Biodiversity effects on dune
and salt marsh biogeomorphology

— a trait-based approach

Von der Fakultét fir Mathematik und Naturwissenschaften der
Carl von Ossietzky Universitat Oldenburg zur Erlangung des
Grades und Titels eines Doktors der Naturwissenschaften (Dr. rer. nat.)

angenommene Dissertation von

von
Julia Bass

geboren am 03. Februar 1989 in Bremen

Oldenburg 2019



Gutachter Prof. Dr. Michael Kleyer

Zweitgutachter Prof. Dr. Gerhard Zotz

Tag der Disputation  13.11.2019









Contents

SUMIMAIY ..ttt ettt b ettt sb e e e st e e be e e rb e e eb e e e mbeenbeeenteeneeeenes 1
ZUSAMMENTASSUNG ...ttt bttt n e nn bt 4
S 1 014 o To (3Tt o] o RS UPUPRPTPPRPRRIN 8
1.1 The concept of biogeomorphology.........cccevieiieiiiie i 8
1.2 The trait-based perspective in €COIOGY .......cccovriririiiniiieeeee e 13

1.3 Combining the biogeomorphic succession model and the functional trait
1 0] 0] (0= 10X PSSR 18
1.4 Barrier islands and Halligen in the Wadden Sea...........c.cccccoeveveieeveciieceenne. 25
1.5 REeSEArch ODJECTIVES ......ccviiiiiieieciese e 35

Morphological plasticity of dune pioneer plants in response to timing and

magnitude of sediment diSturbance............cccccveve e 38
2.1 ADSIIACT....cuiitieiiiiieieie ettt bbb 38
0 111 7o L1 o1 o] o TSR 39
pZ B |V 1= 1 oo 3T 41
2.4 RESUILS ...ttt 46
2.5 DISCUSSION.....uiitiitieiiesieie sttt sttt st st b et ene et e e e bestesbesbesbesreeneas 56

Storm resistance and resilience of natural and artificial coastal foredune

(070] 0 0] 0410 TS 64
3L ADSIIACT. .. ctiieiciieiieieie ettt eneas 64
3.2 INEFOTUCTION. ...ttt sttt reeneas 65
TR B |V 1< 1 oo SRS 68
B4 RESUILS .ottt ettt nn 74
TR B 1ol L1 o o SRRSO 80



4 Plant traits affect surface elevation change in salt marshes: an example of

DiI0geoMOrPhIC BCOSYSIEMS ....c.vicviiiecie e 86
A1 ADSEFACT vt bbb 86
i 1011 oo 0ol o] o ISR TSP 87
4.3 MEENOGS ... e ae e 90
R o LT U1 | <3 RURTRR 96
Y B (oY ot U 1S1) (o] o [ 101
D SYNTNESIS. ..ttt re e anes 114
5.1 Summary of fINAINGS ......ooeiiiiiiiieieee e 114
5.2 The “window of adaption” in dune pioneer SPECIeS..........cuervrvvereerrereerenns 115

5.3 Is the community weighted mean a suitable index for biogeomorphic
LS00} S (=] 1 1 TR UPRTPRTI 118
5.4 Insurance effect vs. KEYSIONE SPECIES .......c.eviriiiiiiieieie e 122

5.5 Implications for management and restoration — lessons learned for trait-

based management of coastal dUNes............ccccovveveiiieiecie s, 124

5.6 Towards a new research NOMZoN .........ccocoveiiiiiieniniee e 130

N 0] 1=] 16 | USSP ST U TP UR PR PPPRPPTPIN 133
RETEIBNCES ...ttt bbbt e b 138
LISt OF FIQUIES .t reenae e 167
I ES 0 0 7= o] S SR 171
DANKSAGUING ..ttt bbbttt sb e bbbt 174
CUITICUIUM VBB ...ttt 176
AUthOrS” CONIIDULIONS ....veiiiiiiiiee et s s e e s e e e e e e e e ebr e e e e anneeeas 179
EFKIAIUNG .o bbb 180



Summary

Summary

Current climate crisis is associated with rising sea level and increasing frequency and
strength of storm surges. This raises the concern of losing coastal ecosystems such as
dunes and salt marshes to erosion and drowning. This is particularly serious as these
ecosystems fulfill multiple ecosystem services including providing habitats for
specialized plants and animals, attenuating wave energy, reducing erosion, and

protecting areas of major socio-economic interest from flooding.

Coastal dunes and salt marshes are biogeomorphic ecosystems where the form and
function depend on the two-way interaction between geomorphic and biological
processes. The primary geomorphic processes in coastal dunes are aeolian processes
while salt marshes are shaped primarily by fluvial processes. These abiotic processes
influence the vegetation and lead to responses on the community and the species level.

In return, plants influence matter and energy flow and thus shape landscape formation.

Despite strong research interest and a general understanding of biogeomorphic
ecosystems, there is still a lack of knowledge in a number of aspects of vegetation
responses and effects in these ecosystems. Morphologic plasticity of plants is known to
help species survive in dynamic and changing environments such as biogeomorphic
ecosystems. However, specific trait responses of pioneer species to different physical
disturbances are not yet fully known. In biodiversity and ecosystem functioning
research it is generally believed that diversity increases ecosystem’s resistance and
resilience by means of the insurance effect. However, biogeomorphic ecosystems are
an exception as it is often the resistance and resilience of single keystone species that
are the main drivers for ecosystem stability. Controlled experiments on this matter,
however, are lacking. The importance of vegetation in biogeomorphic ecosystems is
generally accepted. Yet, there is an ongoing debate whether vegetation has an effect on
sedimentation processes in salt marshes. To fill these research gabs, this thesis presents

three different studies.

To gain a better understanding of the responses of vegetation to abiotic factors, a

controlled greenhouse experiment studying the morphological plasticity of two dune
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species is presented. Ammophila arenaria and Cakile maritima individuals were
exposed to artificial sediment accretion and erosion events of varied magnitudes and
times after germination. Mortality rate was lower for A. arenaria than for C. maritima.
Growth was mostly increased through burial and erosion in C. maritima and decreased

in A. arenaria.

Further, a mesocosm experiment studying the effects of species and trait diversity on
dune resistance and resilience is presented. The comparison of artificial dunes vegetated
with A. arenaria only or with mixed-species communities showed that single-species
dunes were more resistant to wind erosion than were mixed-culture dunes. Surviving
species showed no responses in their trait expression after the disturbance event, i.e. no

difference in resilience.

Lastly, a study looks at the effects of plant functional traits on sedimentation and erosion
in salt marshes. Three salt marsh systems in the Wadden Sea were analyzed: natural
marshes on a barrier island, moderately anthropogenic influenced mainland marshes,
and highly anthropogenic influenced marsh island. Mean surface elevation change was
found to be not sufficient to keep up with current sea-level rise. However, there are
pronounced local differences in surface elevation change, a part of which can be
explained by distance to marsh edge and plant functional traits. Higher vegetation

roughness increases sedimentation; stronger anchoring capacity can reduce erosion.

These three studies demonstrate the vegetation capacity to survive in dynamic
environments as found in biogeomorphic ecosystems. Morphological adaptions,
resulting in intraspecific trait variance, enable pioneer species to survive abiotic
changes. Furthermore, it is shown that in biogeomorphic ecosystems it is mainly the
resistance of one key species that is crucial for the resistance of the system. Finally, it
is shown that not only aeolian but also fluvial processes in salt marshes are affected by

plant functional traits, resulting in changed sedimentation and erosion intensities.

In conclusion, this work shows that a trait-based approach is valuable to better
understand biogeomorphic ecosystems. The acquired knowledge can have implications

for coastal management. Firstly, it is shown that A. arenaria is well adapted to survive
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surface displacements and is the main driver for dune resistance to physical disturbances
which are expected to increase with climate change-induced weather extremes. This
confirms the species’ importance for coastal protection against high water levels but
also evinces the risk of reducing the natural and necessary dynamics in dune
ecosystems. Secondly, it is shown that vegetation affects surface elevation change of
salt marshes. Including vegetation in models predict salt marsh development under

climate change scenarios. could therefore improve the mode.
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Zusammenfassung

Zu den Folgen des Klimawandels z&hlen u.a. ein Anstieg des Meeresspiegels und eine
Zunahme in Haufigkeit und Starke von Sturmfluten. Dies gibt Anlass zur Sorge, dass
Kiistenokosysteme wie Diinen und Salzwiesen durch Erosion und Uberflutung verloren
gehen konnten. Diese Okosysteme erbringen wichtige Okosystemdienstleistungen: sie
bieten Lebensraum fir spezialisierte Tier- und Pflanzenarten, schwéchen die
Wellenenergie, reduzieren Erosion und schiitzen wichtige soziobkonomische Gebiete

vor Uberflutung. Deshalb hatte ihr Verschwinden groBe negative Auswirkungen.

Kiistendiinen und Salzwiesen sind biogeomorphologische Okosysteme, deren Formen
und Funktionen von bidirektionalen Interaktionen zwischen geologischen und
biologischen Prozessen bestimmt werden. Wéhrend die priméaren geologischen
Prozesse in Dunen &olisch sind, spielen in Salzwiesen fluviale Prozesse eine wichtige
Rolle. In beiden Okosystemen bewirken diese abiotischen Prozesse eine Reaktion der
Vegetation auf Art- und Individuen-Ebene. Gleichzeitig beeinflusst die Vegetation aber

auch die geologischen Prozesse und somit die eigene Umwelt.

Trotz zahlreicher Arbeiten zu biogeomorphologischen Okosystemen, gibt es
Forschungsliicken bei der Reaktion und den Effekten von Vegetation auf geologische
Prozesse in biogeomorphologischen Systemen. (1) Morphologische Plastizitat hilft
Pflanzen unter dynamischen und sich andernden abiotischen Bedingungen, wie sie in
biogeomorphologischen Systemen zu finden sind, zu (berleben. Spezifische
Reaktionen der funktionellen Merkmale von Pionierarten auf unterschiedliche
physikalische Storungen sind allerdings nicht bekannt. (2) Untersuchungen zu
Biodiversitat und Okosystemfunktionen zeigten, dass die Resistenz und Resilienz von
Okosystemen haufig mit zunehmender Diversitt steigt, entsprechend der okologischen
Versicherungshypothese. In biogeomorphologischen Okosystemen sind es allerdings
hé&ufig einzelne Schlusselarten, deren Resistent und Resilienz entscheidend sind. Alle
weiteren Arten tragen nur wenig zur Resistenz des Okosystems bei. Kontrollierte
Experimente hierzu sind allerdings selten. (3) Die wichtige Rolle der Vegetation in

biogeomorphologischen Okosystemen ist unumstritten. Allerdings gibt es eine
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andauernde Debatte Uber den Effekt von Vegetation auf Sedimentationsprozesse in
Salzwiesen. Diese Dissertation soll dazu beitragen, mit drei Studien diese

Forschungsliicken zu schlielen.

(1) Um die Reaktion und die morphologische Plastizitdt von Vegetation auf
physikalische Stérung besser zu verstehen, wurden Individuen der Diinenarten
Ammophila arenaria und Cakile maritima kontrollierten Versandungs- und
Erosionsereignissen unterschiedlicher Intensitdt und Zeitpunkten nach der Keimung
ausgesetzt. A. arenaria zeigte eine geringere Mortalitdat als C. maritima. Die
Biomasseproduktion wurde durch die physikalische Stérung in C. maritima groftenteils

verstarkt, in A. arenaria reduziert.

(2) Um die Effekte von Vegetation bzw. Arten- und Traitdiversitat auf die Resistenz
und Resilienz von biogeomorphologischen Okosystemen besser zu verstehen, wurde
ein Mesokosmosexperiment durchgefihrt. Der Vergleich von kinstlichen Dinen, die
entweder ausschlielflich mit A. arenaria bepflanzt wurden oder mit einer Mischkultur
aus heimischen Pionierarten zeigte, dass die Monokultur resistenter gegen Winderosion
war als die Mix-Kultur. AuRerdem zeigte keine der gepflanzten Arten eine Reaktion der
funktionellen Merkmale auf die Stérung, d.h. die Resilienz unterschied sich nicht

zwischen den Bepflanzungstypen.

(3) Die letzte Studie dieser Arbeit untersucht den Effekt von funktionellen Merkmalen
auf Sedimentation und Erosion in Salzwiesen. Drei Salzwiesentypen des Wattenmeers
wurden daftir ausgewahlt: vom Menschen weitestgehend unbeeinflusste Salzwiesen der
Barriereinseln, moderate anthropogen beeinflusste Salzwiesen entlang der
Festlandkuste und hoch artifizielle Marschen auf Halligen. Der mittlere Aufwuchs lag
unter dem beobachteten Meeresspiegelanstieg, was das langfristige Fortbestehen der
Marschen in Frage stellt. Es gab jedoch gravierende regionale Unterschiede in der
Hohenverénderung der Salzwiesen. Ein Teil dieser Varianz liel? sich durch die Distanz
zur Marschkante aber auch durch funktionelle Merkmale erkléaren. Eine hohere Rauheit
der  Vegetation fihrte zu  verstarkter  Sedimentation, eine  starkere

Verankerungskapazitat bewirkte teilweise eine Reduktion der Erosion.
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Die drei Studien dieser Dissertation zeigen die Fahigkeit der Vegetation durch
morphologische Adaptionen, die zu intraspezifischer Varianz in funktionellen
Merkmalen fithren, auch in dynamischen Okosystemen zu tiberleben. AuRerdem konnte
diese Dissertation experimentell zeigen, dass A.arenaria eine Schlisselart fir
Kstenokosysteme und hauptauschlaggebend fiir die Resistenz ist. Des Weiteren konnte
gezeigt werden, dass Vegetation nicht nur in Dinen die geologischen Prozesse
beeinflusst, sondern auch in Salzwiesen die funktionellen Merkmale der

Salzwiesenarten einen Einfluss auf die Sedimentation und die Erosion haben kdnnen.

