
and Hopkinson (1984). Data of total belowground biomass (including larger root diameters) are
important for carbon cycle studies, but less informative when the below-ground absorptive surface of

plants and communities is assessed. Several studies indicate that the standing fine root biomass (or
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mass) in salt marshes varies considerably with season (Steinke et al. 1996; Darby and Turner 2008;
Groenendijk and Vinklievaart 1987), which may also explain differences between studies.

In our study, we did not distinguish between dead and live fine roots, as we found the proportion of
dead fine roots to be low (< 10 %) in all inspected samples. Similar live:dead ratios were reported by
Groenendijk and Vinklievaart (1987) in a Dutch salt marsh (< 15 % non-living roots), while the
proportion of below-ground necromass was greater in certain North American salt marshes,
exceeding root biomass (Darby and Turner 2008; Valiela et al. 1976; Schubauer and Hopkinson
1984). Apart from differences in the root diameter considered and likely variance in root mortality
rates, this may be a consequence of slow root decomposition rates as was found in a Dutch salt marsh
(Buth 1987). Direct observation of fine root dynamics with rhizoscopes may be needed to unravel the
causes of different root live:dead ratios in anoxic sediments.

A comparison of the fine root mass of salt marshes with that of other grassland or herbaceous
communities indicates that the multi-stress conditions in this saline environment demand for high
carbohydrate investment in below-ground organs by the plants. According to root mass data compiled
by Leuschner and Ellenberg (2017), non-saline mesic to moist temperate grasslands have root masses
in the topsoil (mostly 0-15 cm) of 500-2000 g m? matching the root mass figures of our upper salt
marsh, while being smaller than the root masses found in the lower marsh and the pioneer zone.
Jackson et al. (1997) give a global fine root mass mean of 1510 g m™ for temperate grasslands, which
is also lower than the root masses found in our lower salt marsh and in other Spartina stands in the
northern hemisphere. Similarly, our root surface area totals (RAI values > 300 m*> m) were several
times larger than the mean RAI recorded for temperate grasslands by Jackson et al. (1997)
(79.1 m?> m?),

One might expect that the substantial variation in inundation frequency, sediment anoxia and salinity
found in the different saltmarsh zones of Spiekeroog and Westerhever should lead to pronounced
differences in fine root morphology in the different communities (hypothesis iii). Bouma et al. (2003)
hypothesized that the saltmarsh plants of the pioneer zone have slower-growing, more stress-tolerant
roots, while the plants of the upper salt marsh should be faster growing, which might result in a
higher root tissue density of the former. We found elevated tissue densities in both the upper marsh
and the pioneer zone of the Westerhever site, but no difference across the Spiekeroog gradient and
thus no consistent root tissue density pattern in our study. Similarly, community differences in SRL
and SRA were not consistent across the two elevational gradients; mean fine root diameter was
remarkably constant in our samples. We conclude from these inconsistent patterns that fine root
morphology is largely under the control of plant species and their specific adaptations to the adverse

conditions (i.e. the formation of aerenchyma), while a more general pattern of root morphology did
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not emerge in the studied saltmarsh communities. This contradicts hypothesis (iii) but matches the
findings of Bouma et al. (2001 and 2003) of an only weak responsiveness of the root architecture of
three halophytic grass species to nitrogen supply, inundation and oxygen content of the sediment and
no relationship between root longevity and tissue density. Root N concentration peaked at both sites
in the lower salt marsh, possibly reflecting species-specific N uptake patterns.

Conclusions

Our study in two salt marshes with contrasting geomorphology shows that fine root mass is relatively
high and fine root surface area large in comparison to grassland ecosystems in terrestrial habitats. The
plants of the frequently inundated lower marsh and pioneer zone seem to be well adapted to this
stressful environment, allowing some specialist species such as Spartina to establish a root system
with deep penetration of the sediment for good anchorage and nutrient supply. These adaptations of
characteristic species appear to control the fine root mass of the saltmarsh communities, overriding
effects of environmental stress. As in other habitats with extreme environmental conditions, a higher
number of plant species tends to increase root biomass and seems to promote soil exploration through
root space partitioning by functionally different species. Studies on fine root dynamics and root
function in terms of water and nutrient uptake are needed for a mechanistic understanding of the

below-ground compartment of saltmarsh communities and its sensitivity to environmental change.
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Figure S3.1: Plot showing the distribution of the three saltmarsh zones (Pio, Low and Upp) in the two
saltmarsh sites Spiekeroog (S) and Westerhever (WH) in PCA axes 1 and 2 with soil and root properties (SRA:
specific root area, Y T: clay fraction, RAI: root area index, FRM: fine root mass, root N: root N concentration,
>'S: sand fraction, H: Shannon-Wiener index, Na: Na concentration in soil, flooding: monthly flooding events,
P: total P in soil, Pav: plant-available P in soil, RTD: root tissue density, > U: silt fraction, Nmin: mineral N

(NOs5 and NH4") in soil) related to the deeper soil horizon (Go/Gy). Vector length and angle are proportional to

the direction and degree of their correlation with the plot ordination scores.
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Table S3.4: Results of a Principal Components Analysis (PCA) on the differentiation of the 3 saltmarsh zones
at both study sites with respect to fine root mass, root morphological traits, species diversity and soil properties
of the Go/Gr horizon. Given are the loadings of the selected variables along the first three explanatory axes.

Numbers in brackets below the axes indicate the eigenvalues (EV) of the axes. Numbers in bold mark the

variables with closest correlation to the respective axis (cumulative fit values are given in brackets).

80

Axis 1 AXis 2 AXis 3

(EV 0.5633) (EV 0.1873) (EV 0.1430)
fine root mass 0.38 (0.14) 0.78 (0.61) 0.55 (0.91)
specific root area -0.59 (0.35) 0.69 (0.83) -0.30 (0.92)
root tissue density -0.24 (0.06) -0.76 (0.64) -0.28 (0.72)
root N concentration -0.51 (0.26) 0.28 (0.35) -0.32 (0.45)
root surface area -0.17 (0.03) 0.92 (0.88) 0.24 (0.94)
total Na in soil 0.98 (0.95) 0.11 (0.96) 0.05 (0.97)
total P in soil 0.96 (0.92) -0.07 (0.93) -0.10 (0.94)
total S in soil 0.76 (0.57) -0.26 (0.64) 0.59 (0.99)
C:N ratio in soil 0.90 (0.81) 0.08 (0.82) -0.13 (0.83)
plant available P 0.92 (0.85) -0.14 (0.87) -0.12 (0.89)
plant available N 0.95 (0.90) -0.14 (0.92) -0.11 (0.93)
> Sand -0.93 (0.86) -0.24 (0.92) 0.25 (0.97)
> Silt 0.90 (0.82) 0.27 (0.89) -0.27 (0.96)
> Clay 0.96 (0.92) 0.18 (0.95) -0.20 (0.99)
flooding 0.04 (0.00) -0.23 (0.05) 0.97 (0.99)
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Figure S3.2: Above-ground vs. below-ground (fine root) biomass (dry weight) at nine plots in two saltmarsh

Fine root mass (g m )

sites (means £ SD, n = 4-6). Plot names with an “O” are located in an ungrazed salt marsh on the Hallig island
Oland, plot names with an “S” are located in a grazed salt marsh at Sénke-Nissen-Koog (both are located in
Schlswig-Holstein, Germany). The first letter of the plot name refers to the plant community: “AO”: Elytrigia
atherica dominated (Oland), “BO”: Spartina anglica with Aster tripolium (Oland), “CO”: Spartina anglica
dominated Oland, “DO”: Atriplex portulacoides dominated (Oland), “FO”: Spartina anglica dominated Oland,
“AS” Spartina anglica dominated (Sonke-Nissen-Koog), “BS”: Puccinellia maritima dominated (S6nke-Nissen-
Koog), “DAS”: Spartina anglica dominated at a scoured location (Sonke-Nissen-Koog), “DSB”: Puccinellia
maritima dominated on an elevated location (S6nke-Nissen-Koog). Data collected by Rita Strieckmann (1989,
unpublished).
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CHAPTER 4

Abstract

Salt marsh plants are affected by regular tidal inundation exposing them to saline water as a potential
water source. This study aimed at quantifying the water uptake of plants depending on their distance
from the sea and exploring plant responses to changing inundation regimes. We used stable isotope
ratios (5'%0) to determine the proportions of seawater and precipitation water used by three salt marsh
species (Spartina anglica, Atriplex portulacoides and Elytrigia atherica) from a German North Sea
coast salt marsh. Additionally, A. portulacoides was transplanted to experimental islands at three
elevation levels to investigate its plasticity in water use in the course of future sea level rise. We
found a marked gradient in plant seawater use from the lowermost pioneer zone (79-98 % seawater
uptake by S. anglica) to the lower marsh (61-95 % by A. portulacoides) and the upper marsh (25-
39 % by E. atherica). Seasonal differences in water use were not pronounced, likely due to the
absence of longer dry periods during summer in these temperate salt marshes. Contradicting our
expectation, roots in deeper soil showed higher water uptake rates per fine root mass than topsoil
roots suggesting effective root adaptation to the anoxic subsoil. Transplanted A. portulacoides plants
significantly increased the uptake of seawater with increasing inundation indicating flexibility in the
use of water sources by this species which may facilitate acclimation to rising sea levels. We
conclude that the zonation of salt marsh vegetation reflects the availability of water sources along the

inundation gradient.

Keywords: Coastal vegetation, Precipitation, Sea level rise, Stable isotopes, Tidal inundation
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4.1 Introduction

Salt marshes are ecosystems at the interface of land and sea, which are strongly influenced by tidal
inundation. They play an important role in coastal protection, in carbon sequestration, as habitats of a
rich fauna, and as traps for nutrients, which are imported from the eutrophicated coastal waters
(Barbier et al. 2011; Nelson and Zavaleta 2012; Moller et al. 1999; Mcleod et al. 2011). As these
semi-aquatic ecosystems are particularly vulnerable to rising sea levels in the course of climate
change, understanding the water sources accessed by salt marsh plants and the plants’ flexibility in
using different water sources with altered inundation regimes is important for assessing their capacity
to withstand sea level rise.

Salt marsh vegetation typically shows a clear zonation with elevation and increasing distance from
the sea. These vegetation patterns are likely caused by gradients in abiotic conditions, notably
inundation frequency, salinity, soil anoxia, and sulfide, manganese and/or iron toxicity (Armstrong et
al. 1985; Ungar 1998; Cooper 1982; Rozema et al. 1985). The characteristic sequence of plant species
and communities along this gradient reflects different plant strategies of morphological and
physiological adaptation to the multiple stress encountered in the lower and higher marsh (Leuschner
and Ellenberg 2017). Plants using seawater as a water source have developed various mechanisms for
minimizing the negative effects of high Na* and CI" concentrations in the cell sap, which may harm
metabolism and growth. Adaptation strategies include the excretion of salt ions through glands and
bladders, salt exclusion during water uptake by the root, and the dilution of salt ions at the cellular
level by increased water uptake resulting in succulence (Rozema et al. 1985; Leuschner and Ellenberg
2017; Munns and Tester 2008). Furthermore, some plants in saline environments increase their salt
tolerance by accumulating nitrogen-containing compounds such as proline and quaternary ammonium
compounds in the cell sap while accumulating Na* and CI" in the vacuole (intracellular salt
compartmentalization) (Stewart and Lee 1974; Flowers 1985; Munns and Tester 2008). Along the salt
marsh elevation gradient, plants of the lower marsh habitats are exposed to seawater more frequently
and for longer periods of time than plants of the higher marsh. The former have access to freshwater
in the soil from precipitation only during relatively short time frames, namely only when rain is
falling during low tide. Thus, plants differ in their access to seawater and precipitation water along
the flooding gradient, when absorbing water for transpiration and metabolic processes (Flowers and
Colmer 2008).