Diese Arbeit zeigt, dass ein trait-basierter Ansatz dabei helfen kann,
biogeomorphologische Systeme besser zu verstehen. Die Ergebnisse konnten
Implikationen fir das Kustenmanagement haben. Die Studien zeigen die gute
Anpassung von A. arenaria an dynamischen Okosystemen und bestitigen die wichtige
Rolle dieser Art im biogeomorphologischen Dlnensystem. Dies macht die Art resistent
gegen Klimawandel-Folgen, wie verstarkte Stlrme, und bestatigt ihre Nutzung als
Dinenbefestigung. Gleichzeitig wird durch die Studien die Gefahr, die natlrliche
Dynamik des Systems zu ersticken, deutlich. Dariiber hinaus wurde gezeigt, dass
Vegetation den Aufwuchs von Salzwiesen unterstiitzten kann, der erforderlich ist, um
Salzwiesen langfristig vor dem Untergehen zu schitzen. Deshalb sollten
Vegetationsparameter in mathematischen Modellen zur Entwicklung der Salzwiesen

integriert werden.
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Chapter 1

1 Introduction

1.1 The concept of biogeomorphology
The essential concept

One of today’s major ecological challenges is to assess the matter and energy flow on
Earth’s surface in order to understand the development of landforms and predict their
future state, especially with regard to climate change. As with many key questions in
science, this complex topic cannot be dealt with by constraining the view to a single
subject. Elton (1927) stated nearly a century ago that we need to enlarge the view to
neighboring subjects to understand complex systems. This suggestion led to the
emergence of the multidisciplinary approach of biogeomorphology in the late 1980s.
Scientists in this interdisciplinary field combine biology and geomorphology to study
landform developments. The focus is on the two-way interplay between ecological and
geomorphological processes (Viles, 1988). It examines (1) the influence of
landforms/geomorphology on the distribution and development of plants, animals and
microorganisms and (2) the influence of plants, animals and microorganisms on Earth’s

surface processes and the development of landforms (Viles, 1988).

The species influencing their environment have been referred to as ecosystem
engineers/bioengineers (Jones et al., 1994). Species can influence their environments in
two ways. They either passively modify the abiotic environment by means of their
physical structures or they actively modify their environment. According to their mode
of engineering, they are referred to as autogenic or allogenic ecosystem engineers (Jones
et al., 1994). In keeping with this definition, plants that passively change their
environment through their physical structure are referred to as “autogenic engineers”.
On the other hand, beavers for instance, which actively modify their environment by

building dams, are referred to as “allogenic engineers” (Jones et al., 1994).

Biogeomorphology covers a variety of processes that link biotic and geomorphological
systems, such as bioerosion, bioconstruction, biostabilisation, bioweathering and

bioprotection (Corenblit et al., 2015; Naylor et al., 2002). Most of these processes are
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biologically mediated Earth system processes. Bioerosion has been referred to as the
weathering and/or removal of material by an organic agency (Spencer, 1992). It is the
active or passive mechanical and/or chemical erosion of the land surface by species
ranging from mollusks to large ungulates. Bioprotection is the active or passive, direct
or indirect role of organisms in preventing or reducing the effect of other Earth surface
processes such as water and wind erosion while encouraging accretion and
sedimentation. Bioprotectors can be microscopic biofilms, algae or larger vegetation
(Coombes et al., 2013). Bioconstructors build films, crusts, mounds or reefs of material
which is produced internally, bind from other sources, or developed from a combination
of the two. Bioconstructions are formed through organisms such as Novastoa, which
produce minerogenic material themselves; Sabellariidae which actively accrete material
by chemically fixing particulate matter; or through inorganic cementation of organic
debris which results in the formation of fluvial tufa barrages (Naylor, 2005). All these
bioprocesses are not mutually exclusive and their interrelationships are varied, complex

and dynamic (Naylor, 2005).

Ecosystem engineering activity changes the morphology and geomorphological
processes of its surroundings. This may feed back to the engineering organisms. A good
example are vegetated riverbanks. During low flow conditions, pioneer plants can
colonize riverbanks and protect them from erosion (Baptist, 2001). The stabilization of
the physical environment will further increase plant growth and subsequently further
decrease erosion. This paves the way for new species that depend on less dynamic
conditions. Around the world, gradients between high and low sediment dynamics exist.
Since plants are adapted to specific conditions they will be abundant in specific

locations and become extinct in others.
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Biogeomorphic succession

Ecosystems that are shaped in their form and function by the two-way interaction of
biologic and geomorphic processes were named “biogeomorphic ecosystems” (BE) by
Balke et al. (2014). These ecosystems follow a clear succession and change in their form
and function along the successional stages. This succession has been restudied many
times since the pioneering study of (Cowles, 1899). Recently, Corenblit et al. (2015)
established a general concept of biogeomorphic succession. They defined four phases
of BEs: the geomorphic phase, the pioneer phase, the biogeomorphic phase, and the
ecological phase. The form and function of each phase are driven by the
geomorphological processes, the biological processes, and their interaction. The
strength of geomorphological processes decreases while the strength of biological
processes increases along the successional stages. The strength of biogeomorphic
feedbacks follows a humpback curve and is highest in the intermediate phases. As a
result of biogeomorphic feedbacks, a sudden transition can occur between phases
(Balke et al., 2014; Corenblit et al., 2015).

In the initial phase, the geomorphic phase, after a flood, storm or any other disturbance,
no vegetation develops. Functions and stability of the landforms are driven only by
hydrodynamic and aerodynamic forces and the intrinsic cohesiveness of the sediment.
The geomorphic environment restricts seed germination. Thus, the geomorphic
environment remains mostly within its physical state associated with a landscape
dominated by bare substrate (Corenblit et al., 2015).

In the second phase, the pioneer phase, physical disturbance decreases but the
geomorphic environment still controls seed germination and seedling survival and
growth. When seedlings experience a disturbance-free time (i.e. a “Window of
Opportunity”) they establish successfully (Balke et al., 2014). The required disturbance-
free time varies among species and causes specific species assemblages in disturbed
environments. Species initiating the biogeomorphic succession are usually short-lived
annual ones. They are adapted to thrive with repeated burial and often even require

burial for optimal growth (Corenblit et al., 2011). Successfully established plants

10
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feedback on the geomorphic processes and induce locally and temporally stabilized

patches.

In the third phase, the biogeomorphic phase, the geomorphic environment is controlled
by feedbacks between plants and geomorphic dynamics. Vegetation becomes
increasingly dense, stabilizes larger areas and captures increasing amounts of sediment
(Maun, 2009). In the final phase, the ecological phase, vegetation density further
increases and biotic interactions become increasingly important while the importance
of geomorphic dynamics decreases with greater distance to the source of distrubance

and increasing vegetation cover (Corenblit et al., 2015).

Biogeomorphic ecosystems worldwide

The biogeomorphic concept can be applied to a variety of ecosystems along the water-
terrestrial interface in fluvial and coastal zones such as riparian zones, seagrass beds,
coastal dunes, salt marshes, and mangrove forests (Corenblit et al., 2015). These
ecosystems are among the most dynamic and productive ecosystems worldwide.
Depending on the regional and local geological, geomorphological and bioclimatic
settings, a variety of physical configurations and species life-forms and assemblages
have developed. However, they also share common features regarding the relationship

between plant dynamics and the geomorphic environment.

These ecosystems cover large parts of the Earth’s surface and provide many
provisioning, regulating, supporting and cultural ecosystem services, including riparian
zones (Nava-Lépez et al., 2016), seagrass beds (Orth et al., 2006), coastal dunes (You
et al., 2018), salt marshes (McKinley et al., 2018), mangroves (Thompson et al., 2017).
One of the main services of BEs at the terrestrial-aquatic interface is coastal and bank
protection through wave attenuation and bed stabilization. They protect the hinterland
from flooding and erosion from high water levels and storm surges (Barbier, 2015).
Climate change and associated accelerated sea-level rise (SLR) and stronger storm
surges make these ecosystem services increasingly important. However, BE’s

adaptation capacity to SLR is still under discussion and data is still incomplete

11



Chapter 1

(see Table 1.1). Generally, BEs can accumulate mineral particles which may result in
surface elevation. The highest elevation rates were found in salt marshes. However, data
vary considerably and studies found that sediment accretion also can respond to climate
change through feedbacks that involve increased plant growth and production, which
lead to faster accretion rates with increasing CO- and sea-level rise (Kirwan & Mudd,
2012; Langley et al., 2009).

Table 1.1: Coastal protection and adaptation capacity to SLR of biogeomorphic ecosystems at

the terrestrial-aquatic interface.

BEs Wave attenuation Bed stabilization Elevation rates
riparian 10 % lower wave height * 25 — 65 % less erosion * unknown

Zones

seagrass beds | 20 % per 9 m (low energy) 2 | 14 — 98 % less erosion * -0.08 mm/yr
coastal dunes | yes® ~ 50 % less erosion ° unknown

80 % per 160 m (low energy)
6

8 " 9
salt marshes | per 40 m (high energy) | Y& 19-22 mm/yr
7

64 % per 260 m/

11 12
95 % per 40 m 1 yes 4.1 mmlyr

mangroves

1 Coops et al. (1996), 2 Paul and Amos (2011), 3 Carr et al. (2010), * Gattuso et al. (1998),
% Feagin et al. (2019), ® Moller and Spencer (2002),  Méller et al. (2014), & Spencer et al. (2016),
®Schirch et al. (2013), 22 Brinkman (2006), 11 Thampanya et al. (2006), 12 McKee et al. (2007).

12
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1.2  The trait-based perspective in ecology
History of vegetation classification

Classifying vegetation according to specific features helps to generalize findings and
generate conceptual models. The earliest functional classification was implemented by
the Greek philosopher Theophrastus who separated plants into “trees”, “shrubs”, and
“herbs” (Morton, 1981). In modern times, Raunkigr (1934) developed a classification
using “life-form” categories. Since then his system has been revised and modified by
various authors, but the model’s main structure remained unchanged (Ellenberg &
Mueller-Dombois, 1967). It subdivides plants based on the place of the plant's growth-
point during seasons with adverse conditions. Later, Grime (1974, 1977) presented the
“plant strategy scheme” (or CSR Triangle) in which species are classified according to
their abilities to cope with competition (C), abiotic stress (S), and disturbance (R).
Stresses include factors such as the availability of water, nutrients, and light, along with
growth-inhibiting influences like temperature and toxins. Conversely, disturbance
encompasses herbivory, pathogens, anthropogenic interactions, fire, and sediment

dynamics.

The CSR system has been applied successfully in studies of the distribution and
dynamics of many communities (Pierce et al., 2017). However, it turned out that
predetermined classes of plant attributes may be meaningful only in vegetation for
which they were developed (Grubb, 1985). For example, the competitive ability relates
to seed weight in sand dune annuals, while in perennial herbaceous communities,
competitive ability relates to root and shoot traits (Lavorel et al., 1997; Rees, 1995).
Thus, the research on adaptive strategies also should incorporate methods for

identifying the contribution of individual traits.

Therefore, Diaz and Cabido (1997) implemented a functional approach which classifies
species according to their “functional traits”. The term “trait”, however, is not new.
Originally, the term was introduced by Charles Darwin (1859) as a predictor of
organismal performance. Since then, the term has been used widely despite the lack of
an ubiquitously accepted clear definition. It has been used, inter alia, to describe plant

13
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chemical features and soil features (Eviner, 2004). Violle et al. (2007) addressed the
resulting confusion regarding the term and the concept and suggested a new definition.
This definition, which was further developed by Shipley (2010) and later modified by
Garnier et al. (2016), reads as follows: “A trait is any morphological, physiological or
phenological heritable feature measurable at the individual level from cell to whole-

organism, without reference to the environment or any other level of organization™.

From the trait combinations, plant strategies can be derived and plants can be grouped
into “functional types”. This is a non-phylogenetic grouping of species sharing similar
traits in response to abiotic and biotic conditions since the same levels of stress and
disturbance should evoke the same plant strategy even on taxonomically different
species. Species can be from one ecosystem or from different biogeographic and
ecological zones but possess a common life strategy through convergent trait adaption
that enables them to thrive in a given environment. Species can be grouped according
to common responses (response traits) to the environment and/or common effects
(effect traits) on ecosystem processes (Duckworth et al., 2000; Wilson, 1999). This
implies that the knowledge of the values of particular abiotic variables resulting in stress
and disturbance allows us to predict the typical values of the functional traits found in
the local community. The knowledge of the typical functional trait values found in the
community and the knowledge of the actual trait values of the species in a regional
species pool allows us to predict which of the species will be dominant, which will be
subordinated, and which will be rare or absent. Therefore, the analysis of functional
types not only help to understand community functioning on a local scale but also
facilitates the comparison between communities exposed to similar environmental

constraints on a regional scale.

14
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Advantages of traits-based ecology

Some of the core questions asked in ecology are: (1) Why and how do different species
perform differently along ecological gradients? (2) Why and how do species interact
within a community? (3) Why and how do species affect the functioning of ecosystems?
(Garnier & Navas, 2012). To answer these questions a trait-based approach has
advantages over to the traditional taxonomic approach, as it is necessary to classify and
compare different species. A description of organisms that emphasizes the values of
their phenotypic traits over their taxonomic phylogenetic affiliations allows (1) a
comparison of these trait values along environmental gradients to understand both how
different trait combinations affect the environment (“effect” traits) and how different
environments select different trait combinations (“response” traits), (2) a comparison of
trait values among many species and environments in order to elucidate general trends
that are not limited to narrow taxonomic groups or geographical locations, and (3) to
scale up from plant modules to entire ecosystems by assuming that the structure and
function at higher organizational levels are largely a result of the composite traits of the
individuals present (Garnier & Navas, 2012).

Thus, the functional trait approach helps answering questions on species distribution,
community assembly and ecosystem functioning (Garnier & Navas, 2012). Therefore,
trait-based models have become highly relevant in ecology (Keddy, 1992), especially
because ecologists have tried to predict the effects of different components of global
changes (e.g., land use, climate, and modification of biogeochemical cycles) on
biodiversity. A trait-based approach makes it possible to generalize findings over
similar but spatial distinct areas (Adler et al., 2013). It helps to find general patterns
along environmental gradients, gradual changes in biotic and abiotic environmental
factors through space or time (Austin, 1986). These gradients can be direct, such as
resources or disturbance, or indirect, such as altitude and latitude. In response to a
particular environmental factor, different traits vary in different direction and with
different amplitudes (Fonseca et al., 2000) and a specific trait response in different

directions and amplitudes depending on the environmental factors (Cornwell &
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Ackerly, 2009). This means that trait variation is specific to each trait-environmental

gradient and should be considered individually (Kleyer & Minden, 2015).

Inter- and intraspecific trait variation

The most widespread approaches in trait-based ecology focus on trait differences among
species (McGill et al., 2006). In a description of the functional characteristics of local
communities, the mean trait values for the constituent species, weighted by species
proportions, are calculated and used as indices (i.e., Community Weighted Mean).
However, the variation of traits along environmental gradients is caused not only by
species turnover. Given the stochastic (Fox & Kendall, 2002), environmental (West-
Eberhard, 2003), or genetic (Doebeli, 1996) factors, traits expressions can vary within
one species (Intraspecific Trait Variability, ITV). ITV influences species response to
abiotic filters and biotic interaction (Fridley & Grime, 2010; Fridley et al., 2007) and
its effect on ecosystems processes (Hughes et al., 2008) and generally adds to the
variability of the community (Albert et al., 2011). Still, the fast-growing literature on
the ecology of trait variation lacks a profound understanding of the mechanisms by
which ITV influences ecological dynamics in comparison to interspecific trait variation
(Bolnick et al., 2011).

A recent review by Siefert et al. (2015) showed that about one-quarter of total trait
variation within communities and even more when looking at total trait variation among
communities was driven by ITV. The relative extent of ITV was greater for whole plant
traits (e.g. plant height) than for traits on the organ level (e.g., leaf mass). Furthermore,
leaf chemicals (leaf N and P content) had smaller ITV than leaf morphological traits
(thickness or area). The relative amount of ITV decreased with increasing species
richness and spatial extent, but did not vary with plant growth form or climate.

Generally, ITV leads to a functional continuum rather than a clear-cut species
classification (Albert et al., 2010). Therefore, Leps et al. (2011) pointed out that
neglecting intraspecific trait variability across habitats can result in underestimating the

response of communities to environmental changes. ITV also influences the interaction
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among organisms and between organisms and their environment that ultimately drive
the assembly and functioning of communities (Bolnick et al., 2003; Vellend & Geber,
2005). This means that ecological research should include ITV to make models more
correct and strengthen the understanding of processes operating at the community level
and ecosystem level. Recent studies have shown that adding ITV to the models
improves the ability of trait-based analysis, which makes inferences about local
community assembly processes (Paine et al., 2011; Siefert, 2012), predicts species
interactions (Kraft et al., 2008), elucidates community responses to spatial and temporal
environmental gradients (Leps et al., 2011), researches ecosystem processes such as
productivity and nutrient cycling (Breza et al., 2012), and predicts patterns of species
diversity and assembly within communities, especially with dominant species
(Crutsinger et al., 2010).

In practical use, however, it is difficult to account for ITV. It is difficult to measure trait
values on a large number of individuals per species, particularly in species-rich
communities. Therefore, the CWM is still a much used, less time and money consuming

alternative.
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1.3 Combining the biogeomorphic succession model and the

functional trait approach
Response and effect traits in a dynamic environment

The effect-response framework introduced by Lavorel and Garnier (2002) classifies
species according to their response to the environment and their effect on ecosystem
properties. Combining the functional framework with the biogeomorphic succession
model can help to better understand processes in BEs because it is the specific trait and
not the taxonomic species that affects and is affected by biogeomorphic processes.
(see Figure 1.1 for a summary of the interacting processes).

The community organization is determined by three main filters (Belyea & Lancaster,
1999; Lortie et al., 2004): (1) a dispersal filter, which determines the potential colonists
available at a particular time and place depending on stochastic events, storage effects
and landscape structure; (2) an abiotic filter, which describes the impact of resource
availability, disturbance and prevailing environmental conditions (humidity,
temperature, etc.); (3) a biotic filter, which refers to the positive and negative
interactions among organisms in the community. Species from the regional species pool
which establish in a community can be seen as the result of abiotic (climate, resource
availability, disturbance) and biotic (competition, predation, mutualisms) filtering that
affects which species, based on their traits, can successfully establish at a site (Diaz et
al., 1999; Keddy, 1992).

In the first succession phases of BEs, the environmental filters represent the most
important selection pressure for coastal and fluvial plants. The filters act on the response
traits and different species have evolved adapted response traits to the occurring
physical disturbance. Although BEs around the world are highly diverse in geology,
geomorphology and climate, as well as species assemblages, species with similar

function occur in different sites.

In the first succession phase, the geomorphic phase, with strong dynamics of high
frequency, species are favored which exhibit a short life span, high net productivity and

production of numerous buoyant seeds and propagules. This combination allows the
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plants to germinate and complete their life cycles in the brief undisturbed time (Garcia-
Mora et al., 1999). In the second phase, the pioneer phase, where physical disturbance
is still high, species are favored which have extensive and rapid investments in roots
and which can grow from drifting debris and propagules. Tolerance to submersion,
burial and erosion through high plasticity of architecture and biochemical properties is
also favored. The strengthening of tissues, stiff stems, small leaves and canopies helps

to resist and avoid mechanical disturbance (Garcia-Mora et al., 1999).

In the third phase, the biogeomorphic phase, when biotic interaction becomes more
important and physical disturbances are infrequent, high growth rate, rapid underwater
shoot extension, tolerance to sediment burial and erosion, control of above- and
belowground allocation and adaption of shoot and root morphology to physical
disturbance are favored. Other beneficial traits include adaptation to hydrodynamic
forces by means of high bending stability, narrow leaf shape, multi-stemmed
resprouting from roots and aerenchym tissue for transferring oxygen from the
atmosphere to submerged roots. In the final stage, the ecological phase, competitive
traits such as large canopy height and deep roots to exploit resources more efficiently

are of importance (Garcia-Mora et al., 1999).

However, the range of traits in communities is not always reduced, resulting in
convergent response trait development. Trait expression also can be broadened by the
process of limiting similarity, leading to divergent response trait development. This
implies that these species have different effects on the geomorphic processes because
the established engineering species modulate the geomorphic environment depending

on their species-specific traits (Corenblit et al., 2015).

The effect trait-driven landscape formation can be well illustrated with the example of
coastal dunes. Depending on aboveground architecture and rooting strategies of the
plant species (i.e. formation of deep roots or shallow roots), dunes of very different
morphologies and sizes are formed (Duran & Moore, 2013). In Western Europe, two
widely distributed foredune species are Cakile maritima (Scop.) and
Ammophila arenaria (L.). C. maritima, an annual plant with a low canopy height,

reduces the airflow and sand transport slowly so that gradual downwind reduction in
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sediment transport forms asymmetric dunes with the short slope on the lee side (Hesp,

2002). In contrast, high-density clumps of A. arenaria with a higher canopy reduce air

flow velocity very rapidly and produce high, hummocky-peaked dune forms with the

short slope to the seaward side (Hesp, 2002).
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community with the occurring selective filters, the environmental filter being the most important

one in BEs. The species assemblage and the plants’ specific effect traits shape the form and

function of the ecosystem. This altered geomorphic conditions feed back to the response traits

(adapted from Corenblit et al., 2015; Garnier et al., 2016; Keddy, 1992; Minden & Kleyer, 2011).
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Traits along environmental gradients

Biogeomorphic ecosystems have multiple natural stress/disturbance gradients. Stress
refers to external abiotic constraints (e.g., soil moisture or fertility), not caused by the
vegetation itself, which limit biomass production (Grime, 2001). Disturbance refers to
events external to the vegetation causing partial or total live biomass destruction (e.g.
burial by sand) (Grime, 2001). The stress and disturbance gradients have effects on
plant traits at the community and at the species level. As mentioned before, the harsh
abiotic conditions in BEs are strong selective filters that influence the community
assemblage (Sambatti & Rice, 2006). The gradients also lead to local adaptation of plant
species. Individuals can adjust to local conditions through phenotypic plasticity of
response traits resulting in ITV, which has already been mentioned previously (Crispo,
2008). This manifests itself in locally adapted populations (Kawecki & Ebert, 2004). A
plant’s physiological status and morphology, in turn, first mediates plant-plant
interactions by altering microhabitat conditions for the nursing and associated species.
Crutsinger et al. (2010) found, for example, in a Californian coastal dune system that
two different phenotypes of Baccharis pilularis shrubs differed significantly in their

facilitation intensity. Secondly, ITV affects plant-geomorphology interactions.

In fluvial BEs the gradients stretch from the channel to the floodplain and follow the
hydrogeomorphic connectivity and topography. In salt marshes and mangroves,
gradients stretch from the seashore to inland and are driven by wave energy, the tide,
micro-topography and salinity. In coastal dunes they reach from shore to inland and
follow hydrodynamic forces, topography and salinity (Corenblit et al., 2015).
Environmental gradients are not restricted to BEs but exist in ecosystems around the
world, such as pastures (Kleyer, 1999), mountain ranges (Kdrner, 2007; Schellenberger
Costa et al., 2018), forests (Hammill et al., 2016), mires (Wheeler & Proctor, 2000),
and savannahs (Kirkman et al., 2001). The environmental gradients can be manifold
and include management, temperature, precipitation, nutrients, fire, partial pressure of

CO», and UV radiation gradients.

Specific response traits vary along specific environmental gradients. Leaf traits such as

SLA are related to resource economy and vary with nutrient availability (Lavorel &
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Garnier, 2002; Ordofiez et al., 2009). Traits related to plant phenology such as leaf/root
morphology vary with water availability (Ackerly, 2004; Mitchell et al., 2008;
Niinemets, 2001). Plant morphology, re-growth ability and life cycle traits vary with
grazing or fire intensity (Diaz et al., 2007; Hammill et al., 2016). Life form, leaf size,
plant height and root architecture respond to changes in temperature or moisture
availablity (Moles et al., 2014; Thuiller et al., 2004). Traits related to resource economy
such as plant phenology and life form also vary along gradients of secondary succession
(Garnier et al., 2004; Navas et al., 2010) and land use (Kleyer, 1999; Lienin & Kleyer,

2011). Management also affects total biomass production (Minden et al., 2016).

The zonation of coastal dune plant communities and salt marsh plants from the shore to
their inland margin is recognized worldwide; however, the cause of this pattern remains
controversial because of the covariance of several environmental factors, such as sand
burial/flooding, salt spray, and microclimate, along a gradient perpendicular to the
shoreline (Barbour et al., 1985; Hesp, 1991; Rozema et al., 1985). In coastal dunes, the
sediment dynamics resulting in the burial by sand and erosion is thought to be the main
factor causing vegetation zonation (Dech & Maun, 2005). Sediment dynamics imposes
various stresses on plants. Burial reduces the availability of light, CO2 and other
atmospheric gases to the aboveground organs. Erosion leads to the drying out of roots
and reduced ability of water and nutrient uptake. In salt marshes, flooding and soil
moisture place the greatest amount of stress on wetland plant communities and are the
main drivers of community assembly in wetlands (Blom & Voesenek, 1996; Weiher &
Keddy, 1995). Flooding imposes two main stresses on plants. Saturation of the soil causes
a depletion of the oxygen available to roots in the soil, leading to soil anoxia and hypoxia
(Blom & Voesenek, 1996). Submergence also causes reductions in the availability of light,
COz2, oxygen and other atmospheric gases to the aboveground organs (Mommer & Visser,
2005).

Plants have evolved successful strategies either to avoid or tolerate the stresses associated
with sediment dynamics and flooding. Avoidance can be spatial or temporal. Spatial
avoidance is achieved with traits that remove the plant from the associated stresses and
temporal avoidance is achieved by growing only during times when sediment dynamics or

flooding is unlikely. Of the various traits that are known to be associated with flooding
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stresses/burial stress, few have been measured at multiple points along an
inundation/burial gradient. The traits expressions of salt marsh and dune species along
these gradients are summarized in Table 1.2. These traits do not stand alone but traits
are coordinated at the whole-plant level and that some traits are correlated with most

other traits (“hub” traits) while others are of minor importance (Kleyer et al., 2019).

The trait expressions do not always follow well known physiological concepts. In salt
marshes the “physiological-ecological-amplitude” concept was not confirmed on a trait
perspective. Canopy height and stem mass fraction, indicating high competitive ability,
were found to be higher in the lower marsh than in the upper marsh. Specific leaf area
and leaf dry matter content were constrained by a salt-waterlogging gradient rather than
by a nutrient gradient. This contrasts the leaf economics spectrum, which describes a
trade-off between fast growing species with the potential of quick return of investments
of nutrients and species with long lifetime and low rates of photosynthesis (Minden et
al., 2012).
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Table 1.2: Functional traits along inundation and burial gradients stretching from low
inundation/burial intensity to strong inundation/burial intensity. A = trait increases along
gradient; ¥ = trait decreases along gradient; == = trait exhibits no relationship to the
environmental gradient. Abbreviations: ADM: aboveground dry matter; BDM: belowground
dry matter; CH: canopy height; SLA: specific leaf area; LDMC: leaf dry matter content.

Environmental

gradient Functional trait Response
ADM v (Minden & Kleyer, 2015)
BDM A (Minden & Kleyer, 2015)
(Baastrup-Spohr et al., 2015;
CH VA Howison et al., 2015; Jung et al.,
2010; Violle et al., 2011)
(Baastrup-Spohr et al., 2015;
SLA A Howison et al., 2015; Jung et al.,
Inundation 2010; Violle et al., 2011)
LDMC A g?gﬁ?t;épibs)pohr etal., 2015; Jung
Root porosity A (Cheng et al., 2015; Colmer, 2002)
Adventitious roots A (Colmer, 2002; Kramer, 1951)
Specific root length A (Ryser et al., 2011; Shi et al., 2015)
Seed mass A Sgﬂgeﬁ,azlafgo)lo; Stromberg &
CH A (Garcia-Mora et al., 1999)
SLA v (Ciccarelli, 2015)
LDMC v (Ciccarelli, 2015)
Burial Rooting depth A (Garcia-Mora et al., 1999)
Succulent —_— (Ciccarelli, 2015)
Sea-water dispersion | A (Garcia-Mora et al., 1999)
Seed mass A (Cordazzo, 2002)
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1.4 Barrier islands and Halligen in the Wadden Sea
Geological origin of barrier islands and Halligen

The Wadden Sea is the most dynamic landscape in Western Europe. Important
structures in the Wadden Sea are the barrier islands and the Halligen. They are found in
a long chain parallel to the mainland coastline and stretch from The Netherlands along
the German coast to Denmark (Figure 1.2). Given their offshore position, barrier islands
and Halligen absorb energy and protect the mainland coastlines from storm events.
Simultaneously, they create a unique environment of low-energy, brackish water in the
back of the island. The very different appearance of the dune and marsh islands is

attributed to their differing genesis.
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Fig. 1.2: Overview of the Wadden Sea; mainland of Lower Saxony and Schleswig Holstein

(light gray), Wadden Sea islands (dark gray), and Halligen (medium gray).
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The genesis of the Wadden Sea barrier islands has been strongly contested in scientific
literature. Several hypotheses have been formulated to describe their existence such as
the sand spit hypothesis (Penck, 1894), the beach ridge hypothesis (Liders, 1953), and
the offshore sand shoal hypothesis (Barckhausen, 1969). Today, the last one is generally
accepted. According to Barckhausen (1969), all barrier islands are built from offshore
sand shoals deposited on Pleistocene ridges or heights during storm events. Under
moderate wave and wind conditions, sediment deposition continued and built shoals
that grew in elevation and were subjected to only episodic inundation during extreme
high tides. The sheltered sides of the shoals provided low-energy conditions and
allowed tidal flats to develop. Sediment transported from the backshore eventually built
primary dunes. Preconditions for the establishment of dune islands are wave-dominated
coasts with a small tidal range and wave energy. Optimal conditions are found in
microtidal environments (0-2 meter tidal range) while in mesotidal environments
(2-4 meter tidal range) barrier islands are less frequent and in macrotidal environments
(> 4 meter tidal range) barrier islands are very rare (Boggs, 2011). This explains the
chain of barrier islands from Borkum to Wangerooge in the western part of the Wadden
Sea between the Ems delta and the Jade River. Between the Jade River and the Elbe
River tidal range is higher; therefore, only sandbanks occur. A further precondition is a
low gradient of shelf since otherwise the sand would not accumulate into a sandbar but
would disperse throughout the shore. Ample sediment supply and a stable sea level also
are necessary for barrier island formation and growth. If the sea level change is too
large, time will not be sufficient for wave action to accumulate sand into a dune that

will eventually grow to a barrier island through aggradation.