While there are numerous studies on plant water uptake in mangrove ecosystems, i.e. tropical and
subtropical coastal wetlands, there are, to our knowledge, no comparable studies on plant water use in

north-west European salt marshes. Studies on the use of different water sources by mangrove trees
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showed that these woody plants show a flexible water use strategy allowing them to utilize saline as
well as fresh water depending on water availability. Consequently, the utilization of water sources
varies among seasons and habitats (Santini et al. 2015; Ewe et al. 2007; Lin and Sternberg 1993; Wei
et al. 2013). A study on subtropical salt marsh plants indicated that plants shift their water sources
along a mixing gradient between seawater and meteoric endmembers with increasing use of meteoric
water at less inundated sites (Romero and Feakins 2011).

Stable isotopes are a powerful tool for studying the sources of plant water uptake since water sources
differ in their isotopic compositions. Precipitation water is depleted in ?H and 0 compared to
seawater due to isotopic fractionation during evaporation resulting in more negative signatures in
water vapor and precipitation (Sternberg and Swart 1987; Sternberg et al. 1991; Dawson et al. 2002).
Therefore, the isotopic composition of xylem water can be used to trace the sources of water taken up
by the plant. Romero and Feakins (2011) and Eley et al. (2014) found a trend toward increasing 2H-
enrichment in xylem water with increasing inundation time in Californian and English salt marsh
plants, indicating variable water sources along the inundation gradient. In the present study with
temperate salt marsh species we aimed at quantifying the contribution of marine and atmospheric
water sources to plant water uptake by means of stable isotopes, and at identifying the soil depth of
maximum water uptake.

A prerequisite for the use of stable isotopes in plant water uptake studies is that there is no isotopic
fractionation during water uptake. This means that the isotopic signal of xylem water reflects the
signal of the plants’ water source (White et al. 1985; Dawson et al. 2002). This premise appears to
apply for terrestrial non-halophytic plants (Dawson and Ehleringer 1991; Barnard et al. 2006).
However, plants adapted to saline environments often develop highly suberized and lignified cell
walls in their roots such as the Casparian strip on endodermal cell walls to control salt influx and
prevent water loss to the saline soil (Ellsworth and Williams 2007; Hajibagheri et al. 1985). Water
movement along the symplastic pathway potentially fractionates hydrogen isotopes, as was observed
for mangroves (Lin and Sternberg 1993; Ladd and Sachs 2015) and woody xerophytes (Ellsworth and
Williams 2007). Simultaneous fractionation of oxygen isotopes in water was not observed. This
suggests that **0 is a more useful tool for tracing water sources in halophytes than ?H.

Since the sea level has been rising by about 1.8 mm year™ over the past century in the Wadden Sea
region (Oost et al. 2009), we further asked how flexible salt marsh species are in their use of water
sources when facing increasing inundation frequencies. Salt marshes are threatened by an accelerated
sea level rise as it may potentially lead to the drowning of these semi-terrestrial coastal ecosystems.
There is a continuing debate on the viability of salt marshes under rising sea levels and some dispute

on the question whether vertical accretion of the marshes is sufficient to sustain elevations with tidal
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flooding regimes that can be tolerated by the plant communities (Greaver and Sternberg 2007;
Kirwan et al. 2010; Roman 2017; Reed 1995; Morris et al. 2002). With reference to this discussion
we investigated whether Atriplex portulacoides, a dominant species in north-west European lower salt
marshes, is able to alter its water uptake strategy under changing sea levels. We manipulated
inundation frequencies to investigate the effects of increased flooding and salinity stress on salt marsh
communities. For this purpose experimental islands with salt marsh vegetation growing at different
elevation levels and thus differing inundation regimes were set up in the Wadden Sea of Germany as
part of a larger research project (Balke et al. 2017).

With this combined study in a natural salt marsh and on experimental salt marsh islands we aimed at
clarifying whether the availability of fresh water and marine water sources is reflected by the use of
water sources by characteristic plant species at different elevations along an inundation frequency
gradient. Specifically, we tested the following main hypotheses: (i) there is a gradient in plant water
use from the pioneer zone to the upper salt marsh along which the use of seawater decreases with
increasing distance from the sea, (ii) the use of seawater and precipitation water changes seasonally in
dependence on precipitation patterns with higher seawater uptake in drier (precipitation-poor)
months, (iii) the relative importance of water uptake from deeper soil layers decreases due to potential
anoxia and the presence of toxic substances in deeper soil, and (iv) typical salt marsh halophytes are

flexible in the use of water sources with rising sea levels.

4.2 Materials and Methods

Study area and experimental set up

The study was performed on Spiekeroog Island on the German North Sea coast (Lower Saxony,
53°45'44"N 7°4323"E, Fig. S4.1). Study plots were located in a salt marsh and on the tidal flats on
the southern leeward coast of the barrier island. The local tidal range is 2.7 m. The salt marsh is
characterized by three zones differing in their elevation relative to sea level and thus in inundation
frequency, each inhabited by a specific plant community: the dominant species in the pioneer zone,
which is inundated by most tides except the lowest neap tides (approx. 500-600 times per year), is
Spartina anglica C.E. Hubb.. The subsequent lower salt marsh, which is inundated during spring tides
approx. 200 times per year, is the most species-rich community with a high cover of Atriplex
portulacoides L., Puccinellia maritima (Huds.) Parl., and about eight other species. The upper salt
marsh zone is inundated only during high spring tides and strong storm events (approx. 50 times per

year) and consists of monospecific stands of Elytrigia atherica (Link) Kerguélen. The mean annual
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temperature at the study site from 1981 to 2016 was 9.74 °C and the mean annual precipitation was
751.4 mm (data from the German Meteorological Service (DWD) for the East Frisian island
Norderney, 40 km away from our sampling location, Fig S4.2, Table S4.1).

In the natural salt marsh, we established six study plots with a size of 2 m x 2 m in the pioneer zone,
the lower and the upper salt marsh, respectively, resulting in 18 plots in total. These natural salt marsh
plots will subsequently be termed ‘control plots’. In addition, we studied lower salt marsh
communities at different height levels and inundation regimes on six experimental islands.
Experimental islands (Fig. S4.1) were installed on the tidal mudflats of Spiekeroog Island at approx.
500 m distance to the natural salt marsh (Balke et al. 2017). Each island consisted of 12 steel cages
with an area of 1 m x 1 m with four replicate cages at a height of 70 cm, 100 cm and 130 cm,
respectively. The height levels corresponded to the elevation of the three vegetation zones in the
natural salt marsh (pioneer zone, lower salt marsh, upper salt marsh), thus simulating the inundation
regimes of the three salt marsh zones. Steel cages were lined with a water permeable geotextile
(HaTe® 1000 g/m2, Huesker, Germany) and polyethylene bags (0.14 mm) in the lower sediment
profile section in order to prevent complete drainage of the islands. The cages were filled with
sediment from the surrounding tidal flat and were planted with sods from the lower salt marsh on top
of the sediment on all three height levels. The islands were protected against scouring during
inundation by installing steel shields on all sides of the islands. A detailed description of island

construction is given by Balke et al. (2017).

Sampling

Samples for isotope analysis were taken from the natural salt marsh and the experimental islands in
September 2014, directly after setup of the islands, and in March and August 2015. We analyzed the
8?H and %0 signature of plant and soil material as well as of precipitation water and seawater as
possible plant water sources. We chose these two water sources as the two endpoints of the range of
expected stable isotope ratios, neglecting further potential water sources such as groundwater or river
water. Roper et al. (2012) found that the 50 signature of groundwater varies on Spiekeroog Island
within a narrow range (-6.5 to -7.5 %o), reflecting the isotopic signal of precipitation. Thus, a
distinction between the 580 values of precipitation and groundwater would not have been practicable
in our study. In any case, the freshwater lense below Spiekeroog Island does not extend to our
sampling plots (Roper et al. 2012) which are located in the transition zone between land and sea.
Freshwater input from river estuaries on the mainland will play a negligible role as a possible water

source, as no estuaries are located in the neighborhood (Roper et al. 2012).
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Precipitation water was collected from rain events occurring in the week prior to the date of plant
material sampling. In order to obtain unfractionated precipitation water, we utilized a minimized-
evaporation collector as described in Groning et al. (2012). Monthly precipitation amounts and the
sampling dates in relation to precipitation events are given in Fig. S4.2. Seawater was collected on
sampling days directly from the ocean surface (Wadden Sea) close to the study plots during high tide.
Soil and plant material was sampled from the salt marsh plots and from the transplanted vegetation on
the experimental islands (six replicates per salt marsh zone on control plots and experimental islands,
respectively). Soil samples were taken with a stainless steel auger (35 mm diameter, soil depth O-
30 cm). Soil cores were subdivided into segments of six depth layers: 0-3, 3-6, 6-10, 10-15, 15-20,
and 20-30 cm. Sub-samples of soil were collected from the centre of the core of each segment. For
determination of the stable isotopic composition of plant water, root crowns, i.e. the transition zone
between the root and the shoot, from three individuals per plant species and plot were sampled and
cleaned from remaining soil particles. For non-woody, herbaceous plants, xylem water of the root
crown has been shown to reflect the isotopic signal of the plants’ water source best (Barnard et al.
2006). In the control plots, we collected samples of one species per salt marsh zone which occurred
with high abundance: Spartina anglica from the pioneer zone, Atriplex portulacoides from the lower
salt marsh and Elytrigia atherica from the upper salt marsh. On the experimental islands, we collected
samples of Atriplex portulacoides from all three height levels, since sods from the lower salt marsh
had been transplanted to all three levels. All samples were collected in gas-tight 12 ml exetainers
(Labco Ltd., High Wycombe, UK), stored in a cool box for transportation and kept frozen in the lab
until water extraction and analysis.

To relate the proportion of water uptake to the proportion of fine root mass (< 2 mm in diameter) in a
given soil depth, we referred to fine root mass data collected in a previous study (Redelstein et al.
2018). For measuring fine root mass, separate samples were taken with a stainless steel corer (35 mm
diameter) on all plots to a depth of 40 cm. Soil cores were divided into depth intervals of 0-10 cm, 10-
20 cm and 20-40 cm. The soil material was washed over a sieve with 200 um mesh size to separate
roots from sediment. Under a binocular, the fine roots were further cleaned and separated from
rhizomes and other organic material before determining the dry mass of the fine roots (Redelstein et
al. 2018).

Cryogenic vacuum extraction

Xylem water from root crowns and soil water was extracted by cryogenic water extraction (Ingraham

and Shadel 1992; Dalton 1988; Dawson and Ehleringer 1993). The cryogenic extraction line was set
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up according to Orlowski et al. (2013) with modifications proposed by Koeniger et al. (2011).
Samples were extracted directly from the gas-tight exetainers connected to the extraction tubes by
piercing the septum of the vials with a cannula (diameter 1.2 mm). The system was evacuated to
approx. 10°—10" mbar by means of a vacuum pump (Rotary vane pump RZ 2.5, vacuubrand,
Wertheim, Germany). During the extraction process, samples were heated to 80 °C by means of a
water bath and the evaporated water was trapped in the lower part of V-shaped glass tubes submerged
in liquid nitrogen. In order to guarantee complete water extraction and to obtain unfractionated water
samples, extraction time was chosen based on preliminary tests with soil samples from our study
sites, which showed maximal extraction efficiency at an extraction time of 2 h. Thus, samples were
extracted for 2 h. The mean extraction efficiency of all samples was 99.25 % indicating an almost
complete extraction of samples for the given extraction conditions (temperature, vacuum, time).
Samples with an extraction efficiency of less than 95 % were removed from data analysis; this
applied to 1.2 % of all samples. A minimum of 4 replicate samples was available for all plots and
sampling sessions. Extracted water was pipetted to 2 ml glass vials and stored at 4 °C until stable

isotope analysis.

Stable isotope analysis

Stable isotope measurements were conducted by Cavity Ring-Down Spectroscopy (CRDS) with a
Picarro L2120-i dD/5'0 Isotopic Water Analyzer (Picarro Inc., Santa Clara, California, USA)
coupled to an A0211 high-precision vaporizer. Due to the measurement of samples extracted from
soil and roots, and potential contamination with volatile organic substances possibly causing spectral
interference, a microcombustion module (MCM) was inserted between the vaporizer and the analyzer
of the instrument (Martin-Gomez et al. 2015). Samples were injected by a PAL-autosampler (CTC
Analytics AG, Zwingen, Switzerland) and each sample was measured 10 times at high precision
mode. The first three measurements per sample were discarded. Prior to the analysis of our samples, a
reliability test of the micro-combustion module was carried out by measuring a set of samples in
parallel by isotope ratio mass spectroscopy (IRMS) and CRDS. Values measured by CRDS correlated
significantly with those measured by IRMS with §**Ocrps = 0.96 - §*®Ojrms — 0.53 (r2 = 0.996) and
8?Hcros = 0.996 - 8%Hirms — 0.63 (r2 = 0.998). There was no significant effect of the type of water
measured (pure water sample or samples extracted from organic material) on the difference between
IRMS and CRDS measurements (p > 0.05) (Fig. S4.3, Table S4.2).

Isotopic ratios are expressed relative to the international standard Vienna Standard Mean Ocean
Water (VSMOW) in per mil (%o) according to equation 4.1:
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8180 or § 2H = (2R _ 1) Equation 4.1

Rstandard

where R is the **0/*°0 or *H/*H ratio of the sample or the standard, respectively.

Data were checked for remaining potential organic contamination of samples by the ChemCorrect™
software (Picarro Inc.). This software marked several analyzed samples as possibly contaminated and
a few as highly contaminated in the C.-alcohols, so that a spectral contamination post-processing
correction of 8°H and 8'0 values was applied to the raw output as given in Martin-Gomez et al.
(2015).

For calibrating the measured values, two internal laboratory standards were used, which covered the
full range of values detected in the samples. These were calibrated directly against the international
standards VSMOW and SLAP2 (Standard Light Antarctic Precipitation 2) provided by the
International Atomic Energy Agency (IAEA) and were analyzed always after 9 samples had been
measured to fit a linear regression for calibration. The long-term precision of our laboratory’s quality

control standard was + 1.30 %o and + 0.16 %o for 5°H and 820, respectively.

Data analysis

All statistical analyses and graphics were done with R 3.3.2 software (R Development Core Team
2016). The Local Water Line (LWL) was calculated by linear regression of the 8*°0 and °H values
of sea, precipitation and soil water; the Plant Water Line (PWL) was calculated by linear regression
of the 0 and 8*H values of water extracted from roots using Model 11 linear regressions (ranged
major axis, RMA). It has been shown that there is significant hydrogen isotopic fractionation during
water uptake in coastal wetland plants, whereas oxygen isotope ratios of plant water match those of
the source water (Lin and Sternberg 1993). Therefore, we only considered %0 values for the
quantification of plant water sources. For calculation of the fractions of sea and precipitation water
contributing to plant water, we calculated a two-source mixing-model (Dawson et al. 2002) according

to equation 4.2.

f _ Splant_sprecipitation
sea —

Equation 4.2

SSea_Sprecipitation

with fea being the fraction of seawater contributing to plant water and Spianuseaprecipitation being the 820
values of plant, sea and precipitation water, respectively. The fraction of precipitation contributing to

plant water was calculated as fjrecipitation = 1 — fsea-
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The contribution of different soil depths to plant water use in cases where more soil depths (water
sources) than isotopes are present (i.e. where no clear solution exists) was determined by a Bayesian
stable isotope mixing model based on Gaussian likelihood (Parnell et al. 2010) using the R-package
‘simmr’. In order to reduce the uncertainty for the contribution of each single soil layer due to the
inclusion of a larger number of water sources but only one isotope species, we combined the six
sampled soil layers to three layers: top = 0-10 cm soil depth, mid = 10-20 cm soil depth, deep = 20-
30 cm soil depth. Differences in 50 values among water sources were determined using a two-
factorial (water source, season) analysis of variance (ANOVA). Differences in *%0 values among
plant water and in the proportion of seawater used by the plant were tested using a three-factorial
(season, salt marsh zone, treatment (i.e. control plot/ experimental island)) ANOVA. Significant
factors were subsequently identified using Tukey’s honestly significance difference as a post-hoc test.
A linear regression was calculated in order to examine the relation between the contribution of water
and the proportion of fine root mass in a soil layer using data on fine root mass collected in a previous
study. Tests of statistical significance were based on a 0.05 significance level.

We calculated the H-discrimination, which occurs during plant water uptake, under the assumption
that no fractionation of oxygen isotopes takes place during plant water uptake and that the 5*H/5'%0
ratio does not vary among soil depths. The theoretical °H value in plant water assuming no

fractionation (8*Hpiant calc) Was calculated from the measured values in plant and soil as

2
8°Hsoil meas

18 .
8%8050il meas

62leant calc = ) 618Oplant meas Equation 4.3

The fractionation was calculated as the difference between the calculated and the measured 8°H value

in plant water (equation 4.4).

A8’H = 62leamt calc — Sszlant meas Equation 4.4

4.3 Results

Local water line
There was a strong linear relationship between §'®0 and §°H in the water sources (LWL: 6°H = 6.46 -

3180 — 1.06, r2 = 0.98, p < 0.001) and water extracted from plant roots (PWL: 8°H = 6.21 - §'%0 —
4.75, r2 = 0.97, p<0.001) (Fig. 4.1). The slope and intercept of both LWL and PWL were smaller
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than the values that define the global meteoric water line (GMWL: §2H = 8 - §*°0 + 10 (Craig 1961)).
Precipitation water was depleted in 0 and *°H compared to seawater, whereas the isotopic signatures
of water extracted from soil and plants ranged between the signatures of precipitation and seawater
endmembers. Plant water was isotopically depleted in *H in comparison to *®0 as indicated by a lower
intercept of the PWL.

Source of water 7
-10 4 GMWL

A  Sea \/ Ve
+  Precipitation :
Soil
Root

220 -
-30 -
40 -

-50 -

82H (%o)

-60

520 (%o)

Figure 4.1: §°H versus 5'®0 signatures of different plant water sources (seawater, precipitation water, soil
water) and plant water sampled at Spiekeroog Island. In addition to the local water line (LWL) and plant water
line (PWL), the global meteoric water line (GMWL,; Craig 1961) is shown (dashed line).

620 values of plant and source water

The 80 signature differed significantly (p < 0.001) between sea and precipitation water in all three
sampling campaigns (F114 = 89.86). Precipitation water ranged from -8.2 in March to -5.0 %o in
August and seawater values varied between -1.8 in March and -0.9 %o in August (Fig. 4.2). These
differences in isotopic composition allowed for further calculations to distinguish between the two
sources of water used by the salt marsh plants. **0 values of sea and precipitation water were less

negative in the late summer months than during the early spring sampling (F1,14 = 4.61, p < 0.05).
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Figure 4.2a)-e): §'80 values of soil water (open symbols) depending on soil depth (means + se, n = 6) extracted
from the soil in the three salt marsh zones (upper salt marsh (Upp), lower salt marsh (Low), pioneer zone (Pio))
on Spiekeroog Island (control plots) and on the experimental islands. Closed symbols and the dashed vertical
lines represent plant water 580 (mean) with shaded areas as standard error (plant species: Upp: Elytrigia
atherica, Low: Atriplex portulacoides, Pio: Spartina anglica, Experimental islands: Atriplex portulacoides in all
three zones). Filled diamonds represent the $'80 signature of precipitation water and open diamonds the 380

signature of seawater sampled on the days before soil and plant material sampling.

The &0 signature of root water extracted from salt marsh plants was significantly affected by all
three parameters under investigation (p < 0.001; Table 4.1): sampling season (spring, late summer),
salt marsh zone (pioneer zone, lower and upper salt marsh), and treatment (control plots, experimental
islands). Two-way interaction effects between salt marsh zone:treatment (p <0.001) and
season:treatment (p < 0.05) were significant, whereas the three-way interaction was not (Table 4.1).

There was a clear gradient in 50 values of plant water across the salt marsh zones with less negative
values (closer to seawater) in the pioneer zone and more negative values (closer to precipitation
water) in the upper salt marsh (Fig. 4.2). This difference was significant in the control plots among all
three zones in late summer, whereas in spring, differences between pioneer zone and lower salt marsh
plant water were not significant. Plant water was significantly enriched in heavy isotopes in late
summer compared to spring in all three salt marsh zones. On the experimental islands, the gradient in
3180 values across the zones was not as pronounced; significant differences were found only between
the pioneer zone and the upper salt marsh in late summer. For 80 values of soil water, there was a
vertical gradient with more negative values in the upper soil layer and an enrichment with heavy

isotopes with increasing soil depth in most cases (Fig. 4.2).

Table 4.1: Results of a three-factorial ANOVA with the effects of salt marsh zone, sampling season and

treatment (control plot vs. experimental island) on 880 values of water extracted from roots of saltmarsh plants.

source of variation SS (type 1) df F value p value

salt marsh zone 64.47 2 88.82 <2.2-10716 #*x
season 46.77 1 128.85 <2.2-10716 H*x
treatment 9.97 1 27.47 1.6 -10°8 ***
salt marsh zone:season 0.83 2 1.14 0.3

salt marsh zone:treatment 8.55 2 11.78 3.9 -105 ***
season:treatment 3.58 1 9.87 0.2-102*

salt marsh zone:season:treatment ~ 0.05 2 0.06 0.9

residuals 25.41 70
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Contribution of sea and precipitation water to plant water

We found a clear gradient in the contribution of sea and precipitation water to plant water: the use of
seawater by plants decreased with increasing distance from the sea or increasing elevation (Fig. 4.3).

a) Control plots, September 2014 b) Control plots, March 2015 c) Control plots, August 2015

100 — T || T - T

80+

Water use (%)

aA a,A b,A
Pio Low Upp Pio Low Upp Pio Low Upp

d) Experimental islands, March 2015 e) Experimental islands, August 2015
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Source of water uptake
o 100{ —
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Figure 4.3a)-e): Contribution of precipitation and seawater to plant water in the three salt marsh zones (upper
salt marsh (Upp), lower salt marsh (Low), pioneer zone (Pio)) on Spiekeroog Island (Control plots) and on the
experimental islands (plant species: Upp: Elytrigia atherica, Low: Atriplex portulacoides, Pio: Spartina
anglica, Experimental islands: Atriplex portulacoides in all three zones) at three sampling dates. Presented are
means + se (n = 6). Different small letters indicate statistically significant differences among salt marsh zones
on a sampling date and within a treatment, capital letters indicate differences between control plots and

experimental islands within salt marsh zones (Tukey HSD tests, p < 0.05).

This was consistent over all sampling dates and for both the control plots and experimental islands.
Spartina anglica from the pioneer zone control plots utilized up to 98.9 % seawater, while the
proportion of seawater taken up by Elytrigia atherica from the upper salt marsh was only between 25
and 39 %. In the late summer months (September and August), the difference among zones was more

distinct with a greater proportion of saltwater use by S. anglica and greater proportion of precipitation
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water use by E. atherica compared to the early spring sampling campaign on the control plots. On the
experimental islands, where Atriplex portulacoides was sampled from all three height levels, this
species utilized different proportions of seawater depending on elevation: as in the natural salt marsh,
the use of seawater decreased with increasing height (i.e. less frequent inundation). This difference
among height levels was significant in the late summer sampling campaign (p < 0.05) but not in
March. In August, A. portulacoides utilized more seawater on the lower levels and less seawater on
the upper levels compared to March. In general, we observed an increased use of seawater on the
experimental islands in all heights compared to the corresponding elevation in the natural salt marsh
(significant for the lower and upper salt marsh levels, p <0.05). Effects of salt marsh zone and
treatment (control plots vs. experimental islands) (p < 0.001) as well as the two-way interactions salt
marsh zone:season (p < 0.01), salt marsh zone:treatment (p < 0.001) and season:treatment (p < 0.05)

were statistically significant (Table 4.2).