The time of origin for the Frisian barrier island chain was between 4000 to 3000 BCE
(Hoselmann & Streif, 2004). After most of the modern North Sea basin had changed to
dry land during the last Ice Age, the sea level rose again during the Weichselian
postglacial transgression (Behre, 2002; Streif, 1989). The sea-level rise was
accompanied by a progressive increase in tidal range (Hanisch, 1980). At first, sediment
rates were insufficient to keep up with the rapidly rising sea (1 m/century). Thus, large
parts of the inundated backbarrier area evolved into subtidal environments with only

narrow zones of intertidal sand and mud flats and salt marshes on the landward side. At
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about 3000 BCE rates of sea-level rise were exceeded by sediment accumulation rates
so that intertidal sand flats developed. As a result of the sediment transport into the
backbarrier area, the barrier islands’ coast eroded. Subjected to slow flooding, the
islands slowly retreated. Until today, barrier islands have been retreating landward at
an average migration rate on the order of one to two meters per year. The sandy barrier
system protected the hinterland and around 2500 years ago, extensive marshes formed,

consisting of thick sequences of clayey and peat sediment (Meier, 2006).

The Halligen in the North Frisian Wadden Sea and off the coast of Denmark have a
different origin. With the end of the glacial period and the onset of melting, the sea-
level rose and large parts of what is today’s North Frisian area were flooded again
(Reise, 2005). From about 5000 BCE there was a highly transgressive period and a sea-
level high stand period with short intercalated regression until 3000 BCE (Behre, 2007).
During the regression periods brackish sediments and peat bogs accumulated, forming
reclaimable marshlands, which were protected from the sea by large sandy barrier spits
westward of the islands of Sylt, Amrum, and Eiderstedt (Reise, 2005). Around the
beginning of the last millennium, land reclamation and drainage were increased. Dikes
were built to keep the hinterland dry and to protect settlements from the tides (Riecken,
1982). However, pre-industrial peat digging lowered the elevation within the new
polder landscape and allowed the water to flood the area regularly. During a number of
catastrophic storm surges during the late Middle Ages, the contemporary appearance of
the North Frisian Wadden Sea was formed. Two surge events in particular, known as
the First and Second “Grote Mandranke”, in 1362 and in 1634, had a strong impact on
the landscape. During these events, large parts of arable marshlands were reclaimed by
the sea. The Halligen are the last insular remnants of the former continuous marshland
(Behre, 2008). In response to these strong floods, people started building artificial
mounds (Warften) to protect their lives and belongings. Until today, the Halligen have
no dikes or only small overflow dikes, making these mounds the only protection from

extreme storm surges.
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Abiotic conditions in coastal ecosystems on barrier islands and Halligen

Two types of coastal ecosystems — coastal dunes and salt marshes — are found on barrier
islands in the Wadden Sea. Coastal dunes are situated on the windward side and salt
marshes on the lee side. As a result of their evolution and location, the Halligen are
composed completely of salt marshes. Salt marshes and dunes differ largely in their
vegetation. Only a few species (e.g. Festuca rubra, Atriplex hastata, Elytrigia pungens)
occur in both coastal environments, and to some extent bridge the differences that exist
between salt marshes and coastal sand dunes (Rozema et al., 1985). Dune and salt marsh
plant communities are characterized by striking zonation patterns parallel to the shore.
Coastal dunes are classified as embryo dunes, foredunes, white dunes, grey dunes, and
brown dunes. Salt marshes are classified as pioneer zone, lower and upper salt marshes.
Salt marshes on the Halligen mostly resemble the upper salt marsh. The dune and salt
marsh ecosystem on barrier islands experiences severe stress in the form of inundation,
salinity, sediment dynamic, wind exposure, low water availability, and nutrient
deficiency. These factors mediate zonation patters, proportions of the factors are still
debated (Crain et al., 2004; Farifia et al., 2018; Lee et al., 2016; Pennings et al., 2005;
Rajaniemi & Barrett, 2018; Torca et al., 2019) (Table 1.3).

As a result of tidal movement, coastal salt marshes are subject to periodic flooding by
seawater. Inundation frequency and duration is partly driven by elevation (Chapman,
1960). However, in salt marshes local morphology and wind exposure also influence
incoming water, making elevation a less suitable predictor for inundation frequency
(Bockelmann et al., 2002). Generally, the pioneer zone is regularly submerged during
high tide, the lower salt marsh is submerged during spring tides, and the upper salt
marsh is flooded only during extreme storm events. In contrast, seawater inundation of
the sand-dune coast is rare and restricted to the foredunes and the primary dune ridge,
extreme high spring tides included. Only during very-high-energy events, water can
break through the white dune crest and penetrate further inland (Rozema et al., 1985).
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Table 1.3: Abiotic stressors along a transect of a barrier island from the open coast (left) to the
back barrier end of the island (right) representing coastal dunes on the left and salt marshes on
the right side. The intensity of stressors along the transect is illustrated by grey triangles.
Morphological and physiological adaptations to the respective stressor are shown (adapted from
Rozema et al. (1985)).

Gradients in
dunes and salt marshes

Stress factor Adaptation
along a cross section ofa
barrier island
dune salt marsh

inundation resulting flooding resistance through
in oxygen deficiency. root aerenchym,
foxic components strategies to cope with toxic
of anaerobic soil components of anaerobic soil
soil salinity through salt resistance through
inundation NaCl exclusion,

NaCl accumulation,
soil salinity through NaCl secretion, salt glands.
salt spray salt bladders
aeolian sediment
dynamic ability to allocate biomass.

dark germination of seeds,
fluvial sediment large seeds, clonal growth

dynamic

sclerophyllous structure against
mechanical damage
xeromorphic structures,

leaf roll,

leaf hairiness,

epicuticular wax layer

large root systems,

nutrient deficiency mycorrhizae
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Inundation exerts a mechanical disturbance and also influences groundwater level and
salinity, soil waterlogging, spoil temperature and light availability (Adam, 1990). Yet,
especially species growing in the pioneer zone and the lower salt marsh, such as
Spartina anglica, Puccinellia maritima, Aster tripolium, are well adapted to inundation
(Bouma et al., 2001; Lenssen et al., 1995). Species from the upper salt marsh, such as
Elymus athericus, Festuca rubra and Juncus gerardii, have been shown, however, to

be negatively affected by inundation (Rozema et al., 1985).

Owing to the periodical inundation with seawater, salt marsh soils are both waterlogged
and salty. Both flooding and salinity increase in severity from the marsh upland border
to the water’s edge (Pennings & Bertness, 2001). Overall soil salinity is lower during
wet seasons, yet the decrease is not uniform for all ions and all plant communities
(Rogel et al., 2000). Contrary to the salt marsh habitat, the soil salinity in coastal sand
dunes is low. In dunes, it is airborne salinity (salt spray) that limits plant growth. It is
highest in the beach-foredune environment and generally decreases with distance from
the coast (Rozema et al., 1985).

Salts in the soil water may inhibit plant growth for two reasons. Firstly, salty soil water
reduces the ability of the plant to take up water and leads to a reduction of growth rate.
This is referred to as the osmotic or water-deficit effect of salinity. Secondly, if large
amounts of salt enter the plant in the transpiration stream, cells in the transpiring leaves
will be injured which causes further reduction in growth. This is referred to as the salt-
specific or ion-excess effect of salinity (Greenway & Munns, 1980). However, some
species, the halophytes, can tolerate soil salinity or even increase their productivity
through salty soil water (Flowers & Colmer, 2008). Salinity tolerance changes through
ontogenesis. Seedlings are most sensitive to salt stress as their roots are still in the upper
soil centimeters that have the highest salinity (Ungar, 1991). Airborne salt in coastal
dunes may have an adverse effect on fitness related traits such as life span and seed
mass in species from fixed and inner dunes (Cheplick & White, 2002; Rozema et al.,
1985). However, species from the embryo and fore dunes, such as Cakile spp.,
Ammophila spp., and Honckenya spp., can resist or even increase their productivity to

salt spray (Rozema et al., 1985).
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Strong onshore winds take up dry sand from the beach, transport it inland and lead to
burial of dune plants. The aeolian sediment transport process is controlled by several
key factors such as the magnitude and frequency of transporting winds (Wal &
McManus, 1993), the influence of incident wind direction (Arens, 1996), beach fetch
and sediment supply effects (Bauer et al., 2009), vegetation type and density (Hesp,
2002), as well as moisture content (Jackson & Nordstrom, 1997). Generally, wind and
sediment dynamic are strongest in the embryo and foredune community (Maun, 2008).
While aeolian processes play a significant role in the morphodynamics and sediment
budget of most sandy coastal systems, fluvial dynamic is important in salt marshes.
Here, sedimentation and burial depth is, in comparison to dune systems, very small
(Schurch et al., 2012).

Burial by sand is thought to be the most important physical stress in coastal dunes that
alters species diversity by eliminating disturbance-prone species (Maun, 1998, 2008).
Especially species in the embryo and fore dune community are well adapted to burial
by sand and show morphological and ecophysiological responses to burial by sand
(Harris et al., 2017; Perumal & Maun, 2005). Also, salt marsh species show responses
to burial by shoot elongation or even increased productivity. However, they generally
survive only smaller amounts of burial depth than some dune species (Deng et al., 2008;
Langlois et al., 2001).

Another constraint to plant development in coastal dunes is water scarcity since dunes
soils have low water-holding capacity. Especially in the embryo dune and fore dunes,
where no humus has been generated, high winds and radiation lead to desiccation and
heating of the soil. This leads to drought stress associated with increased leaf
temperature due to reduced transpiration rate (Smirnoff & Stewart, 1985). Fore dune
species such as C. maritima are well adapted to drought and have an efficient water
economy by regulating transpiration (Rozema et al., 1985). Other adaptation strategies
are leaf roll and elongation of roots into deeper soil profiles (Park, 1990). Adaptations
to drought are less well developed in salt marsh species, with the exception of species

from hypersaline sites (Rozema et al., 1985).
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Another important environmental constraint in coastal habitats is the deficiency in
nutrients such as potassium, phosphorous, and carbonate. In salt marshes, nutrient
scarcity is especially limiting in the upper salt marsh. In coastal dunes, nutrient
deficiency is an important limiting factor throughout the system but is increasingly
important in fixed dunes, dune grasslands and inner dunes. The nitrogen availability is
one of the main limiting factors for plant biomass production in saline habitats (Ungar,
1991). Thus, the short supply of major nutrient elements such as nitrogen and
phosphorus also can explain the sparse vegetation in coastal dunes (Pemadasa & Lovell,
1974). Species in the upper salt marsh and the dunes are adapted to nutrient deficiency
by highly efficient uptake, translocation and retranslation of nutrients. The large
rhizome growth providing a large surface area for nutrient absorption at the expenses

of aboveground biomass is one of these strategies (Hawke & Maun, 1988).

Barrier islands and Halligen in a changing climate

A rise in the global mean sea level was observed at a rate of 2.0 mm/a between 1971
and 2010 (Church, Clark, Cazenave, Gregory, Jevrejeva, Levermann, Merrifield, Milne,
Nerem, Nunn, et al., 2013) and projections assume that the sea level will continue rising
as global temperature further increases. However, exact projections are difficult if based
solely on modern observations. The Fifth IPCC Assessment Report suggests an increase
range of 0.26 to 0.82 m by the end of the century, depending on the model and scenario
(IPCC, 2014). This wide range of projections illustrates the difficulties in understanding
and projecting all relevant processes contributing to sea-level rise (SLR) (Dangendorf
etal., 2014). Over the past century global SLR was largely driven by thermal expansion
of the oceans and melting glaciers but new processes are assumed to add to future SLR.
With future warming Antarctic and Greenland ice melting will continue to contribute
substantially to global SLR (Chen et al., 2017; Levermann et al., 2013).

The IPCC (2014) further states that many areas are already experiencing an increase in
the frequency of extreme climate events such as windstorms, floods and rainfall. Very
probably attributable to anthropogenic climate change, these events are likely to

continue in the future. Increasing storminess is expected in many parts of the world but
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with strong regional differences (Emanuel, 2005). For the Wadden Sea, long-term
models project for the coming century increased occurrence of extreme storms (von
Storch & Weisse, 2008). This implies stronger waves and storm surges hitting the

islands and mainland coasts.

Coastal dunes and salt marshes are at the interface between land and sea and are
undergoing permanent morphodynamic changes at different temporal and spatial scales
in response to geomorphological, oceanographic, and anthropogenic factors (Cowell et
al.,, 2003). They are in an equilibrium state and return to their pre-disturbance
morphology even when affected by short-term perturbations (i.e. storm surges). This
state is achieved when inputs and outputs of energy and matter balance and a system
remains in a steady state for long periods of time. However, accelerating SLR and/or
extreme disturbance events such as storm surges can lead to sudden changes in coastal
ecosystems (van de Koppel et al., 2001). When a salt marsh ecosystem on a barrier
island reaches a tipping point, it undergoes a drastic transformation. Its stable vegetated
state is altered and the salt marshes are turned into intertidal mudflats or unvegetated
subtidal platforms (Marani et al., 2010; van de Koppel et al., 2001).

The tidal flats in the Wadden Sea survive SLR only if sedimentation keeps up with SLR.
Island beaches, dunes and an offshore band down to 10 m depth represent sources of
the sediment that is transported through tidal inlets into the Wadden Sea, mainly during
storm surges. Also, the migration of the barrier islands can support the sediment budget
in the tidal flats. Barrier islands naturally move landward over their own tidal sediments
(i.e. back-barrier tidal basin) under SLR. The East Frisian Islands were originally
formed several kilometers offshore from their present position and gradually shifted
south-southeast during the late Holocene SLR (Chang et al., 2006). During the last
2 000 years, islands shifted more than 100 m per century (Steif, 1973). Today, however,
fixed boundaries such as dikes and stabilized dunes hinder barrier islands from

migrating (Kirwan et al., 2016; Miselis & Lorenzo-Trueba, 2017).