Table 4.2: Results of a three-factorial ANOVA with the effects of salt marsh zone, sampling season and

treatment (control plot vs. experimental islands) on the source of water uptake of salt marsh plants.

source of variation SS (Type II) df F value p value

salt marsh zone 222205 2 76.24 <2.2-10716 H*x
season 12.6 1 0.09 0.8

treatment 3165.5 1 21.72 1.6 105 ***
salt marsh zone:season 1691.3 2 5.80 0.5-102**
salt marsh zone:treatment 2647.3 2 9.08 0.3-103 ***
season:treatment 628.5 1 431 0.4-101 *

salt marsh zone:season:treatment ~ 51.4 2 0.18 0.8

residuals 9472.2 65

Soil depth of plant water uptake

According to the Bayesian calibrated mixing model, the topsoil layer (0-10 cm) contributed most to
plant water uptake (Fig. 4.4, Table 4.3). This was true for all salt marsh zones, sampling campaigns as
well as on the control plots and the experimental islands. Approximately 50 % of the water taken up
by the plants was derived from this soil layer, while the contribution of the intermediate (10-20 cm)
and deep (20-30 cm) soil layers to plant water was smaller with probabilities between 13-35 % and
12-24 %, respectively. An exception was the September 2014 sampling campaign, where water
uptake was rather equally distributed across the soil profile in the pioneer zone and the upper salt

marsh, and water uptake in the lower salt marsh was greatest from the deep soil layer (48 %).
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Figure 4.4a)-e): Contribution of soil layers to plant water uptake in the three salt marsh zones (upper salt marsh
(Upp), solid line, lower salt marsh (Low), dashed line, pioneer zone (Pio), dot-dashed line) on Spiekeroog

Island (Control plots) and on the experimental islands at three sampling dates (plant species: Upp: Elytrigia

atherica, Low: Atriplex portulacoides, Pio: Spartina anglica; on experimental islands Atriplex portulacoides in

all three zones). Values were calculated by means of a Bayesian calibrated stable isotope mixing model

(package ‘simmr”) based on measured water isotope data of soil and plants. Given are means + sd (n = 6).

We found a significant positive correlation (p < 0.001) between the contribution of water taken up by

the plants and the proportion of fine roots present in the respective soil layer (Fig. 4.5a). Accordingly,

the topsoil with higher fine root mass density contributed in general more to plant water uptake than

the deeper soil layers with smaller fine root mass density. However, the relative water uptake per
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standing fine root mass (i.e. the proportion of water uptake per proportion of fine root mass in a soil
layer) was greatest in 20-30 cm depth, while the water uptake/root mass ratio was smallest in 10-
20 cm depth (Fig. 4.5b).

)]
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Figure 4.5: a) Linear regression model showing the correlation between the contribution of a specific soil depth
to plant water uptake and the proportion of total fine root mass in that soil depth in the salt marsh of Spiekeroog
Island and on the experimental islands (y = 0.63 x + 11.47, p < 0.001). Values from different salt marsh zones
are presented in different colors, values from different soil depths by different symbols. The grey area indicates
the 95 % confidence interval. b) Relative water uptake per fine root mass in the different soil layers. Different
letters indicate statistically significant differences (Kruskal-Wallis multiple comparisons, p < 0.05).

4.4 Discussion

The local water line (LWL) and the plant water line (PWL) as derived from our data deviated from
the global meteoric water line with lower slopes and intercepts. The same has also been found by Ewe
et al. (2007) and Wei et al. (2013) for surface and soil water in mangrove ecosystems in the
Everglades (Florida, US) and the Brisbane region (Australia), respectively, reflecting the evaporation
of source waters. Compared to these studies from subtropical climates with higher evaporation rates,
the reduction in slope relative to the GMWL was not as strong in our data, since our study took place
in a temperate climate. The lower intercept of the PWL compared to the LWL indicates that there is a
discrimination of 2H isotopes during plant water uptake by salt marsh plants leading to a depletion of
H in root water. A similar effect was also reported for other halophytes (Ellsworth and Williams

2007; Lin and Sternberg 1993). Measured 52H signatures of plant water in our study were in nearly all
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cases more negative than values calculated assuming the absence of H isotope fractionation (Fig. 4.6;
significant difference only in two cases), which confirms the depletion of ?H in plant water. Although
we detected the highest AS*H also in A. portulacoides (4.33 %o), Eley et al.(2014) reported a much
greater H-fractionation for this species (A3*H = 28 %o) and other halophyte species in an English salt
marsh. Since our data suggest a relatively small H discrimination in temperate salt marsh plants,

greenhouse experiments are recommended to clarify these findings.

September 2014 March 2015 August 2015

-10

20+ (I) ¢

)
x
I
) (P ® ®
-30-
-40 1 % Plant water (measured)
Plant water (calculated,
< no fractionation)
-50

Pio Low Upp Pio Low Upp Pio Low Upp
Saltmarsh zone

Figure 4.6: Difference among the three salt marsh zones between measured plant water 5°H-values and plant
water §°H-values calculated under the assumption of no 2H-discrimination during plant water uptake given for
the three sampling campaigns. Asterisks indicate statistically significant differences between plant water and

soil water §°H-values (Welch two sample t-test, p < 0.05).

Although not as pronounced as in subtropical ecosystems, where water sources in the dry season are
enriched in heavy isotopes compared to the wet season (Ewe et al. 2007), we also found seasonal
variation in the isotope signature of sea and precipitation water. There was an enrichment in **0 by
about +2 %o during the summer months caused by the higher evaporation in this period compared to
the colder March sampling date. Precipitation and seawater 50 signatures determined in our study

were close to those measured by Rdper et al. (2012) on Spiekeroog Island.
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Similar to Eley et al. (2014) and Romero and Feakins (2011) we also found increasing isotopic
enrichment in xylem water with increasing inundation time of the habitat. The xylem §°H values
recorded in our study (from -8 %o, in S. anglica to approx. -28 %o in E. atherica in summer, and from -
23 %o in S. anglica to approx. -40 %o in E. atherica in spring) are comparable to values found by Eley
et al. (2014) in a UK salt marsh, where values ranged from approx. -10 %o in S. anglica to approx.
-40 %o in E. atherica. Based on this gradient in isotopic ratios, we found a decreasing use of seawater
by plants with increasing distance from the sea, a result that was consistent over all sampling dates
and was valid for both the control plots and the experimental islands. This confirms our first
hypothesis that pioneer zone species take up larger proportions of saline water compared to species in
the higher marsh. This may result from the greater availability of seawater in lower marsh sediments,
and is likely enhanced by a set of adaptations, which allow the lower marsh species to tolerate
seawater. S. anglica from the pioneer zone has been found to be able to excrete 60 % of the absorbed
sodium ions by salt glands (Rozema et al. 1981; Rozema et al. 1985) and is thus more efficient in
desalinization than most plants from the higher marsh. Moreover, the photosynthetic apparatus of
Spartina species has been found to be relatively insensitive to salt, and the species can utilize
additional carbon sources for photosynthesis such as dissolved bicarbonate from sediment which is
fixed during a dark reaction in the roots (Hwang and Morris 1992). Therefore, S. anglica reaches high
productivity in the frequently flooded pioneer zone and is able to utilize temporarily almost
exclusively seawater as its water source. In contrast, the growth rate of E. atherica from the upper salt
marsh is strongly reduced under seawater flooding (Rozema et al. 1985). This species is restricted to
the upper marsh where freshwater is more readily available. A. portulacoides dominates the lower salt
marsh zone in ungrazed marshes and thus also requires tolerance to anoxia and abundance of saline
water in the rhizosphere. This species copes with saline conditions by accumulating osmotic solutes
such as proline and methylated quaternary ammonium compounds (Rozema et al. 1985; Stewart and
Lee 1974), and by developing salt succulence. We found up to 95 % seawater use by this species
which is comparable to the proportion of seawater use of S. anglica. The water use patterns of S.
anglica, A. portulacoides and E. atherica along the salt marsh elevation gradient reflect differences in
the availability of water sources in the three habitats due to the local inundation regimes. This
suggests that the distribution of species along the salt marsh gradient is linked to species different
abilities to cope with saline water sources. The finding that seawater uptake reduces with increasing
distance from the sea has also been made in coastal dune vegetation (Greaver and Sternberg 2006).
To ascertain that these patterns are due to species-specific differences in the choice of water sources
within a given habitat caused by different physiological adaptations to salinity, further investigations

with additional species from the different salt marsh habitats are needed.
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Our hypothesis predicting that there are seasonal shifts in the use of plant water sources with higher
seawater uptake in drier months could only partly be confirmed. The effect of sampling season on the
plants” water sources was not significant (Table 4.2). This may be due to the absence of long rainless
periods during the summer months in the studied salt marsh (Fig. S4.2). However, the difference
among the species in the type of water sources used was more distinct in late summer (significant
difference among all three species). The increased use of seawater in summer by S. anglica compared
to spring may be caused by a larger demand for water in this large-leaved grass species during the
growing season in summer, but limited access to fresh water may also be a reason.

On the experimental islands, A. portulacoides showed an increased use of seawater on all three height
levels compared to the respective plots in the natural salt marsh (significant at the lower and upper
salt marsh level). We explain this difference partly by a more rapid runoff and drainage of
precipitation in the artificial islands and thus a reduced availability of precipitation water. While the
uptake of seawater by A. portulacoides in the pioneer zone level of the experimental islands was
comparable to that of S. anglica at this elevation in the natural marsh, the species used less seawater
in the upper height level of the experimental islands than in its natural habitat (the lower salt marsh).
This evidences a high flexibility of A. portulacoides in its use of water sources (56-91 % seawater
usage) under varying environmental conditions, confirming our fourth hypothesis, and may be one
cause of the high competitiveness of A. portulacoides in the ungrazed lower salt marsh. The results
also suggest that A. portulacoides may be able to tolerate rising water levels in the course of climate
change to a considerable extent. Nevertheless, high flooding in the lowermost pioneer zone appears to
represent a stress factor threatening the species as Balke et al. (2017) observed a rapid dieback of A.
portulacoides from transplanted sods of lower salt marsh vegetation. The flexible use of variable
water sources may represent one component of a high physiological plasticity of salt marsh plants in
response to rising water levels. Other factors such as the tidal range and the amount of sediment
trapped by the vegetation and thus its potential to grow upwards will be further factors which decide
on the fate of salt marshes in a future warmer climate (Roman 2017; Reed 1995; Kirwan et al. 2016).
In addition to the identification of water sources, we also used stable isotopes to identify the soil
depth of maximum plant water uptake. To adopt such an approach, the isotopic signature of soil water
must show a clear vertical gradient (Ehleringer and Dawson 1992). Due to evaporation from the soil
surface, topsoil water is typically enriched in heavy isotopes and soil water contains decreasing
amounts of heavy isotopes with increasing soil depth. In contrast to this pattern observed in terrestrial
ecosystems, we mostly found an increase in 5'®0-values from the topsoil to deeper soil layers, which
means that deeper soil layers were enriched in heavy isotopes. Since higher §**0 values typically

indicate a higher salinity of the water (Ewe et al. 2007; Zhai et al. 2016) we assume that at our salt
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marsh site deeper soil layers are saturated with saline water richer in heavy isotopes due to regular
inundation, while topsoil layers get depleted in heavy isotopes by precipitation water. Nevertheless, a
gradient in the isotopic signature of soil water was detected in our study, enabling us to predict plant
soil water uptake depth by means of a Bayesian calibrated stable isotope mixing model. The results of
this model reveal that the major source of plant water was the topsoil layer in all salt marsh zones and
during almost all sampling dates. The absence of a difference in plant water uptake depth among
sampling seasons indicates that salt marsh plants are not significantly affected by water shortage
during the summer months in this temperate salt marsh (Fig. S4.2). Thus, there is no need for
enhanced water uptake from deeper soil layers with high concentrations of potentially toxic
compounds, i.e. sulfide, during summer. Several studies in grasslands have shown that grassland
species rather rely on water from the uppermost soil horizons than shifting water use to deeper soil
layers under drought conditions (Prechsl et al. 2015; Eggemeyer et al. 2009; Kulmatiski and Beard
2013), whereas trees exhibit greater seasonal plasticity in the sources of water uptake (Eggemeyer et
al. 2009). In the Everglades, three woody or herbaceous plant species used topsoil water rich in
freshwater during the wet season, whereas in the dry season, only the mangrove tree species switched
to groundwater usage; the grass and herb species continued using topsoil water, which was
hypersaline at this time (Ewe et al. 2007). Therefore, regardless of a pronounced drought effect in the
summer months, seasonal shifts in the preferred depth of water uptake may not necessarily be
expected in the three salt marsh species (two grasses and a dwarf shrub) of our study.

In general, we found a decrease in the proportion of water taken up per soil volume with increasing
soil depth in all three salt marsh zones. This is largely explained by the decrease in fine root mass per
volume towards deeper soil (Redelstein et al. 2018). Across all data points from the natural salt marsh
and the experimental islands, the relative contribution of plant water uptake in a given soil layer was
correlated positively (p < 0.001, adj. r> = 0.90) with the proportion of fine root mass in that soil layer.
Even though the variation among plots in the relative contribution of a soil depth to water uptake was
relatively large (Fig. 4.4), it appears that deeper roots differed not systematically from topsoil roots in
their water uptake per root mass as suggested by Fig. 4.5b. In contrast, across all study plots, the roots
in 20-30 cm depth tended to take up more water per root mass than those at upper soil depths. We had
expected that roots in deeper salt marsh soil layers would show reduced uptake activity due to long-
lasting anoxia and potential metal and S toxicity. Preferential uptake in topsoil layers could at least
temporarily reduce these harmful effects. A reduced hydraulic conductivity of roots could be another
reason for lowered specific water uptake rates per root mass in deeper horizons, as has been observed
in mesic, non-saline grasslands (Nippert et al. 2012). Our results suggest that the studied salt marsh

plants can maintain root physiological activity despite the unfavorable environmental conditions
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encountered in the deeper sediment. Development of extensive aerenchymatic tissue in the roots and
O release to the sediment, which oxidizes toxic compounds, may be one adaptation to maintain root
activity in anoxic sediments. The pioneer zone species Spartina anglica, for example, is pursuing
such a strategy (Lee 1999; Koop-Jakobsen and Wenzhoefer 2015). The example of this euhalophytic
C4 grass shows that very high carbon assimilation rates (up to 27 umol CO, ms™) and productivities
(up to 6000 g d.m. m? yr, Long and Woolhouse 1979) are possible, even if seawater contributes by
80 to 99 % to water uptake.

Conclusions

Our study shows that the vegetation zonation in temperate salt marshes along elevation and
inundation gradients is linked to a gradient in the availability of water sources used by the plants,
which may separate obligate halophytes (euhalophytes), facultative halophytes and halotolerant
species by their physiological ability to cope with saline water sources. Physiological experiments
have to show whether the apparent preference of seawater or precipitation water in lower and higher
salt marshes is largely determined by the abundance of the different water sources, or caused by
species-specific physiological preference or avoidance. Through a transplantation experiment with the
dominant lower salt marsh species A. portulacoides, we demonstrated on experimental islands that
certain salt marsh species are capable of using a broad range of water sources. This likely enables

them to cope with increasing levels of flooding and salinity in the course of sea level rise.
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Figure S4.1: a) Location of
Spiekeroog Island on the German
North Sea coast and close-up of
sampling plot locations (upper salt
marsh (Upp), lower salt marsh (Low),
pioneer zone (Pio), experimental
islands) on the south side of the
barrier island. The location of the

experimental islands is indicated by

the numbers 1-6 (Service layer
Credits: Esri, DeLorme, GEBCO,
NOAA, NGDB, and other
contributors, Source: Esri,
DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS,

USDA, USGS, AeroGRD, IGN, and
the GIS User Community). b) Setup
of experimental islands and close-up
of the steel cages planted with
vegetation from the lower salt marsh

(photographs: R. Redelstein).
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Figure S4.2: Daily precipitation during the year of sampling campaigns from September 2014 to August 2015.

Sampling campaigns are marked by arrows. Data were obtained from the German Meteorological Service

(Deutscher Wetterdienst) and represent values for Norderney, 40 km apart from our sampling location
(http:/lwww.dwd.de/DE/leistungen/klimadatendeutschland/klarchivtagmonat.html?nn=16102).

Table S4.1: Monthly precipitation during the year of sampling campaigns from September 2014 to August

2015. Annual precipitation from September 2014 to August 2015 was 706 mm.

Month Monthly precipitation (mm)
September 2014 9.8
October 2014 57.8
November 2014 26.0
December 2014 83.9
January 2015 79.0
February 2015 38.8
March 2015 64.4
April 2015 18.8
May 2015 43.8
June 2015 39.6
July 2015 148.0
August 2015 95.8
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Figure S4.3: Comparison of §-values of 0 and ?H measured by a Picarro L2120-i water analyzer (CRDS)

with values measured by isotope ratio mass spectroscopy (IRMS) of pure water samples (filled circles) and

water extracted from organic samples (soil and root material, open circles). Data were organic-corrected. Solid

lines represent a linear regression model (Model 11, ranged major axis) with y = 0.96 x — 0.53, Rz = 0.996 (5'20)
and y = 0.996 x —0.63, R?=0.998 (6°H). Dashed lines give the 1:1 reference line (slope 1, intercept 0).

Table S4.2 Mean difference between 3-values of O and ?H measured by cavity ring-down spectroscopy

(CRDS) and values measured by isotope ratio mass spectroscopy (IRMS) for pure water samples and water

samples with potential organic contamination

A80 (%o) A8?H (%o)
Mean diff (IRMS-CRDS) + se Mean diff (IRMS-CRDS) =+ se n
Pure water 0.354 +£0.035 2.311+0.320 24
Soil water 0.367 £ 0.041 1.787 £0.219 24
Plant water 0.515+0.071 1.023 £ 0.214 18
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CHAPTER 5

5  Synthesis

Salt marshes are habitats with harsh environmental conditions which require high degrees of
adaptation of inhabiting species. As the plant below-ground compartment plays a major component in
the interaction of plants with their abiotic environment, different aspects of root system structure and
functions in saltmarsh plants were investigated within the presented PhD-study: the role of root
growth for the stability of seedlings in a sedimentary active environment (chapter 2), fine root traits
and their relations to the abiotic environment (chapter 3), and the uptake of saline water sources of
different plant species across the saltmarsh flooding gradient (chapter 4). The following chapter
summarizes and discusses the results of the three studies and brings them in context with further

results of the BEFmate project.

5.1 Below-ground plant traits across the elevational saltmarsh gradient
and their relation to the abiotic environment

Seedling stability

The first crucial step for the establishment and development of a salt marsh is the germination and
survival of seedlings on bare tidal flats. Wind and wave forces acting in salt marshes may dislodge
recently germinated seedlings. Therefore, one major requisition for their survival is the rapid and
stable anchorage of seedlings in the sediment. Balke et al. (2011 and 2013) pointed out that seedling
survival on bare tidal flats is determined by the frequency and magnitude of sediment erosion and
accretion events, and that propagules of mangroves need a disturbance free period (the so called
‘Window of Opportunity’) to rapidly develop roots that are long enough to withstand seedling
dislodgement by flooding. In addition, we found that waterlogged sediment conditions may have an
important species-specific impact on root growth and thus, on the stability of establishing seedlings.
In our greenhouse experiment (chapter 2) it was shown that the upper saltmarsh species Elytrigia
atherica showed fastest root (and shoot) growth and highest resistance towards erosion under
favorable drained sediment conditions, but suffered strongest under waterlogged sediment conditions
compared to Atriplex portulacoides and Salicornia europaea from the lower salt marsh and pioneer
zone, respectively (Figs 2.3, 2.5). The stability of seedlings was significantly related to root length
and biomass (Fig. 2.6). This indicates that the response of root growth of seedlings to waterlogged

sediment conditions may be a first determinant for the distribution of species across the saltmarsh
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elevational and flooding gradient. Other determinants of species distribution include salinity tolerance
(Cooper 1982; Katschnig et al. 2013; Redondo-Gomez et al. 2007; Rozema et al. 1985; Rozema and
van Diggelen 1991) as well as inter-specific competition (Huckle et al. 2000; Balke et al. 2017), or
herbivory (He et al. 2015). Within the BEFmate experiment it was shown that seedlings of four
species besides E. atherica had established on bare plots enclosed in the upper salt marsh during the
first growing season, a clear indication of competitive exclusion by the monospecific stands of E.
atherica in established salt marshes (Balke et al. 2017). E. atherica seedlings, however, only
established in the upper saltmarsh plots, underlining the species’ sensitivity to the waterlogged soil
conditions by reduced root growth in the lower salt marsh and pioneer zone, as shown in our
experiment. Furthermore, the number of species and percentage of species presence were
significantly higher on bare plots enclosed in the salt marsh compared to the more isolated
experimental islands. This supports earlier results that not only seedling stability and physiological
abilities to survive play a role in saltmarsh establishment, but also dispersal limitation (Rand 2000;
Wolters et al. 2005; Mossman et al. 2012).

Fine root mass

Comparisons of data on root biomass in salt marshes from different studies result in great variability
between saltmarsh sites. While the fine root mass in our study (chapter 3) ranged from 750 to
2500 g m? in all plots in the 0-40 cm profile (Fig. 3.2), Groenendijk and Vinklievaart (1987) found
considerably higher values in 60 cm soil depth in a Dutch salt marsh (7763 g m? — 13,338 g m).
However, they found the same pattern of biomass distribution across the salt marsh communities as
we did. Ford et al. (2016) found total root biomass values of 1500 to 8800 g m? in 30 cm soil depth in
six saltmarsh sites at Morecambe Bay and Essex (GB). Further data on root biomass of European salt
marshes with comparable species composition is scarce whereas several studies have investigated
below-ground biomass of Spartina alterniflora in saltmarshes of the US with values ranging between
600 g m? and 11,000 g m? (Tripathee and Schaefer 2015; Smith et al. 1979; Windham et al. 2003).
However, it was noted that comparison of data from different studies must be viewed critically as
methods in root sampling and processing (i.e. mesh size for washing of roots, distinction between
dead and live roots, or the inclusion of rhizomes) vary strongly and furthermore, there is a great
seasonal variability in root biomass in salt marshes.

Although comparisons of root biomass measurements between different studies may be limited due to
methodological discrepancies, values on root biomass found in salt marshes are in general very high

compared to those found in terrestrial grasslands. Rose et al. (2012) found below-ground biomass
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values of around 500 g m™ in temperate pastures which is around 80 % less compared to the highest
values found in our study. From a selection of various ecosystems (deserts to tropical forests) Jackson
et al. (1997) found the highest total fine root mass values in temperate grasslands (1.51 kg m?) which
is around 60 % of the maximal values found in our study. Also root surface area totals found in our
study (340 m* m?, Fig. 3.3) were partly more than 4-fold higher compared to those given by Jackson
et al. (1997) for temperate grasslands (79.1 m*> m). With this we could, on the one hand, demonstrate
that saltmarsh plants appear to have adaptation mechanisms of below-ground organs which
successfully allow them to develop extensive root systems ensuring survival in their harsh
environmental habitat. On the other hand, the results revealed that the multi-stress conditions in salt
marshes require extremely high investment in root biomass of plants, for example for their stability in
the mechanically strongly disturbed habitat. Furthermore, fine root mass was strongly dependent on
soil texture and associated nutrient availability (Fig. 3.6): fine root mass was higher in the Spiekeroog
marsh with sandy sediment and lower nutrient concentrations (Table 3.1). The fine root mass:above-
ground biomass ratio generally exceeded unity and was higher at the Spiekeroog site than in
Westerhever (Table 3.2). This indicates the increased investment in roots for nutrient uptake in the
nutrient-poorer site which is in line with the optimal resource partitioning theory (Bloom et al. 1985):
an increase of the root:shoot ratio reduces the demand of element supply of the above-ground part and
increases the ability of the root to supply these elements. Furthermore, higher root biomass may be

needed for plant anchorage in the sandy and thus more erosion-prone sediment of Spiekeroog.