The salt marshes in the Wadden Sea can survive SLR either through high sediment
accumulation so that vertical accretion keeps up with SLR or, in the case of mainland

salt marshes, via horizontal retreat. However, upland migration is often hindered by

33



Chapter 1

static barriers, such as dikes. Combined with wave-induced marsh boundary erosion,
such movement leads to a reduction of suitable habitat, a process known as coastal
squeeze (Doody, 2004; Pontee, 2013). However, it is still under discussion how
vulnerable our salt marshes are with respect to SLR (Davidson-Arnott, 2005; Feagin et
al., 2005; Nicholls et al., 2007; Ranasinghe et al., 2012; Rosati et al., 2013; Schurch et
al., 2013).

The dune systems on the barrier islands depend on sediment budget and naturally
occurring disturbances. Over the long run, the net sediment balance determines the
response of the beach-dune system. A negative budget leads to inland displacement, an
equilibrium budget leads to stability/balance, a positive budged leads to seaward
displacement of the beach-dune system (Hesp, 2002). A higher intensity or frequency
of disturbances, as expected with climate change, may alter community dynamics. The
mobility of sand may increase and stabilized dunes (such as forest areas) may be lost to
erosion and sand deposition (Martinez et al., 2008). With further SLR, beaches will
narrow, leading to increased dune erosion since less energy will be dissipated by the
beach (Ranasinghe et al., 2012). This initiates an inland displacement of the entire
beach-dune profile (Pethick, 2001), an activation of the face of the foredune (Feagin et
al., 2005), and increased inland transport along the entire continuum (Davidson-Arnott
etal., 2005).

The low-lying Halligen represent a very special situation in the Wadden Sea. During
the long history of settlement, inhabitants have transformed the marshland into a
cultural landscape. To enhance drainage, the tidal channel system was straightened and
tidal gates were installed. Shallow summer dikes often prevent inundation during
moderate high tide events during summer months. They can influence marsh
development and accretion (Reise, 2005; Schindler et al., 2014). The small current
accretion rate on the Halligen (Schindler et al., 2014; Stock, 2011) in combination with
the lack of lateral migration possibility, make these marsh islands especially prone to

climate change-induced SLR.
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1.5 Research objectives

Climate change-induced accelerated sea-level rise and stronger extreme weather events
put coastal ecosystems around the world at risk. Coastal areas are at risk of erosion and
drowning if the sediment input and resulting vertical accretion cannot keep up with
accelerated SLR. Also in the Wadden Sea area, the salt marshes on the mainland, on the
lee side of the barrier islands, and on the Halligen as well as the coastal dunes on the
windward side of the barrier islands, are under severe threat. Coastal ecosystems have
a high intrinsic value as well as high ecological and socioeconomic values. Amongst
other things, they provide habitat for specialized flora and fauna and serve as coastal
protection and recreation areas. Therefore, efforts are being undertaken to conserve

these ecosystems.

However, fragmented knowledge about the functioning of the ecosystems hinders a
well-informed discussion about their resistance and resilience to climate change and
suitable adaptation strategies. Coastal ecosystems are biogeomorphic systems and their
form and function are shaped through the two-way interaction of biology and
geomorphology. The role of vegetation in the ecosystem is mediated by the effect traits.
On the other hand, the geomorphology of the ecosystem influences the response traits
on the community and species levels. The goal of this dissertation is to add to the
knowledge of the functioning of coastal dune and salt marsh ecosystems (Figure 1.3).

The thesis pursued two major objectives:

(1) Explore the specific functional trait responses of pioneer species to geomorphic
processes.
(2) Explore the effect of functional traits of coastal species on geomorphic

processes.
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More specifically, the aim of the thesis was to elucidate the following three topics:

(1) Intraspecific trait variance — What are the trait responses of pioneer dune species
to geomorphic processes, i.e. burial and erosion, of different intensities and
timings?

(2) Biodiversity vs. key species as main drivers for ecosystem resistance and
resilience — What are the effects of mono- and mixed-plant community traits on
the resistance and resilience of coastal dunes against wind erosion?

(3) Biogeomorphic processes in salt marshes — What are the effects of marsh

vegetation traits on surface elevation change of salt marshes?

Processes

= positive effect

= negative effect

<= processes studied in this thesis

dune resilience salt marsh resilience
aeolian fluwal
erosion erosion
aeolian
\ sedimentation fluvial
3 |mentat|0n

SLR === storm
surge

\“\ SLR === storm
. \J surge
&) vegetation
vegetatlon

salt tidal salt

sea beach dunes marshes basin  marshes dike

Fig. 1.3: Cross section of a barrier islands in the Wadden Sea. Key processes of vegetated

coastal habitats (coastal dunes and salt marshes) are indicated by errors. Circles indicate
processes studied in this thesis.
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Chapter 2

2 Morphological plasticity of dune pioneer plants in
response to timing and magnitude of sediment

disturbance

2.1 Abstract

Dunes are the first line of defense against the impact of rising sea level and more
frequently occurring extreme weather events. The building processes of coastal dunes
rely on bidirectional interactions between ecosystem-engineering plants and
geomorphic processes. As extreme weather events increase, both sand accretion and
erosion events in foredunes will intensify. This affects dune plant survival and triggers
physiological and morphological adaptations which in turn could have implications for
geomorphic processes. In a greenhouse experiment we artificially manipulated
sediment levels for Cakile maritima and Ammophila arenaria, two common European
foredune species. Sediment accretion and erosion events of varied magnitudes were
applied at different times after germination. We measured mortality rates, biomass
allocation, orientation in space (i.e. canopy height), and the turnover rate of disturbed
and undisturbed individuals. Both species showed higher mortality after burial than
after erosion events. Growth rates increased after burial and erosion in C. maritima and
decreased in A. arenaria. This shows that increased sediment dynamics in coastal dunes
caused by climate change may alter vegetation structure. Our findings have implications
for coastal management as they underline the ability of dune plant species, especially
of A.arenaria, to survive and adapt to sediment dynamics. We conclude that
A. arenaria is highly suitable for management projects, but should be planted with care

as it can strongly reduce open space and thus reduce ecosystem dynamics.

Keywords: Ammophila arenaria, Cakile maritima, biogeomorphology, dunes,

functional traits, ecosystem engineers
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2.2 Introduction

Coastal dunes are important aeolian sand formations that protect inland ecosystems and
human settlements from marine flooding and wave-induced erosion (Renaud et al.,
2016). Current predictions for coastal population growth (Neumann et al., 2015) and
rising sea level (Nerem et al., 2018) combined with increasing strengths of storm waves
and storm surges (Coumou & Rahmstorf, 2012) will intensify the need for ecosystem
and socioeconomic services of coastal dunes (Biel et al., 2017; Everard et al., 2010).
Foredunes, i.e. the first dune ridge landward of and parallel to the shoreline, initiate
dune succession and represent the first barrier against high water levels. As such, they
are particularly important for coastal protection (Hanley et al., 2014; Maun, 2009).
Moreover, foredunes are subject to abiotic changes (e.g. wind-induced erosion and
sedimentation) and to human-induced development projects, such as man-made barriers

and management/restoration projects (Ruggiero et al., 2018).

The process of dune formation depends on the bidirectional interaction between
geomorphic processes — wind, water and sediment motion — and ecosystem-engineering
plants (Corenblit et al.,, 2015). Successfully established plants affect sediment
deposition and substrate stabilization via their aboveground and belowground plant
organs, respectively (Packham & Willis, 1997; Polvi et al., 2014). In this process,
shifting sand subjects dune plants to physiological stress and mechanical disturbance.
Burial results in reduced light, O> and temperature and in increased moisture, nutrients
and bulk density (Baldwin & Maun, 1983). Erosion accelerates soil desiccation and
reduces nutrient availability (Jiao et al., 2009). This results in a strong zonation of
species occurrences along coastal dunes (Maun & Perumal, 1999). The foredunes in
particular are characterized by early successional stages with only sparse vegetation and
few pioneer species (de Groot et al., 2016; Ellenberg & Leuschner, 2010). This
transition zone from bare state towards vegetated state in the costal foredunes is the
most critical stage in all biogeomorphic ecosystems (Balke et al., 2014). Due to the lack
of positive feedbacks through already established individuals and sediment movement,
seedlings are exposed to the full force of physical disturbance and are dependent on

stochastically occurring disturbance-free periods (window of opportunity) for
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successful germination (Balke et al., 2014). Once established, pioneer species respond
differently to sand relocation and employ contrasting strategies to survive under the

influence of burial and erosion.

Some species show decreased productivity when buried (e.g. Zonstera noltiei (Cabago
& Santos, 2007)) and complete burial is often fatal (e.g. Agropyro sammophilum,
Panicum virgatum, and Cirsium pitcherii (Maun, 2009)). Other species respond
positively to burial with increased biomass production, for example
Agropyron psammophilum (Zhang & Maun, 1990a) and Spinifex serceus (Maze &
Whalley, 1992). Erosion has generally been found to have negative effects on plant
survivorship, growth and reproduction in many dune species (Li et al., 2010; Liu et al.,
2014; Marba & Duarte, 1994; Petrt & Menges, 2004).

Burial and erosion-events prevail in three forms: gradually in time, one-time seasonal
and in fluctuating episodes throughout the year. One sudden disturbance event has been
found to affect plants differently than a gradual burial (Deng et al., 2008; Maun et al.,
1996). For example, non-lethal burial exhibits a significantly greater stimulation of
growth in Cirsium pitcheri when applied repeatedly than when applied in one sudden
event (Maun et al., 1996). Burial and erosion have been found to differently affect on
mortality rate and plant characteristics of seagrasses (Cabaco et al., 2008). With further
climate change, higher probability of storm surge events and predicted changes in
precipitation will put dunes at a higher risk of transformation through effects on aeolian
sand transportation rates (Pye, 2001). Engineering dune plants relocating sediment
shifts and promoting resistant and resilient dunes might be a key to meeting the future

environmental challenges of coastal regions.

Here we study the responses of two widely distributed dune pioneer plant species,
Cakile maritima (Scop.) and Ammophila arenaria (L.), to different magnitudes of burial
and erosion at varying times after germination. In a greenhouse experiment, plant
individuals of the two species were subjected to either sudden disturbance events or
gradual disturbance events reflecting in-vivo situations of natural dune ecosystems.
Individuals of each group were exposed to different magnitudes of sand burial and sand
erosion (£2, 4, and 8 cm), respectively. Mortality rates and responses of eight plant traits
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(e.g. canopy height, specific leaf area, and biomass allocation traits) were analyzed for
their responses towards timing and magnitude of burial and erosion. Specifically,
regarding mortality rate, we tested the following hypothesis: (1) mortality rate of both
species is affected by both timing and magnitude of burial and erosion, with burial
exerting a stronger effect than erosion, (2) the lethal effects of burial and erosion are
less pronounced when individuals are disturbed gradually, giving them time to adapt,
as compared to a situation when they are disturbed only once, (3) within the group of
sudden disturbance, lethal effects are more pronounced at an early disturbance.
Regarding biomass allocation, the following hypothesis were tested: (4) gradual
disturbance provokes stronger effects on fitness related plant traits than sudden
disturbance, (5) within the group of sudden disturbed individuals greater magnitude of
disturbance leads to stronger effects than lower magnitude, and (6) earlier disturbance

leads to stronger effects (e.g. reduced biomass) than late disturbance.

2.3  Methods
Selected species and seed germination

The selected European coastal foredune species differ in their growth forms.
Cakile maritima (Brassicaceae) is an abundant summer annual plant on the German
Wadden Sea islands. This low growing annual plant reduces the airflow and sand
transport slowly and thus forms asymmetric dunes with the short slope on the lee side
(Hesp, 2002). Ammophila arenaria (Poaceae) is a perennial rhizomatous grass which is
widely spread in the foredunes (Ellenberg & Leuschner, 2010). Contrary to
C. maritima, the tall growing A. arenaria forms dense clumps which reduce air flow
velocity very rapidly and produce high, hummocky-peaked dune forms with the short
slope to the seaward side (Hesp, 2002).

C. maritima seeds were collected from randomly chosen foredune plants on the Wadden
Sea island Spiekeroog, Germany (53°46’° N, 7°44 E) in late summer 2015 and air-dried
for three weeks. A. arenaria seeds were ordered in February 2015 from Jelitto

Staudensamen GmbH, Germany. Seeds of both species were stored in paper bags in

41



Chapter 2

darkness at 4 °C for stratification for approximately 4 month (Walmsley & Davy, 1997).
When ready for use, the C. maritima fruits were peeled and soaked in water for 3 hours
to facilitate germination, whereas A. ammophila seeds received no further processing.
Non-viable seeds were excluded by pre-germinating all seeds in a climate chamber. For
that purpose, seeds were placed in covered plastic Petri dishes on several layers of paper
towels saturated with distilled water and rewetted regularly. After approximately three
days at 24 °C in darkness, the seedlings displayed a strong radicle, but no roots. They
were transplanted individually into sand-filled planting pots (12 cm in diameter). We
used a homogeneous sand substrate (0-2 mm grain size) to prevent non-treatment-
driven variation across individuals. Pots were watered with tap water into the saucer as
needed. Plants were fertilized with Hoagland solution, with 5 ml added per plant
individual per week (Hoagland & Arnon, 1950). Pots were randomly arranged in an
unheated greenhouse from 25" April to 5" July 2016 for C. maritima and 26™ June to
11 August 2015 for A. arenaria, with an average daily temperature of 22°C and 23°C,

respectively.

Experimental design

We designed a full factorial experiment to identify the effects of burial and erosion, as
well as the effects of their timing on plant mortality and plant traits. Burial and erosion
events of varied magnitude were applied at different times after germination. One
subgroup of plant individuals was disturbed only once during the course of the
experiment (sudden disturbance events), individuals of the other subgroup were
disturbed multiple times (gradual disturbance events). Plants of the sudden disturbance
events were disturbed either 5, 20 or 35 days after germination with magnitudes of 2, 4,
8 cm of either burial or erosion, respectively. Plants of the gradual disturbance events
were disturbed multiple times, i.e. 5, 15, 25 and 35 days after germination. On each of
those days, either 0.5 cm, 1 cm or 2 cm of sand were added or removed, which added
up to the same magnitude of burial or erosion as applied in the sudden disturbance
treatments (see Table 2.1). Undisturbed plants grown under the same greenhouse

conditions were used as a control. Treatments were replicated 10 times, resulting in 250
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individuals per species (sudden disturbance events with 18 treatments + gradual
disturbance events with 6 treatments + control). Due to mortality unrelated to the

experiment, some treatments ended up with fewer replicates.

Table 2.1: Overview of the experimental design: subgroups of plants were exposed either to
sudden disturbance events or to gradual disturbance events. In the sudden disturbance events
plants were treated either after 5, 20 or 35 days after germination, with burial (or erosion) of
either 2, 4 or 8 cm of sand each. In the gradual disturbance event each plant individual was
disturbed in total four times, i.e. 5, 15, 25 and 35 days after germination. At each of these days
the treatments were either 0.5, 1 or 2 cm of sand addition (burial) or removal (erosion). In the
control treatment, plants were not disturbed.

Disturbance mode Control Sudden Gradual
Disturbance timing (d) - 5 20 35 5+15+25+35

+2 +2 +2 +0.5%4
Burial magnitude (cm) - +4 +4 +4 +1*4

+8 +8 +8 +2%4

-2 -2 -2 -0.5*%4
Erosion magnitude (cm) - -4 -4 -4 -1*4

-8 -8 -8 -2*4

To mimic burial and erosion by adding and removing sand, we customized the planting
pots to hold more sand and to release sand. At the start of the experiment and before the
seedlings were planted in the pots, each planting pot was encased with an additional
plastic collar fixed onto the pot by Velcro strips. The collar was lifted for the burial
treatments and lowered for the erosion treatments. Burial of plant individuals was then
done by carefully filling the additional space with dry sand using a folding ruler,
whereas erosion events were mimicked by removing sediment from around the plant

individuals (see Figure 2.1).
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Fig. 2.1: Left: customized planting pot with a young C. maritima individual being exposed to
erosion treatment by lowering the collar and removing the sand. Right: Schematic overview of
the experimental pot with movable collar.

Trait measurements

All plant individuals were harvested after 45 days, which, corresponding to the
treatment, allowed for different recovery times of plant individuals in the specific
treatments. For example, if an individual was disturbed once at 5 (20, 35) days after
germination it received a recovery time of 40 (25, 10) days before harvest. All
individuals of the gradual disturbance events recovered 10 days before harvest, as the

last disturbance event was applied 35 days after germination.

Before harvesting, canopy height was measured as the distance between the initial
substrate surface and the highest fully developed leaf of each plant individual (Pérez-
Harguindeguy et al., 2013). Mortality rate was determined by counting all dead plant
individuals, i.e. individuals which showed no living organs. From this, we expressed
mortality rate as percentage share of dead individuals to living individuals. Plant
functional traits representing growth, biomass allocation, orientation of biomass in
space, and biomass turnover rate were collected from all surviving individuals. Plants
were harvested, cleaned of sand and separated into leaves, stems and roots. After drying
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at 70 °C for 72 hours, the dry weight of different organs was measured to the nearest
0.01g.

Specific leaf area (SLA, mm2 mg™) was calculated for three most recently produced
fully developed leaves by dividing the mean leaf area by their mean dry weight. Leaf
area was measured with a flatbed scanner using the computer software Imagel
(Abramoff et al., 2004). Living and dead leaves were counted for each individual. Dead
leaves occurring in the course of the experiment were collected and added to the number
of leaves of the respective individual. Biomass allocation was determined for total dry
weight, dry weights of stems, root and leaves (live and dead). Lastly, Root:Shoot ratio

was calculated as the ratio of aboveground to below-ground biomass.

Statistical analysis

Treatment effects on mortality rates were tested with logistic regression, with a binomial
response variable (dead (1) and alive (0), model < -gIm (response ~., family=binomial
(link="logit"))). Predictors were disturbance-timing after germination (four levels: 5, 20,
35 and 5+15+25+35 days), type of sand-relocation (two factors: burial and erosion) and

magnitude of disturbance (four levels: 0, 2, 4 and 8 cm) as main factors.

Second, to further elucidate factor-effects on the two subgroups of the experiment
(sudden disturbance events/ gradual disturbance events) the analyses were rerun for
plant individuals of the specific subgroup. For the sudden disturbance events predictors
were disturbance-time (three levels: 5, 20 and 35 days), type of sand-relocation (two
factors: burial and erosion) and magnitude of disturbance (four levels: 0, 2, 4 and 8 cm).
For the gradual disturbance events, predictors were type of sand-relocation (two factors:

burial and erosion) and magnitude of disturbance (four levels: 0, 2, 4 and 8 cm).

To evaluate trait responses towards the different factors of the experiment we first
conducted an ANOVA with the effects of disturbance timing, type of sand relocation
and disturbance magnitude as factors (see above in mortality section for factor levels)
and their interactions on response traits. To elucidate factor-effects on the two

subgroups of the experiment (sudden disturbance events/ gradual disturbance events)
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the analyses were rerun for plant individuals of the specific subgroup (see above in

mortality section for factors and levels).

Prior to statistical analyses, data were inspected for normality and homoscedasticity of
errors. When necessary, square root/log/box-cox transformation was applied. When
ANOVA was significant (p < 0.05), differences between each treatment and the control
were analyzed using a paired t-test with Welch correction (o = 0.05). Statistical analyses
were performed using the computer software R (R Development Core Team, 2016),
with the packages car (Fox & Weisberg, 2011), MASS (Venables & Ripley, 2013),
rcompanion (Mangiafico, 2016), and ggplot2 (Wickham, 2016).

2.4  Results
Mortality in response to disturbance timing and magnitude

All individuals survived in the control treatment, both for C.maritima and for
A. arenaria (Figure 2.2). Overall, mortality rate was higher in C. maritima than in
A. arenaria with an average of 26 % and 11 % across treatments, respectively. Early
disturbance (i.e. after 5 days) resulted in significantly higher mortality rates in both
C. maritima and A. arenaria plants. In A. arenaria later disturbance (after 20 and 35
days) decreased mortality rates (see negative estimates in Table 2.2). For both species
burial events increased mortality rates (negative estimates of erosion in Table 2.2 and

higher mortality numbers for burial in Figure 2.2).

The results of the logistic regression for sudden disturbed individuals indicated that
there was a significant association between type of sand relocation and mortality and
for disturbance magnitude in C. maritima. In A. arenaria, the effect of time and
magnitude was even more pronounced. Gradual disturbed individuals did not show an
increased mortality rate, in response to burial or erosion or to events of different
magnitudes (see Table 2.3 and Table 2.4).
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C. maritima A. arenaria
Control Sudden Gradual Control Sudden Gradual
100 100 A
Disturbance
magnitude
{cm)
. [ 75 1 -control
£ M .
z M -
© 50 1 50
£ N -
= M-
25 - 25 - | RY
M s
0 q 0| 0ONE 0 A 0 q DDDIU DDDIDD DDDIDDIDO 00
C 5 20 35  5+15+25+35 C 5 20 35 5+15+25+35

Disturbance timing (d)

Disturbance timing (d)

Fig. 2.2: Mortality rate for different types of disturbance events, timing and magnitudes for

C. maritima and A. arenaria. Control (no disturbance), sudden disturbance events and gradual

disturbance events are given on the x-axis, color code indicates total magnitude of disturbance,

with -2, -4 and -8 cm in the erosion treatments and +2, +4, and +8 cm in the burial treatments.

Table 2.2: Estimates and p-values for logistic regression on the effects disturbance “timing”,

“type of sand relocation” and “disturbance magnitude” on mortality rates of C. maritima and

A. arenaria determined by logistic regression. Significance levels are * p < 0.05, ** p < 0.01,

*x% 1 < 0,001
C. maritima ALL A. arenaria ALL

Estimate  p-value Estimate  p-value
Time of dist. 5 days 0.93 0.03 * 2.31 <0.01 **
Time of dist. 20 days -0.44 0.37 -1.80 0.04 *
Time of dist. 35 days -0.88 0.10 -4.16 <0.01 **
Gradual dist. -0.41 0.38 -2.83 <0.01 **
Burial erosion -1.81  <0.001 *** -4.80 <0.001 ***
Magnitude 0 cm -19.43 0.99 -20.62 0.99
Magnitude 2 cm -1.53  <0.001 *** -4.76  <0.001 ***
Magnitude 4 cm -1.07 0.02 * -3.52  <0.001 ***
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Table 2.3: Estimates and p-values for logistic regression on the effects disturbance “timing”,
“type of sand relocation” and “disturbance magnitude” on mortality rates of sudden disturbed
C. maritima and A. arenaria determined by logistic regression. Significance levels are
*p <0.05, ** p<0.01, *** p < 0.001.

C. maritima A. arenaria

SUDDEN DIST. EVENTS SUDDEN DIST. EVENTS

Estimate p-value Estimate p-value
Time of dist. 5 days 1.44 <0.01 ** 3.58 <0.001 ***
Time of dist. 20 days -0.43 0.42 -2.81  <0.001 ***
Time of dist. 35 days -0.98 0.10 -5.04 <0.001 ***
Burial erosion -260 <0.001 *** -6.63  <0.001 ***
Magnitude 0 cm -19.76 0.99 -6.63  <0.001 ***
Magnitude 2 cm -2.03  <0.001 *** -6.63  <0.001 ***
Magnitude 4 cm -1.39 001 * -4.37 <0.001 ***

Table 2.4: Estimates and p-values for logistic regression on the effects disturbance “type of sand
relocation” and “disturbance magnitude” on mortality rates of gradual disturbed C. maritima
and A. arenaria determined by logistic regression. Significance levels are *p <0.05,
**p<0.01, *** p <0.001.

C. maritima A. arenaria
GRADUAL DIST EVENTS | GRADUAL DIST EVENTS
Estimate  p-value Estimate p-value
Burial erosion -0.25 0.69 -1.21 0.32
Magnitude 0 cm -18.04 0.99 -18.83 0.99
Magnitude 2 cm -0.86 0.26 -1.21 0.32
Magnitude 4 cm -0.57 0.46 -18.89 0.99
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Morphological responses to disturbance

The type of sand relocating, i.e. whether the plant individuals were buried or
experienced erosion, together with the magnitude of the events showed the strongest
effects on almost all plant traits (F-values in Table 2.5). For A. arenaria the effect of
burial/erosion was stronger than for C. maritima. Disturbance timing played only a
minor role; SLA alone responded strongly to this factor. Furthermore, disturbance
timing affected traits strongly in interaction with burial/erosion, whereas the interaction
burial/erosion x magnitude hardly affected the plant traits.

In the sudden-disturbance treatments, the type of sand relocation (burial/erosion) and
the magnitude of the disturbance events exerted the strongest effects on the plant traits
(see F-values in Table 2.6). In C. maritima, stem biomass and number of leaves were
most strongly affected by burial/erosion and were higher under erosion than under
burial (Figure 2.3). In the same species, total biomass, root biomass, Shoot:Root Ratio,
and SLA were most strongly affected by the disturbance magnitude. The interaction
between timing and relocation type was significant only for total biomass, stem and root
biomass. As with the whole dataset, the timing of the event, i.e. whether plants were
disturbed 5, 20 or 35 days after germination played only a minor role. As a single factor,
it affected only canopy height (taller growth at early disturbance) and number of leaves
(more leaves at early disturbance). In interaction with relocation type, the timing of
disturbance affected total biomass (higher biomass production at early disturbance
under burial) and root and leaf biomass (higher leaf mass in early stages under burial,

higher biomass in later stages under erosion).

In A. arenaria the patterns described for C. maritima were even more pronounced. All
biomass allocation traits (total, stem, root, leaves) and canopy height were significantly
affected by burial/erosion as single factor, with higher biomass allocation under erosion
and taller stature under burial (Figure 2.4). This is in contrast to C. maritima, which
showed higher biomass allocation under burial and higher canopy height only after early
disturbance (Figure 2.3). The magnitude of disturbance significantly affected leaf
biomass (also in interaction with burial/erosion) and number of leaves, whereas SLA

was affected only by disturbance timing, with lower SLA values at early and late stages
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of disturbance. To summarize, in the sudden disturbance events, the two species
responded strongest to type of sand relocation, magnitude of disturbance and their
interactions. Here, trait responses showed opposing patterns: whereas C. maritima
responded positively to burial, A. arenaria responded positively to erosion. Disturbance
timing and its interaction with other factors yielded few significant results.

When plant individuals were disturbed multiple times, the strongest factor for plant trait
expression was whether plants were buried or eroded, irrespective of species (see
F-values in Table 2.7). For some traits, magnitude and the interaction between
burial/erosion and magnitude were important (total biomass, root biomass, Shoot:Root
Ratio), for other plant traits, magnitude was of minor importance (e.g. stem and leaf
biomass and number of leaves only in interaction with burial/erosion in C. maritima

and not significant at all for canopy height (C. maritima) and SLA (both species)).

Whereas the response patterns of the two species were similar with respect to the
factors, their underlying trait expressions differed strongly. Traits of C. maritima
responded positively to burial and with significantly higher values compared to the
control treatment, traits of A. arenaria responded positively to erosion, also with
significantly higher values compared to the control treatment (all but Shoot:Root Ratio
and canopy height). This indicates a) similar trait responses compared to no disturbance
(control) of the two species and b) opposite trait responses of the two species towards
the disturbance types, i.e., whether the system experiences burial or erosion. This can
also be seen in the sudden disturbance events, but to a lesser degree. This shows that
with gradual disturbances the strongest effect on trait expression is driven by
disturbance mode, i.e., whether an individual is subjected to burial or erosion. Species
differed in their responses: C. maritima showed a positive response towards burial while
A. arenaria responded positively to erosion. The same pattern holds true for sudden
disturbance events. However, here trait responses were not as pronounced as in gradual
disturbance events. Timing of disturbance had a minor effect only. Magnitude also had
a minor effect, indicating that it is more important whether an individual is subjected to

burial or erosion than to which disturbance strength it is subjected.
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Table 2.5: F-values, degrees of freedom (df) and significance levels of the effects disturbance timing (t), type of sand relocation (i.e. burial or erosion,
be), disturbance magnitude (m) and their interaction on plant traits of C. maritima (upper part) and A. arenaria (lower part) determined by the three-
way ANOVA. Significance levels are * p < 0.05, ** p < 0.01, *** p < 0.001.

C. maritima df BM .total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
time (t) 3] 48 * 1.49 143 *xx 1.65 1131 * 427 ** 378 * 6.85 ***
burial erosion | 4 | 1) 75 wwx | 2p5.83 *x 6.54 * 2524 **x | 10912 *** 502 * 19.99 *xx 279
(be)

Tﬁ?)‘-]’”'t”de 3| 85.86 *** 13.03 *** | 22459 *** 10.98 *** | 110.26 *** 1.47 0.62 559 **
t x be 3| 15.89 **x 6.71 *xx 41,67 *** 13.91 **x 2473 *xx 277 * 447 ** 0.9
txm 9| 395 wxx 3.35 3.68 *x* 3.09 *xx 431 *** 1.34 26 ** 204 *
be x m 3| 17.08 **x 64.3 *xx 1.37 714 *** 1051 **x 151 424 ** 0.26

t x be x m 9| 522 wex 159 10.98 8.38 *xx 571 *xx 1.15 2.94 ** 0.27

A. arenaria df BM.total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
time (t) 3| 1047 * 2432 *xx 16.13 *¥x 4.02 ** 6.54 *xx 852 *xx 1.33 268 *
?tl:g)lal CrOSION |1 | 0ga.77 *»* | 48232 *** |257.15 23.88 **x 31,17 *** 50.12 *** 55.04 **x 1.04
E“rﬁf’”'t“de 3| 36,65 *** | 5436 *x* | 10.87 ** 483 *** | 1628 *** | 1153 *x* | 55gp wxk 2.11

t x be 3| 17.84 **x 15.93 *x 282 *xx 1.95 10.27 *x 053 374 * 0.89
txm 9| 252 * 6.53 *xx 4.7 *xx 201 * 5.85 *xx 253 ** 263 ** 0.56

be x m 3| 4518 **x 84.67 **x 41.48 **x 6.31 *xx 7.9 xxx 21.01 *** 11.47 *** 1.08

t x be x m 9 305 ** 373 *xx 562 *xx 1.46 222 * 0.68 269 ** 0.89




Table 2.6: F-values, degrees of freedom (df) and significance levels of the effects disturbance timing (t), type of sand relocation (i.e. burial or erosion,
be), disturbance magnitude (m) and their interaction in the sudden disturbance events-treatments on plant traits of C. maritima (upper part) and

A. arenaria (lower part) determined by the three-way ANOVA. Significance levels are * p < 0.05, ** p < 0.01, *** p < 0.001.