Effect of biodiversity

In our inventory of fine roots (chapter 3), maxima in fine root mass at both sites were found in the
lower marsh with highest plant species richness. This positive correlation of fine root mass and plant
species richness (p <0.01, Table 3.4) is an indicator of an existing effect of biodiversity in the salt
marsh as also found in several previous studies for different ecosystems (Hector et al. 2010; Hooper
et al. 2005; Cardinale et al. 2006). The comparably high species number in the lower salt marsh
appears to increase root biomass by possibly promoting soil exploitation through root space
partitioning. Several studies exist which have made similar findings, indicating an impact of species
richness on ecosystem productivity via the ‘complementarity effect’ (Loreau and Hector 2001;
Steudel et al. 2011): niche differentiation or facilitation between species increases the performance of
communities and may thus increase primary production. In a mesocosm experiment with saltmarsh
plant species a significant increase in root biomass and the root:shoot ratio was found with increasing

number of species (Sullivan et al. 2007). Ford et al. (2016) found plant species richness to be a
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significant predictor of root biomass in a UK salt marsh and similar findings were made by Hu et al.
(2013) and Pohl et al. (2009) for steppe and alpine grasslands, respectively. All of these studies, as
well as several further studies (Gould et al. 2016; Chen et al. 2012; Coops et al. 1996) showed a
positive effect of plant species richness and an extensive root network on soil stability and reduction
of soil erosion rates. This underlines the importance of maintaining species diverse saltmarsh sites for
improved soil stability and the provision of further important ecosystem functions. Additionally, more
diverse communities have a higher potential to buffer ecosystem processes in the face of changing
environmental conditions (Steudel et al. 2011; Hector et al. 2010).

The pattern of diversity distribution across the flooding gradient in the ungrazed saltmarsh sites with
highest diversity in the lower salt marsh corresponds to the intermediate disturbance hypothesis
(Grime 1973; Connell 1978). According to this hypothesis species diversity is low at high physical
disturbances due to high mortality of species caused by environmental stress (i.e. in the pioneer zone),
and at low physical disturbance because of strongly competitive species which exclude other species
(i.e. in the upper salt marsh). Thus, diversity peaks at intermediate intensities and frequencies of
physical disturbance (i.e. in the lower salt marsh).

One indicator for root space partitioning would be to test the hypothesis that competition for water in
more species rich zones leads to water uptake from different soil depths by different species
according to the niche complementarity theory (Loreau and Hector 2001). Determining the depth of
water uptake by the use of stable isotopes as in our study (chapter 4) for different species in the
lower saltmarsh community, would be one tool to investigate competition for water sources, i.e.
complementary water use in relation to diversity of saltmarsh communities. This would be of special
interest regarding the experimental islands where a competition based system with higher species
number was artificially created by planting sods from the lower salt marsh to the upper saltmarsh
level of the islands. There are several studies which have found strong evidence for plant water
partitioning in regions with limited water supply (Kulmatiski et al. 2010; Moreno-Gutierrez et al.
2012; West et al. 2012; Dodd et al. 1998; Nippert and Knapp 2007; Schwendenmann et al. 2010). In
contrast, Bachmann et al. (2015) found no support for the hypothesis of increased complementarity in
water use in more diverse than in less diverse communities of temperate grassland species. At this
time of the BEFmate experiment, no competitive exclusion of plant species could be observed yet on
the experimental islands (Balke et al. 2017). Further investigations on soil depths of plant water
uptake could indicate whether there is competition for fresh water on upper levels of the experimental
islands and whether plants adjust their water uptake patterns due to inter-specific competition leading

to niche separation in the further course of the experiment.
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Regarding the rapid spread of the native grass E. atherica forming almost monospecific stands in the
upper marsh, we showed that this reduces below-ground biomass (chapter 3) as well as below-
ground carbon and nitrogen pools stored in fine roots (Fig. 5.1), and soil organic carbon and nitrogen
contents (Table 3.1).

)
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Figure 5.1: Below-ground carbon (a) and nitrogen (b) pools in fine root mass in the three saltmarsh
communities at the two study sites (means + SE). Different letters indicate significant differences between
communities (one-way ANOVA with Tukey’s post-hoc test, p < 0.05).

Although above-ground productivity and litter biomass of E. atherica has been found to be
significantly increased compared to control communities dominated by A. portulacoides or
Puccinellia maritima, carbon mineralization in the sediment below the E. atherica community was
decreased (Valery et al. 2004). This is due to the very lignin rich litter of this species with slow decay
rates leading to a trapping of carbon and nitrogen in the litter so that nutrients remain to a large
proportion unavailable for the food web (Bouchard and Lefeuvre 2000; Melillo et al. 1982). Although
we did not measure productivity and thus no carbon and nitrogen turnover rates, we found that the
high above-ground productivity of monospecific stands of E. atherica is accompanied by reduced
below-ground biomass and stocks of carbon and nitrogen. These effects on carbon and nutrient cycles
may be considered in the management of saltmarsh sites besides the decrease in biodiversity in
ungrazed E. atherica communities. Extensive grazing can lead to control of the invasive spread of
competitive species, opening up space for other plant species (Ford et al. 2012; Loucougaray et al.

2004), and leading to increased soil carbon and nitrogen pools, for example.
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Root morphological traits

Contradicting our expectations, there were no clear patterns of root morphological traits across the
salt marsh species. While specific root length and specific root area were higher and root tissue
density was lower at the Spiekeroog site, which enables plants a better access to nutrients with low
investigations in structural carbon in the sandy site with lower nutrient availability (Fig. 3.5), there
was neither a distinct trend in the communities across the saltmarsh flooding gradients (chapter 3)
nor in the seedlings from the greenhouse experiment (chapter 2). We had expected to find lower
specific root area and specific root length, but higher root tissue density in the more stress-tolerant
species of the frequently inundated pioneer zone than in the more competitive species in the upper
saltmarsh zone (Bouma et al. 2002). In contrary, specific root length and specific root area were
higher and root tissue density was lower in seedlings of S. europaea than in A. portulacoides and E.
atherica in the greenhouse experiment (Fig. 2.4), which we attributed to the fact that S. europaea is
an annual species. Also Bouma et al. (2002) found an only weak relationship between the root
morphology of three saltmarsh grass species to nitrogen supply, inundation and oxygen content of the
sediment. We conclude that root morphological traits in salt marshes are rather a result of species-
specific adaptations of the roots, for example the formation of aerenchyma, or differences between
annual and perennial species than being subject to a general pattern caused by the stress- and
competition-gradient in the salt marsh. Further species-specific morphological investigations of roots
would provide insight into the causes for these trait patterns. Moreover, root morphology did not
appear to show plasticity in dependence of environmental conditions, at least at the seedling stage, i.e.

root morphology in seedlings did not differ depending on the soil waterlogging treatment (Fig. 2.4).

Plant water use

A clear relationship to the zonation of species across the saltmarsh flooding gradient was found in the
species-specific contribution of saline water to plant water use (chapter 4). The proportion of use of
saline water decreased with increasing distance of plant species occurrence from the sea; Spartina
anglica was able to use up to 98 % of saline water, whereas A. portulacoides utilized 61-95 % of
seawater and E. atherica took up only 25-39 % of seawater (Fig. 4.3). These measurements reflect the
tolerance towards salinity of the given species: while S. anglica has a very efficient mechanism for
excreting up to 60 % of absorbed sodium ions and A. portulacoides copes with salinity by

accumulating proline and methylated quaternary ammonium compounds for osmotic adjustment, the
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growth rate of E. atherica is strongly reduced under seawater flooding (Rozema et al. 1985; Rozema
et al. 1981; Redelstein et al. 2018).

Integrating our data from chapters 3 and 4, there was a significant positive relationship between the
contribution of a soil depth to plant water uptake and the proportion of fine roots in the respective soil
depth (Fig. 4.5). The top soil with highest fine root mass contributed most to plant water whereas both
fine root mass and water contribution decreased in deeper soil (Figs 3.3, 4.4, 4.5). However,
contradicting our expectations, a reduction of physiological activity (i.e. less water uptake per fine
root mass) in deeper soil layers could not be found. In contrary, the ratio of water uptake/fine root
mass was even higher (although not significant) in the deeper soil (20-30 cm) than that of the topsoil
(Fig. 4.5). We had hypothesized that physiological activity of fine roots would decrease towards
deeper sediment due to potentially toxic compounds in the anoxic subsoil. Our findings, however,
underline the good adaptation of plant roots to soil anoxia and toxicity in deeper soil layers. These
adaptations include for example the formation of aerenchymatic tissue in the roots to provide the root

and rhizosphere with oxygen and to oxidize toxic compounds, such as sulfide, in the anoxic sediment.

5.2  Saltmarsh plant reactions to changing flooding frequencies

As described in the general introduction, several studies postulate a threat of salt marshes due to
rising sea level (Schile et al. 2014; Kirwan et al. 2010; van Wijnen and Bakker 2001). With the setup
of experimental islands within the BEFmate project, reactions of saltmarsh communities to changes in
flooding frequencies were investigated. These included more frequent flooding on the lower levels of
the experimental islands, as for example under rising sea level, as well as less frequent flooding on
the upper levels, creating a more competition based habitat.

The study on source water use of saltmarsh plants on the experimental islands (chapter 4) indicated
that species have the potential to adapt to increases of saline water in their water sources. This could
be demonstrated by the example of the species A. portulacoides, dominant in the lower saltmarsh
community of our study sites, which was able to utilize increased proportions of saline water under
more frequent inundation on the pioneer zone level of the experimental islands (Fig. 4.3). In our
study, it was shown that this species is able to take up seawater in similar proportions as S. anglica at
comparable inundation frequencies and thus, cope with increasing saline water sources up to a certain
level. However, it remains unclear whether there is a threshold for the use of saline water in A.
portulacoides meaning that at a certain level of sea level rise this species will possibly not be able to
cope with the increasing saline water sources anymore. Investigations on other species to understand

whether they are also able to adapt their water sources to rising sea levels would be of high interest.
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Although A. portulacoides was able to take up increased proportions of saline water under increasing
flooding frequency, a rapid dying of the species was observed on the pioneer zone level of the
experimental islands and, even more, on transplanted plots within the natural salt marsh due to
increased flooding (Balke et al. 2017). Uptake of saline water is only one of several physiological
stress factors plants need to cope with under rising sea levels such as increased waterlogging and
anoxia in the sediment, increased concentrations of toxic compounds and increased exposure to wind
and wave forces. All of these factors may have contributed to the dying of A. portulacoides
transplanted to the pioneer zone level of the experimental islands and within the salt marsh despite its
ability to cope with increasing salinity.

Besides reactions to stress by more frequent inundation, also community changes due to competition
were assessed, especially on the upper levels of the experimental islands. It was hypothesized that
changes in the transplanted communities due to competition can take considerably more time than
those due to stress (Helm et al. 2006; Lindborg and Eriksson 2004; Balke et al. 2017). This
hypothesis was confirmed as during the first year of vegetation observation on the experimental
islands E. atherica and S. anglica had not yet colonized sods transplanted to the upper salt marsh or
the pioneer zone, respectively, in high abundances likely leading to a competitive exclusion of lower
saltmarsh species (Balke et al. 2017).