C. maritima df BM .total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
time (f) 2 2.64 359 * 3.38 * 1.42 0.97 6.07 ** 4.94 ** 1.68
?g’ga' erosion |1 | 9309 wxx | 10636 *x 1.05 767 * 37.38 1.82 7,65 ** 1.38
E"n?f”"”de 3| 4531 *xx 8.66 *** | 13504 *** | 0Qg *** 63.75 **x 0.67 0.96 7.02 ***
t x be 2| 1750 **x 1.63 3245 **% | 1754 *** 12,91 **x 3.04 44 * 1.39
txm 6 232 * 5.48 *** 1.71 2.76 * 238 * 1.89 242 * 1.16
be x m 3| 1194 xxx 23.76 *xx 5.41 ** 3.65 * 2.04 2.18 1.5 0.26
tx be x m 6 3.47 ** 0.74 6.94 *** | 428 ** 3.00 * 0.31 1.62 0.46
A. arenaria df BM .total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
time (t) 3| 1047 xxx 2432 *** 16.13 *** | 402 ** 6.54 *** 8.52 *** 1.33 2.68 *
k()k;’g)ia' erosion | 4| pga77 wxx | 48232 %% | 25715 *xx | 2388 *x 31,17 *x* 50.12 *x* 55.94 *x* 1.04
E“rﬁf”“”de 3| 36,65 *** | 5436 *** | 1087 *** | 483 *** | 1628 *** | 1153 %%k | B55gY wkx 2.11

t x be 3| 17.84 *xx 15,93 *xx 282 *** | 1.95 10,27 *x+ 0.53 374 * 0.89
txm 9 252 ** 6.53 *** 427 *** | 201 * 5.85 *** 253 ** 2.63 ** 0.56
be x m 3| 4518 *xx 84.67 *xx 41.48 *** | 31 *** 7.00 *** 21,01 **x 11,47 *xx 1.08
tx be xm 7 3.05 ** 3.73 *** 562 *** | 146 222 * 0.68 269 ** 0.89




Table 2.7: F-values, degrees of freedom (df) and significance levels of the effects disturbance timing (t), type of sand relocation (i.e. burial or erosion,
be), disturbance magnitude (m) and their interaction in the gradual disturbance events-treatments on plant traits of C. maritima (upper part) and
A. arenaria (lower part) determined by the three-way ANOVA. Significance levels are * p < 0.05, ** p < 0.01, *** p < 0.001.

C. maritima df BM .total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
?g’g)ia' erosion |9 | 1942 wwx | 11239 we 20.58 *** 10.84 *** | 5367 *xx 72 * 16.18 *** 1.59
magnitude (m) | 3| 41.08 **=* 1.63 103.36 *** 1.83 38.59 *x* 1.32 1.35 0.76
be x m 3 7.66 *** 23.79 *** 6.55 *** 11.57 *** 9.67 *** 1.71 6.67 *** 0.33
A. arenaria df BM.total BM.stem BM.root BM.leaf SRR canopy no.leaf SLA
?g’g)ia' BOSION |9 | 4405 wxx | 28730 wk | 20116 * 18.64 *** | 2412 *xx 13.44 **x 31.3 ** 0.7
magnitude (m) 3 401 * 10.89 *** 10.66 *** 1591 *** 10.79 *** 10.53 *** 11.24 *** 1.68
be xm 3 32.73 *** 35.93 *** 38.19 *** 4.04 * 3.77 * 7.23 *** 5.07 ** 0.47
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Fig. 2.3: Functional traits of C. maritima in the control treatment (no disturbance), in the sudden
disturbance events (once after 5, 20 and 35 days) and the gradual disturbance events (a total of
four times after 5, 15, 25 and 35 days). Color code indicates total magnitude of disturbance,
with -2, -4, and -8 cm in the erosion treatments and +2, +4, and +8 cm in the burial treatments.
Bar plots show mean trait values + SE. Asterisks indicate significant differences between
control and respective disturbance treatment according to Welch corrected t-test (for precise t-

values see Appendix Table 2.8).
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Fig. 2.4: Functional traits of A. arenaria in the control treatment (no disturbance), in the sudden

disturbance events (once after 5, 20 and 35 days) and the gradual disturbance events (a total of
four times after 5, 15, 25 and 35 days). Color code indicates total magnitude of disturbance,

with -2, -4, and -8 cm in the erosion treatments and +2, +4, and +8 cm in the burial treatments.

Bar plots show mean trait values + SE. Asterisks indicate significant differences between

control and respective disturbance treatment according to Welch corrected t-test (for precise t-

values see Appendix Table 2.9).
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2.5 Discussion

Understanding the interaction between vegetation and geomorphic processes in coastal
dunes is crucial to predicting dune development, notably with regard to climate change
scenarios (Feagin et al., 2015). Predicted climate change scenarios include sea-level rise
and increased storm magnitude and frequency, which may alter sediment movement
with either stronger burial of plants through sand accretion or stronger uprooting
through erosion (De Winter & Ruessink, 2017). Both species considered in this study,
C. maritima and A. arenaria, represent dune-builder species. However, they exhibit
important morphological and ecological differences and also show species-specific
responses to burial and erosion which might have implications on their abilities as

ecosystem engineers.

Disturbance effects on mortality

Both species demonstrated high robustness in response to sediment relocation.
However, A. arenaria was more robust relative to C. maritima as evidenced in lower
total mortality. This was expected, given the regrowth ability after burial of Ammophila
species and is in accordance with previous findings (Kent et al., 2001; Maun & Lapierre,
1984). Based on our results, we distinguish the two disturbance processes of
sedimentation and erosion as two very differently perceived processes that evoke
different mortality rates. Both species showed higher mortality following burial and
lower mortality following erosion events. In the foredunes net dune development is the
result of sand accumulation during summer months. Thus, the ability to survive under

sedimentation events is especially important for dune species.

The comparison between sudden and gradual disturbance events indicated that both
species could better survive a repeated disturbance of the same magnitude than one
single event which is in accordance with the literature (Maun et al., 1996). Within the
group of sudden disturbance, both species exhibited higher mortality rates at early
disturbance. In our experiment, disturbance magnitude was not relative to canopy height

but with standardized magnitudes. Therefore, the relative disturbance magnitude was
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different each of the three times as canopy heights were increasing with time. The
resulting higher relative disturbance intensity in shorter individuals explains the higher
mortality at early disturbances. Maun et al. (1996) have shown that individuals buried
to more than 75 % of their height are mostly unable to survive as the result of a shift of
photosynthetic area from an energy manufacturing state to an energy consuming state.

Disturbance effects on plant traits

Plants are plastic in a variety of ecologically important traits, ranging from various
aspects of morphology and physiology to anatomy, developmental and reproductive
timing, breeding system, and offspring developmental patterns (Sultan, 2000). For a full
understanding of plant responses, these traits should be considered together (Kleyer &
Minden, 2015). Considering growth-related traits helps us to understand the overall
performance of the individual. Relative to undisturbed individuals, our results indicate
an increased performance of C. maritima when subjected to burial and, to a lesser
extent, to erosion events. Conversely, A. arenaria was mostly negatively affected when
subjected to burial and erosion. This can be seen in total biomass production which
increased in C. maritima and mostly decreased in A. arenaria. A positive response of
growth to burial has been found in a variety of dune species and debilitated populations
of foredune plant species were found to be rejuvenated by sand deposition (Harris et al.,
2017; Maun, 1998; Zhang & Maun, 1990b, 1992). Even brief periods of burial can have
positive effects on plant growth (Zhang & Maun, 1992).

Reasons for increased growth after burial are still debated in literature (Gilbert &
Ripley, 2008). Maun (1998) proposed a “multifactor hypothesis”, in which the
contributing factors were increased activity of mycorrhizal fungi, higher capacity of
sink, increased soil volume, increased soil resources, and a physiological hormonal
response by the plant (reactive growth). In natural dune systems mycorrhizal activity is
enhanced with burial which leads to increased nutrient supply, salinity tolerance,
reduced abiotic stresses and formation of wind resistant aggregates (Koske et al., 2008).
However, the artificially deposited sand in this study most likely did not increase

57



Chapter 2

mycorrhizal diversity or activity. Upon burial, the normal source-sink relationship is
reversed and the stored material is mobilized and transferred to existing photosynthetic
tissues (Maun et al., 1996). However, leaf mass did not increase in our study through

sediment relocation.

Increased soil volume creates more space which becomes available to the plant for the
expansion of its roots. This provides better aeration to the roots and promotes utilization
of the nutrients and water contained in the newly deposited sand, which, in turn,
enhances biomass production. However, the plant will have to first emerge above the
sand surface by utilizing its stored energy reserves and then initiate new roots, which
usually takes a few weeks (Langlois et al., 2001). During the course of our experiment
no adventive roots were built. Thus, it seems to be unlikely that this was a driving factor

In our experiment.

Increased soil volume is usually accompanied by increased soil resources (nutrients and
water). In natural dune systems the deposited sand contains, for instance, major nutrient
elements such as nitrogen and phosphorous that are assumed to limit growth of several
dune species (Kachi & Hirose, 1983). Yet, the added sand in our experiment had almost
no nutrients; nutrients were added evenly to all treatments throughout the course of the
experiment. Other experiments showed that burial with leached sand containing no
nutrients led to improved plant growth (Zhang & Maun, 1992). Nevertheless, the
stimulation of growth might be attributed to better water availability as added sand
might reduce transpiration. Last, physiological hormonal responses could lead to
increased growth. Upon sand accretion a plant must emerge from burial or face local

extinction.

Erosion usually leads to water and nutrient stress as roots are partly unable to take up
water. The deep root systems of dune species enable the plants to take up water and
nutrients even after relocating the upper sediment layer, which ensures survival even
after erosion events (Guerrero-Campo et al., 2008). The increased biomass production

could be explained by reactive growth.
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Looking at traits representing biomass allocation helps to understand the specific
strategies applied to survive sediment relocation. This is important when growing in the
very dynamic foredune toe with high rates of sediment relocation. Disturbed
C. maritima individuals invested more into all organs relative to undisturbed
individuals. Especially strong sedimentation led to increased stem and root production.
The highest increase in biomass was found in roots. A. arenaria reduced investments in
all organs in response to burial and erosion, with stem and roots being most negatively
affected and with the exception of those individuals that were subjected to erosion at a
later point. However, most biomass was found to be allocated to roots upon burial and
erosion events. As fresh water and nutrients are limited resources in dune ecosystems

this is a useful adaptation to sediment relocation (Frosini et al., 2012).

Implication for coastal protection

The potential impacts of increase in sediment movement brought by climate change and
the results of this study documenting C. maritima and A. arenaria responses emphasize
the importance of understanding dune species behavior. The studied ecosystem
engineers at the forefront of coastal ecosystems are exposed to strong disturbance
regimes (Brantley et al., 2014; Wolner et al., 2013). Through effects on establishment
success and thus population dynamics, sediment relocation influences dune
development because sediment accretion is dependent on species composition and
vegetation cover (Keijsers, de Groot, et al., 2015). The changing traits expressions in
response to sediment relocation might also have effects on ecosystem properties.
Investment in roots as in C. maritima leads to stronger erosion control while decreased
root biomass as in young A. arenaria means less erosion control. However, if sand
deposition continues unabated, especially in the early vegetation period, even the sand-
dependent species are eliminated and bare areas are created, which are prone to erosion

are created.

Eventually, changed abiotic conditions caused by climate change could lead to

restructuring of coastlines (Roelvink et al., 2009). Dune species can survive, to a certain
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degree, under these dynamic conditions (Maun, 1994). With abiotic and biotic factors,
however, the function of the ecosystem engineers can change (Balke et al., 2012).
Through morphological responses to a changing environment, dune plants may have a
different impact on the ecosystem (Charbonneau et al., 2016; Stallins & Parker, 2003).
Therefore, understanding specific responses of engineering plants to sediment
relocation is a prerequisite to predicting vegetation sediment capturing and binding
capacity. Findings of this study suggest that especially strong storms at the beginning
of the growth period could lead to the loss of vegetation and thus supports the practice
of planting older A. arenaria individuals for dune management. However, our findings
also underline that older individuals of A. arenaria and C. maritima are well adapted to
sediment dynamics and the planting of A. arenaria could greatly reduce the dynamic in

the dune ecosystem, which is an important feature for the persistence of the ecosystem.
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Appendix

Table 2.8: Results of t-test for each trait for C. maritima. Given are t-values and significance levels with Welch correction for the comparison
between mean trait values of control treatment and respective disturbance treatment. Colored background indicates significant differences to control
treatment, read indicate lower values, green indicate higher values within the treatment comparisons. Means are given for the control treatment. A

line indicates no surviving individuals in the respective treatment. Significance levels are: ns non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