We also investigated fine root mass and nutrient dynamics on the three levels of the experimental
islands (manuscript in preparation, Dinter et al.). We had expected to find slower changes in fine root
mass of the sods transplanted to the competition-based upper saltmarsh levels and rapid changes in
the stress-induced pioneer zone levels but no changes in the lower saltmarsh levels as abiotic
conditions were similar compared to the original habitat. In contrast, there was a strong decrease in
fine root mass on all three levels of the experimental islands already 6 weeks after transplantation. We
attributed this to a stress-induced response of plants to transplantation without full recovery within the
first year. However, in the long-term measurement (1 year) there was an increase in fine root mass
compared to the short-term sampling time-point (6 weeks) on the lower saltmarsh level of the
experimental islands whereas in both other levels there was a further decrease in fine root mass. This
gives a first indication of recovery in the lower salt marsh with adequate abiotic conditions, but the
long-term future developments of the experiment remain of great interest for further conclusions on
the development of plant biomass under stress-based and competition-based conditions. With this
study the existence of effects of different inundation frequencies on soil development and fine root
responses could be confirmed. Especially soil parameters partially showed rapid directed changes:
proxies for a marine environment (element concentrations of Na, P) showed an initially strong

increase on the upper saltmarsh levels compared to the natural upper salt marsh. Concentrations then
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decreased on the saltmarsh enclosed plots while levels increased further on the experimental islands.
This is in accordance with the general trend of a faster approximation to the expected conditions on
the salt marsh enclosed plots compared to the more isolated experimental islands with higher
exposure to marine influences (Balke et al. 2017). From this study, we conclude that one year after
transplantation of sods to the experimental islands, there were strong effects on soil and root traits.
However, on the abiotic level directed changes occurred first, while plants mainly showed a stress-
induced response to transplanting. Long-term monitoring on the experimental islands would allow
testing our initial hypotheses that soil and root traits will change over time to their original state in the
respective saltmarsh zone and that these changes occur faster in the stress-based system than in the
competition-based system.

Overall, Balke et al. (2017) evaluated the setup of the experimental islands as a suitable model system
for in situ metacommunity experiments. Further investigations over longer periods of time will give
deeper insights into saltmarsh community assembly and disassembly and reactions to changing sea

levels.

5.3 Conclusions

Linking our three studies, it can be pointed out that saltmarsh plants have developed various species-
specific adaptations of their below-ground organs to enable their survival under the harsh
environmental conditions of salt marshes. These adaptive root traits are likely already developed in
newly establishing seedlings as there were species-specific differences and responses to
environmental stress already at the seedling stage (chapter 2). Interspecific differences particularly
corresponded to the gradient of inundation frequency and associated salinity, waterlogging and
mechanical disturbance in all three studies which supports several previous studies. The zonation of
plant species has often been related to abiotic factors and with our studies we could further
disentangle some of the factors forming saltmarsh community structure. With this, we can contribute
to the understanding of ecological processes influencing the development of saltmarsh zonation as
well as their sensitivity to environmental change, i.e. during climate change or land use change. Based

on the hypotheses formulated in the beginning of the present thesis, the following results were found:
() Especially rapid root growth contributes to the stability of newly establishing seedlings

exposed to sediment erosion on tidal flats; this is in turn affected by species-specific

responses to waterlogged soil.
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In our greenhouse experiment the upper saltmarsh species E. atherica grew fastest under drained
conditions and showed highest resistance towards the erosion treatments but suffered strongest under
waterlogged soil conditions. This underlined the role of waterlogged soil conditions as one potential
driver for the distribution of species across the saltmarsh gradient, and the competitive strength of E.
atherica under drained sediment conditions. It was especially highlighted that seedlings from pioneer
species establishing in vegetated coastal ecosystems, such as salt marshes or also mangroves, need
rapid root growth to utilize a disturbance free Window of Opportunity to gain stability and to survive

wave forces and sediment erosion.

(i) Saltmarsh species are able to develop an extensive fine root system despite the waterlogged
and saline conditions in their habitat. There is a positive effect of biodiversity on fine root

biomass across the saltmarsh communities.

Saltmarsh species appear to be well adapted to the abiotic conditions in their habitat which require
high investments in below-ground biomass. Certain species are also well adapted to the anoxic deeper
soil layers maintaining high fine root densities with high physiological activity (in particular
regarding water uptake) over the soil profile. The most important determinant for fine root biomass
was species diversity indicating root space partitioning in species rich communities. Below-ground
biomass and thus, also carbon and nitrogen pools were reduced in the monospecific stands of E.
atherica. This reveals that maintaining diverse saltmarsh sites is essential to preserve their important

ecosystem services.

(iii)  The tolerance of saltmarsh plants towards salinity and their habitat within the salt marsh are
reflected by their water uptake behavior. Certain species may show a flexible water use

strategy under changing inundation regimes making them well adapted to sea level rise.

There was a gradient in the use of water sources with a decreasing use of sea water by species
inhabiting saltmarsh zones further away from the seaward edge. On the experimental islands A.
portulacoides, a dominant species in the ungrazed lower salt marsh, showed a good adaptation of its
water use to rising sea levels under climate change. Although able to use a wide range of water
sources, A. portulacoides died on the lower levels of the experimental islands, indicating that not
salinity of source water but other abiotic factors may lead to extinction of this species under rising sea
level from its original habitat. However, depending on the model used for the prediction of sea level

rise, salt marshes may be able to grow at same rates as sea level rises (Kirwan et al. 2016) and are
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thus not directly threatened by drowning. Nevertheless, long-term observations of species
composition and abiotic factors on the experimental islands will provide further important results for
the prediction of saltmarsh community development and interactions with changing abiotic

conditions.
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APPENDIX

A.1 Set up of the cryogenic vacuum extraction line

In our study on plant water uptake patterns (Redelstein et al. 2018, chapter 4) xylem water from root
crowns and soil water was extracted by cryogenic water extraction (Ingraham and Shadel 1992;
Dalton 1988; Dawson and Ehleringer 1993) to determine the composition of stable water isotopes
(**0 and 2H) of the plants and soil. For this purpose a new cryogenic vacuum extraction line was set
up in the laboratory at the Plant Ecology and Ecosystems Research department in Géttingen. During
cryogenic vacuum extraction of plant and soil material, the sample is heated under vacuum
conditions. Water evaporates from the soil or plant material and is trapped by freezing in a cold trap
filled with liquid nitrogen. After thawing, the sample is accessible for analysis of stable isotopes.

The cryogenic extraction line was set up according to Orlowski et al. (2013) with modifications
following Koeniger et al. (2011). The setup of the cryogenic extraction line is given in Figures Al.1
and Al.2. The extraction line consists of 4 independent extraction units with 5 extraction tubes each
(Figure Al.2a). Extraction tubes are heat-resistant and vacuum-tight glass tubes with a V-shaped end
connected to a vacuum system by a valve. On the other end, extraction tubes are connected to the
sampling tubes. These are either glass tubes connected to the V-tubes by rubber seals and clips
(Figure Al1.2b) or gas tight exetainers connected to the extraction tubes by piercing the septum of the
vials with a cannula (diameter 1.2 mm; Figure Al.2c and d). Samples are frozen in liquid nitrogen
prior to their connection to the extraction system and heated to 80 °C by means of a water bath after
connection to the vacuum system. The system is evacuated to approx. 10°— 10 mbar by a vacuum
pump (Rotary vane pump RZ 2.5, vacuubrand, Wertheim, Germany) and pressure is monitored by a
vacuum gauge (DCP 3000 with Pressure transducer VSP 3000, vacuubrand, Wertheim, Germany).
Every extraction unit can be monitored separately and connected and disconnected individually from
the vacuum pump.

During the extraction process, heating of the samples leads to evaporation of the water bound to the
soil or plant sample into the extraction tubes where it condenses and gets trapped in the V-tubes
submerged in liquid nitrogen. Samples were extracted for two hours. After extraction, the vacuum
system is aerated by N2 gas to avoid entering air moisture into the system. Extracted water is thawed
and pipetted to 2 ml glass vials and stored cool until stable isotope analysis. To determinate the
extraction efficiency (i.e. the proportion of water extracted from the sample), extraction tubes are
weighed immediately after extraction and once more after drying for 48 h at 120 °C to determine the

fraction of water which was not removed by extraction.
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Figure Al1.1: Set up of the cryogenic-vacuum extraction line

(1) Vacuum pump

(2) Liquid nitrogen trap for preventing water from entering the pump
(3) Vacuum valve

(4) Valve for purging the system with N;

(5) Pressure transducer

(6) Vacuum gauge

(7) Thermobox for liquid nitrogen

(8) Water bath

(9) Nitrogen cylinder with pressure reducer

(10) Extraction units (close up below)
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Figure Al.2: a) Close up of an extraction unit: V-shaped extraction tubes placed in a thermobox for liquid

nitrogen where the extracted water is trapped. b-d) Connection of the sample tubes to the VV-tubes. In b) samples
are filled into glass tubes which are connected to the extraction system by rubber seals and clips (‘Method 1°). ¢
and d): For direct extraction from Labco® sampling vials, the V-tubes are closed with a stopper pierced by a
cannula. The septum of the vials is then pierced by the cannula and thus, connected to the extraction system
(‘Method 2).
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A.2 Validation of the extraction system

After set up of the extraction line, different tests were performed to validate the efficiency and
reproducibility of the extraction system.

Water-water-extraction

In a first test, three types of water with different isotopic compositions were extracted and isotopic
signature of the extracted water was compared to that of the unextracted water (‘water-water-
extraction’). This test was performed for both versions of the extraction setup (extraction from glass
tubes connected to the vacuum system with clips, ‘method 1°; or extraction directly from labco
sampling vials pierced by a cannula to connect the vial to the extraction system, ‘method 2”). For
method 1, an additional ‘cross-contamination test’ was performed where water types of different
isotopic composition were extracted in parallel from the same extraction unit. This test was supposed
to ensure that no contamination from one sample to another occurs through the extraction system.
Differences of the mean values for 5'%0 and 5°H between the extracted and unextracted water were in
most cases within a threshold of £ 0.2 %o, and £ 1.5 %o, respectively (Fig. A2.1). This threshold for
acceptable performance of 30 and §°H measurements has been set by the International Atomic
Energy Agency (IAEA) and has been considered reasonable for different hydrologic studies. The only
exception was the 3*®0-value for the cross-contamination test in water type A extracted with method
1 (difference 0.38 %o).

A second water-water-extraction was performed for direct comparison of both extraction methods.
The same two water types were extracted with both methods and isotopic composition was measured.
Differences of the mean values for $'%0 and §°H between the two extraction methods were always
within the threshold of £ 0.2 %o and + 1.5 %o, respectively (Fig. A2.2).

After these tests we assumed to achieve reliable and reproducible results for water-water extractions

from both extraction methods.
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Method 1: glass tubes

Method 2: cannula
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Figure A2.1: Results of the water-water-extraction tests for the validation of the cryogenic vacuum extraction

line. 820 (a) and &%H (b) values were measured from three different types of water (note that water types

differed between the two extraction methods) which were extracted with two different methods. Isotopic values

are compared to unextracted water. Solid lines represent the value of unextracted water, dashed lines the
threshold of + 0.2 %o for 380 and + 1.5 %0 5°H defined by the IAEA.
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Figure A2.2: Results of the water-water-extraction tests to compare directly between the two extraction
methods. 320 (a) and 3%H (b) values were measured from two different types of water which were extracted
with both methods. Solid lines represent the value of unextracted water, dashed lines the threshold of £ 0.2 %o
for 5'80 and * 1.5 %o 62H defined by the IAEA.

Inter-laboratory comparison for extraction of soil samples

As it is known that different soil-water interactions depending on soil-physicochemical properties
may affect stable isotopic composition of extracted water (Orlowski et al. 2016; West et al. 2006;
MeiRner et al. 2014; Araguéas-Araguds et al. 1995), we took part in an international inter-laboratory
comparison of cryogenic water extraction systems to test the reliability of our extraction line for the
extraction of soil samples (Orlowski et al. 2018).

Within this inter-laboratory comparison, two standard soils with different physicochemical properties
(clayey loam and silty sand) were sent to 16 participating laboratories in seven countries. After drying
and sieving, soils were rewetted with deionized water of known isotopic composition to create two
different water contents of the soil (8 % and 20 % per weight). Soils were then extracted following
two different extraction approaches: (1) our lab internal extraction conditions and (I1) pre-defined
extraction conditions. For the routine laboratory approach, we chose a temperature of 80 °C and an

extraction time of 30 min for the silty sand and 40 min for the clayey loam, respectively, according to
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extraction times given in West et al. (2006). In the second approach, extraction conditions were pre-
defined for all laboratories; a temperature of 100 °C was used and silty sand samples were extracted
for 45 min, whereas clayey loam was extracted for 240 min. All extracted samples were measured for
3180 and &°H by the Global Institute for Water Security, Saskatoon, Canada. Results from this inter-
laboratory comparison have been published recently in Orlowski et al. (2018).

Overall, great variations in measured 5*0 and §*H-values were found between laboratories with
absolute values differing partially strongly from the added reference water. Most values of extracted
water samples were not within the acceptable threshold of + 0.2 %o for §'°0 and + 1.5 %o for &°H,
respectively, defined by the IAEA. However, no significant correlations of the measured isotope
values with extraction conditions (temperature, time, applied vacuum) were found (Fig. A2.3), but
rather soil texture and soil water content affected the isotopic composition of extracted water. With
lower clay fraction and higher water content of the soil, precision of the isotope values with regard to
the spiked reference water increased. This trend, as shown for our laboratory in Figure A2.4, was
found in general over most laboratories. For our laboratory, the mean difference from the spiked
reference water ranged from -1.97 to 1.93 %, for 5'%0 and from -15.8 to -0.76 %o for 52H. Only for the
silty sand samples with 20 % water content most measured values were within the threshold for
acceptable bias. In general we found smaller deviations from the reference water for the pre-defined
extraction procedure (i.e. longer extraction times).

The results of the inter-laboratory comparison question the usefulness of cryogenic water extraction
as a standard for water extraction as results were not comparable across laboratories. It was
recommended to run cryogenic water extraction tests on the individual soil material used for field
studies.

Therefore, we adjusted the extraction time for the extraction of our samples in our study on stable
isotopes (chapter 4). By extracting a set of soil samples from our field site over different extraction
times, we found a maximal extraction efficiency (> 99 %) for an extraction time of two hours. Thus,
samples were extracted for two hours in order to obtain a complete water extraction and
unfractionated water samples. Furthermore, all samples for our study were consistently extracted
under the same conditions, so that all samples were subjected to the same potential alteration
processes during the extraction procedure, and salt marsh soils extracted in our study have high water
contents (30-50 % in the clay rich upper soil and 17-24 % in the sandy lower soil), so that we assume

that isotopic compositions were not altered to a considerable extent in our study.
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Figure A2.3: Effect of cryogenic extraction parameters (duration, temperature, and pressure) on §°H results of

both soil types (clayey loam and silty sand) and water contents (8 and 20 %) shown for all labs. The mean

reference DI water 5%H value is shown as a red dotted line (Orlowski et al. 2018).
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Figure A2.4: Mean differences from reference DI water (A) for 8*%0 (a) and §%H (b) results of water extracts
from both extraction procedures (lab internal and pre-defined), extraction methods (glass tubes and cannula),
soil types (clayey loam and silty sand) and water contents (8 % and 20 %). Solid lines represent a Ad-value of
0 %o, dashed lines the threshold of + 0.2 %o for §'30 and + 1.5 %o 6°H defined by the IAEA.
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A.3 Stable isotope analysis

In our study, stable isotopic signatures of water samples were measured by Cavity Ring-Down
Spectroscopy (CRDS) on a Picarro L2120-i 6D/6180 Isotopic Water Analyzer (Picarro Inc., Santa
Clara, California, USA) coupled to an A0211 high-precision vaporizer.

Water Isotope Inter-Comparison 2016

With participation in the international WICO 2016 (Water Isotope Inter-Comparison) by the IAEA
(International Atomic Energy Agency) we tested the performance of our Picarro device. A set of five
samples (Table A3.1) of unknown isotopic signature over a broad range of values was provided by
the 1AEA including one sample which was contaminated with 0.05 % methanol (unbeknownst to

participants).

Table A3.1: Water types and assigned 380 and 82H-values provided by the IAEA within the Water Isotope
Inter-Comparison (WICO) 2016.

assigned values

Sample name Water type 50 (%o) £ SD §H (%o) £ SD

WICO-1 Danube river Water, Austria, filtered -10.80 £ 0.02 -77.4+0.9

WICO-2 Neusiedler See (Lake Water), Austria, filtered -5.11+£0.03 -41.7+1.1

WICO-3 Bow River Water, Canada, filtered -22.01+£0.05 -168.3+ 1.0

WICO-4 Ground Water Mix, Egypt, Austria, filtered -0.50 £ 0.05 +05+1.1
Vienna Tap water and WICO-6 Mix, research grade

WICO-5 methanol was added gravimetrically to produce a -15.68 + 0.02 1143 +1.1

0.05 % methanol/water volumetric ratio of
contaminated water sample

Samples were measured on our Picarro device and results were submitted to the IAEA where data
were analyzed and compared to results of other laboratories. The performance of laboratories was
evaluated by z-scores based on delta deviation evaluation criteria for each isotope. An acceptable z-
score was a reported result for §*%0 or §%H that did not deviate from the assigned delta value by more
than twice the standard deviation for proficiency assessment (SDPA) which was set to 0.2 %o for 520
and 1.5 %o for 8°H.
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z= (P-A)/SDPA where P is the participant reported delta value, A is the assigned
delta value and SDPA is defined as above.

The following interpretations were given to z-score results:

1z| <2.00 acceptable result
2.00<|z| < 3.00 questionable result
1z| >3.00 unacceptable result

All of our measurements of unknown samples provided acceptable results (Figs A3.1-A3.3).
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1.1 Oxygen-18 (6 '®0)

Laboratory token: 16198
Instrument 1: Laser spectrometer (Picarro L2120-i)
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Figure A3.1: Results of the Water Isotope Inter-Comparison 2016 for 520 for the samples WICO-1-4. The

graphics show the delta bias from the reference value measured by our laboratory (red symbol) compared to all

other laboratories.
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1.2 Deuterium (6 %H)

Laboratory token: 16198
Instrument 1: Laser spectrometer (Picarro L2120-i)
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Figure A3.2: Results of the Water Isotope Inter-Comparison 2016 for §°H for the samples WICO-1-4. The
graphics show the delta bias from the reference value measured by our laboratory (red symbol) compared to all
other laboratories.
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2. WICO 2016 contaminated sample (WICO 5)
2.1 Oxygen-18 (6 *0)

Laboratory token: 16198
Instrument 1: Laser spectrometer (Picarro L2120-i)
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Figure A3.3: Results of the Water Isotope Inter-Comparison 2016 for &0 and &°H-values for the
contaminated sample WICO-5. The graphics show the delta bias from the reference value measured by our
laboratory (red symbol) compared to all other laboratories.
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Comparison of values measured by Cavity Ring-Down Spectroscopy combined with a Micro-
Combustion Module and Isotope Ratio Mass Spectroscopy

Several studies have found discrepancies between isotope values measured by CRDS compared to
Isotope Ratio Mass Spectroscopy (IRMS) in samples contaminated with organic compounds which
are co-distilled during cryogenic vacuum extraction and may cause spectral interferences in CRDS
(West et al. 2010; Zhao et al. 2011; Brand et al. 2009). To overcome this issue, we coupled a Micro-
Combustion Module (MCM) between the vaporizer and the analyzer of the Picarro instrument which
converts organic contaminants to water and carbon dioxide by oxidation in a heated metal catalyst
and thus removing spectral interferences from alcohols and other plant products. In addition, data
were checked for remaining potential contamination of samples by the ChemCorrectTM software
(Picarro inc.). This software marks analyzed samples as possibly contaminated or highly
contaminated. A spectral contamination post-processing correction of §*H and 50 values can be
applied to the raw output which provides values of H2180, HD160 and H2160 peaks filtered by
spectral features of organic compounds according to the equations A.1 and A.2 as given in Martin-
Gomez et al. (2015).

2 HD¢0 .
6 “H = slope - (m) + offset Equation A.1
2
18 H,'%0 :
6770 = slope - 1160 ) T offset Equation A.2
2

with slope and offset as factory calibration settings given by Picarro Inc..

Effectiveness of the MCM pre-treatment of samples and the given post-processing of data has been
investigated by Martin-Gomez et al. (2015). They conclude that the MCM outperformed the post-
processing correction in removing interferences caused by methanol contamination, but did not
effectively remove interference for high concentrations of ethanol and suggest that using both
approaches for samples with unknown contaminants, CRDS can deliver reasonable accuracy of
measurements of contaminated samples.

Although our results of the WICO revealed acceptable results for the methanol-contaminated sample
(WICO-5), we conducted parallel measurements of samples by the Picarro water analyzer with MCM
and by IRMS conducted at the Center for Stable Isotope Research (KOSI, University of Goéttingen,
Germany) using a MAT 253 mass spectrometer combined with a Conflo IV Interface (TC/EA,
Thermo-Fisher Scientific, Bremen, Germany) to rule out potential interferences of our samples.

Samples were collected in the salt marsh sites (plant and soil material from all three salt marsh zones)
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and water was extracted by cryogenic vacuum extraction. Additionally, pure water samples of a wide
range of isotopic composition were analyzed using both methods (CRDS and IRMS).

Over the range of 3-values measured, the §'®0-values from both instruments agreed very well with R2
= 0.996 for the correlation over all samples (6**Ocrps = 0.96 - ®®Orms — 0.53). For the 6°H-values
the CRDS and IRMS results were also significantly correlated with R2 = 0.998 and &Hcrps = 0.996 -
8°Hirms — 0.63. For both isotopes, linear regression models lay close to the 1:1 reference line (Fig.
A3.4). Differences between 6-values measured by the Picarro L2120-i water analyzer and values
measured by IRMS (Ad-value) ranged from -0.9 to 1.1 %o for 530 and from -3.6 to 4.2 %o 5°H (Fig.
A3.5). The mean difference between IRMS and CRDS measurements was between 0.354 (pure water
samples) and 0.515 %o (extracted root water) for 60 and between 1.023 (extracted root water) and
2.311 %o (pure water samples) for §°H. There was no significant effect of the type of water measured
(pure water sample or samples extracted from organic material) on the difference between IRMS and
CRDS measurements (p = 0.07 for 60 and p = 0.23 for §°H). Based on these results, we assumed to
achieve reliable results from measurements performed by our Picarro device with MCM and

subsequent post-processing of data.
a) °
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O organic 25 4

® pure water

-50 4
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-100

5"%0 (%), measured by CRDS
82H (%o), measured by CRDS
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Figure A3.4: Comparison of &-values of 0 (a) and H (b) measured by a Picarro L2120-i water analyzer
(CRDS) with values measured by isotope ratio mass spectroscopy (IRMS) of pure water samples (filled circles)
and water extracted from organic samples (soil and root material, open circles). Data were organic-corrected.
Solid lines represent a linear regression model (Model 11, ranged major axis) with y = 0.96 x — 0.53, R? = 0.996
(6'0) and y = 0.996 x — 0.63, R2 = 0.998 (62H). Dashed lines give the 1:1 reference line (slope 1, intercept 0).
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