Time (d) Mag (cm) BM.total (g) BM.stem (g) BM.root (g) BM.leaf (g) SRR CH (cm) no.leaf SLA
Control 302.16 109.92 68.45 92.49 3.56 25.01 16.11 34.15
-8 113 ns -145 ns 571  *** -0.96 ns -5.60  *** 134 ns 023 ns 141 ns
-4 -0.05 ns -1.55 ns 279 * -1.00 ns -3.40 ** 013 ns -0.80 ns -1.63  ns
-2 136 ns 025 ns 260 * 073 ns -226  * -011 ns 094 ns -1.01  ns
° +2 9.83  *** 276 * 1152 *** 6.39  *** -5.01 239 * 447  F* -129  ns
+4 8.62  *** 5,55  *x* 1212 **= 510 *** -8.89  **x -0.22 ns 296 ns -1.73  ns
+8 - - - -
-8 179 ns -3.62 ** 6.89  *** -1.47 ns -9.40  ** -1.74  ns -345 ** -212  ns
-4 277 * -185 ns 6.26  *** 202 ns -450  F** -1.78  ns 0.05 ns -349  **
-2 128 ns -0.18 ns 3.46  ** 049 ns -3.06 ** -198 ns -191  ns -1.75 ns
20 +2 By e 5,53  *x* 3.03 * 462  Fx* 004 ns 045 ns 129 ns -1.70  ns
+4 9.63  *** 10.52  *** 8.06  *** 5.85  *** -1.79  ns -1.38  ns 048 ns -146  ns
+8 - - - -
-8 711 F** -0.84 ns 11.97  *** 422 F** -7.84  F** -0.09 ns 016 ns -1.20  ns
-4 558  *** -0.25 ns 9.93  *** 4.03 ** -9.35  F* 041 ns 012 ns -1.27  ns
-2 216 * -1.00 ns By = 275 ns -5.38  Fx* -120 ns 018 ns -2.60 *
% +2 198 ns 440 ** 195 ns 038 ns -0.18 ns -1.09 ns -0.39 ns -1.55  ns
+4 - - - -
+8 8.16  *** 911  ** 426 * 027 s -130 ns -153  ns -1.44 ns -0.75 ns
-8 483  *** -431  ** 1772 *** -2.14 ns -11.51  *** -299 * -1.80 ns -0.51 ns
-4 441 -3.73  ** 1480  *** -1.50 ns -13.96  *** 202 ns 211 ns -050 ns
5. 15, 25, 35 -2 499  F** -3.62 ** 1316  *** 001 ns -4.91 F* -219 * -0.62 ns 038 ns
+2 334 ** 459  F** 357 ** 080 ns -2.07 ns -0.08 ns 1.09 ns 122 ns
+4 494  ** 8.97  *x* 367 * 121 ns -1.36  ns -0.03 ns 046 ns 087 ns
+8 8.80  *** 376 * 17.04  *** 731  *** -5.00  *** 012 ns 5.74  *** -0.11  ns




Table 2.9: Results of t-test for each trait for A. arenaria. Given are t-values and significance levels with Welch correction for the comparison
between mean trait values of control treatment and respective disturbance treatment Colored background indicated significant differences to control
treatment, read indicate lower values, green indicate higher values within the treatment comparisons. Means are given for the control treatment. A

line indicates no surviving individuals in the respective treatment. Significance levels are: ns non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

Time (d) Mag. (cm) BM.total (g) BM.stem (g) BM.root (g) BM.leaf (g) SRR CH (cm) no_leaf SLA
Control 43.27 8.40 16.53 18.33 1.64 34.28 3.90 66.83
-8 -3.45  ** -3.36  ** -209 ns -3.27 ** -241  * -148 ns -2.06 ns -1.31 ns
-4 -240 0 * -1.25 ns -240 * -1.86 ns 083 ns -1.05 ns -3.14 ** -1.61 ns
-2 -0.74  ns -128 ns 034 ns -1.20  ns -1.33  ns -0.35 ns -0.44  ns -0.88 ns
° +2 -5.85  xx -8.88  *x* -5.56  *** -4.08  *** -0.73 ns 116 ns <452 R -1.36  ns
+4 S7.75 R -15.72 x> -71.40  <* -6.07  *** -052 ns 828 -4.73  FR* -0.67 ns
+8 - - -
-8 230 * -4.56  *** 335 ** -5.44  wx* -6.87  *x* -065 ns <491 R -0.10 ns
-4 -041 ns -0.77 ns 083 ns -123  ns -157 ns -0.08 ns -163 ns -0.73  ns
-2 014 ns -144  ns 1.01 ns -0.62 ns -1.37  ns 0.76 ns 031 ns 024 ns
20 +2 -3.34 ** -7.30 *F** -4.69  *** -215 ns 252 * 292 * -255 * -1.27 ns
+4 422 rxx -9.01  Ax* -8.73  *** 249 * 266 * 3.85 ** -3.01  ** 142 ns
+8 -7.36  *** -5.86  *** -3.95 * -11.46  *** 116 ns -223 * -6.65 ** 0.64 ns
-8 127 ns 511  *** 268 * -122  ns -1.17  ns -091 ns -5.03  *** -1.65 ns
-4 194 ns 322 ** 6.44  *** -1.86 ns 275 * 291 * -4.53  F** -1.65 ns
-2 4,99  FH* 395 ** 10.22  *** 022 ns -5.32 A -180 ns 0.57 ns -1.11  ns
® +2 462 *F* -9.64  *x* -3.39 = -202  ns -156 ns 078 ns -3.00 * 027 ns
+4 -6.32  *x* -10.85  *** -5.93  *** -2.75 0 * -0.28 ns 348 ** -2.05 ns 011 ns
+8 -6.65  *** -3.63 ** -6.15  *** -3.73  ** 248 * -0.72  ns -10.75  *** -0.36 ns
-8 231 * 440  *F** 791  *x* -3.57 ** -6.50  *** -257 * -211  ns -0.87 ns
-4 536  *** 4,92  *** 9.10  *** -0.87 ns -4.66  *** -1.72  ns -0.85 ns -0.77 ns
5, 16, 25, 35 -2 499  Fx* 362 ** 13.16  *** -0.64 ns -4.91 R -216  * 062 ns -0.79  ns
+2 -452  xxx -9.20  *** -3.68 ** -351  ** 048 ns 1.05 ns -5.08  *** -1.27 ns
+4 -8.07  *x* -7.46  x* 21010 *** -6.32  *** 257 * 234 * -7.07  F*x -236  *
+8 -6.80  *** -1.75  *x* -9.14  *** -554  *x* 291 * -4.85  Fx* -6.27  *** -0.65 ns
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Chapter 3

3 Storm resistance and resilience of natural and artificial

coastal foredune communities

3.1 Abstract

Coastal dunes represent the first line of defense against storm surges along sandy shores.
Accelerated sea-level rise and increased storminess caused by climate change increase
the importance of protecting vegetated coastal ecosystems. Thus, dunes often have been
restored and stabilized by planting monocultures of marram grass (Ammophila
arenaria). However, resilience and resistance of A.arenaria monocultures versus
natural mixed-species composition to storm events have rarely been tested
experimentally. To address this gap, we conducted a mesocosm experiment with
artificial dunes and a movable wind tunnel. Plastic containers were planted with
monoculture  (A. arenaria),  mixed-culture  (A. arenaria,  Cakile maritima,
Elymus farctus, Honckenya peploides), or left bare. After an artificial wind erosion
event, sediment retention (i.e. dune resistance), survival rate and plant traits of survivors
(i.e. dune resilience) were assessed. Monoculture dunes were more resistant than mixed-
culture dunes to wind erosion. Differences in resistance between vegetated and non-
vegetated dunes were attributed mainly to higher moisture retention in the sediment.
Surviving species showed no responses in their trait expression after the disturbance
event. Yet, H. peploides had lower survival rates than the other species. Our study
confirms A. arenaria as the main ecosystem engineer in foredune systems and examines
the consequences that bio-physical feedbacks in monospecific dune restoration may
have on local biodiversity.

Keywords: dune restoration, coastal erosion, biogeomorphology, ecosystem engineers
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3.2 Introduction

Accelerated sea-level rise and increased storminess (IPCC, 2014) increasingly threaten
coastal areas with flooding and coastal erosion (Hinkel et al., 2014; Neumann et al.,
2015). Coastal defence by gray engineering solutions such as dikes and breakwaters,
however, have become less desirable because they are expensive and lack adaptive
capacities and resilience (Morris et al., 2018). Instead, interest in natural and semi-
natural managed structures for coastal defence has increased (Maes et al., 2015; Swann,
2008). Nature-based solutions to coastal protection such as dune creation requires
understanding of ecosystem dynamics and biogeomorphological interactions in order to
harness their regulating ecosystem services and manage them sustainably (Boumaetal.,
2014; Pontee et al., 2016; Spalding et al., 2014). Resistance and resilience of dunes are
determined by bio-physical interactions of biota with the abiotic environment and
therefore are more difficult to predict than the performance of gray infrastructure.
Unlike gray structures, cultivated dune habitats benefit local communities by providing,
for example, improved groundwater quality and recreational services (Everard et al.,
2010; Gutiérrez et al., 2011; Sigren et al., 2018).

Dune vegetation establishment is limited initially by sediment transport (i.e., burial and
erosion), but once vegetation is sufficiently established, biogeomorphic feedbacks
(sediment stabilization by roots and wind speed reduction by aboveground biomass)
initiate the typical succession sequence/zonation (Bitton & Hesp, 2013; Corenblit et al.,
2015). In Europe, zonation occurs from the beach towards the hinterland with mobile
foredunes or embryonic dunes (Cakile maritima and Elymus farctus), white dunes
(Ammophila arenaria), grey dunes (Corynephorus canescens, Rosa rugosa and mosses)
and brown dunes (Empetrum nigrum and Calluna vulgaris) (Ellenberg & Leuschner,
2010). The initial colonization by plants will interact eventually with geomorphic
processes and determine the shape and position of the dunes and the species distribution
(Keijsers, de Groot, et al., 2015; Zarnetske et al., 2012). This succession sequence (in
time) and zonation (in space) has been termed “biogeomorphic succession” as similar

processes are observed in riparian and salt marsh ecosystems (Corenblit et al., 2015).
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The properties of both the established pioneer vegetation and the sediment determine
the stability of foredunes subjected to physical disturbance. Aboveground structures
modulate the shear stresses at the sediment surface and the sediment entrainment
thresholds (Wolfe & Nickling, 1993). Firstly, vegetation directly shelters the soil from
the wind by covering the surface (Judd et al., 1996). Secondly, vegetation directly
affects wind velocity profiles by increasing surface roughness resulting in the growth
of a boundary layer downwind and reduced wind force near the ground (Dupont et al.,
2014; Gillies et al., 2002). Finally, vegetation traps windborne particles, thus reducing
flux and increasing sediment deposition (Davidson-Arnott et al., 2012; Gillies et al.,
2014; Okin et al., 2006). Belowground biomass affects soil properties such as
infiltration rate, aggregated stability, moisture content, shear strength and organic
matter content, all of which influences soil stability and is referred to as root
reinforcement (Gyssels et al., 2005; Sigren et al., 2014). Because dry, sandy soil without
organic material lacks cohesion, it is especially prone to aeolian blowout (Jungerius &
Van der Meulen, 1988). Ultimately the ecosystem engineering by pioneer dune species
on bare sand will reduce disturbance and salinity and positively influence plant growth

(i.e., positive biogeomorphic feedback) (Corenblit et al., 2011).

The sediment trapping efficiency of vegetation is affected by sets of functional traits of
the occurring plant species (Buckley, 1987; MacGillivray et al., 1995; Mayaud & Webb,
2017). With regard to aboveground traits, plants with high density, high groundcover
or projected vegetation cover, and a flexible shoot are most effective in reducing the
sand uptake by wind and initiating aeolian sand deposition (Lancaster & Baas, 1998;
Mayaud et al., 2016; Udo & Takewaka, 2007). Thus, grass clumps, low in porosity, trap
more aeolian sediment than porous shrubs at the patch scale (Mayaud et al., 2016).
Belowground traits determine the magnitude of root reinforcement and thus erosion
protection of sediment. The finer the roots, the higher their tensile strength (Gray &
Barker, 2004; Operstein & Frydman, 2000). Thus, fine roots reduce erosion rates better
than a tap root (De Baets et al., 2007). In addition, root tensile strengths, the orientation
of roots to the principal direction of strain, root distribution, and root depth influence
soil stability (Abernethy & Rutherfurd, 2001; Anderson & Richards, 1987; De Baets et
al., 2008).
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Soil stability also is increased by species diversity and high variance of aboveground
and belowground traits. This effect was found for simulated dykes (Berendse et al.,
2015) and alpine ecosystems, where species from different functional groups in
particular were highly beneficial for soil stability (Pohl et al., 2009). The positive effects
of plant species diversity on erosion resistance could be explained by the compensation
or insurance effect, i.e., the capacity of diverse communities to supply species to take
over the function of species that became extinct. Furthermore, the combination of roots
of different morphologies or trait expressions could increase root reinforcement. High
species diversity, therefore, is considered essential for minimizing soil erosion and
contributing to greater coastal safety on embankments and other vegetated slopes
(Berendse et al., 2015).

To date, little attention has been paid to the effect of diversity on wind-erosion
resistance and resilience of coastal dunes. As a matter of fact, coastal dune management
along the North Sea recommends planting marram grass (Ammophila arenaria) as
monocultures (de Groot et al., 2017). Marram grass is known to build extensive root
systems that protect the soil against erosion and to survive significant erosion and burial
rates (Van der Laan et al., 1997). Although other pioneer dune species growing in the
foredunes and white dunes such as Cakile maritima, Elymus farctus, and Honckenya
peploides are adapted similarly to burial and erosion, they rarely are considered in
restoration and management projects. Knowledge regarding the benefits of artificially
planted monocultures and natural mixed-cultures is still insufficient. To address this
gap, we used a mesocosm experiment with artificial dunes and a portable wind tunnel.
We investigated the effect of mono- and mixed-species cultures on resistance and
resilience to wind erosion. Resistance in the context of ecological stability is the
property of communities or populations to remain unchanged when subjected to
disturbance. Resilience is the ability to return to the reference state after a temporary
disturbance (Grimm & Wissel, 1997). Adhering to these definitions, we defined
resistance as the ability of vegetation to stabilize the sand against wind relocation and
resilience as the ability of the community to bounce back to the undisturbed state after
wind disturbance. Specifically, we tested the hypothesis that (1) mixed-culture dunes

are both more resistant and resilient than monoculture dunes, (2) resistance and
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resilience are driven by specific plant functional traits. This experiment will highlight
the role of plant traits in determining the biogeomorphic feedbacks in small dunes. The

knowledge gained can be implemented in coastal dune management.

3.3 Methods
Selected species

We selected four common European coastal foredune species which commonly occur
together in natural dune systems. The annual Cakile maritima is a member of the family
Brassicaceae. Honkenya peploides, a member of the family Caryophyllaceae, is a patch
forming succulent perennial. Elymus farctus is a perennial grass from the Poaceae
family and Ammophila arenaria, a member of the Poaceae family, is a perennial clump-
building rhizomatous grass (Ellenberg & Leuschner, 2010). The latter is commonly
planted for dune restoration and stabilization (Figure 3.1). C. maritima and H. peploides
seeds were collected from randomly chosen plants on Spiekeroog Island foredunes
(53°46° N, 7°44 E), and E. farctus seeds from randomly chosen plants on Langeoog
Island foredunes (53°44’ N, 7°28 E). All seeds were collected in late summer 2015 and
air-dried for 3 weeks. A.arenaria seeds were ordered from the German Jelitto
Staudensamen GmbH seed store in February 2015. Seeds of all species were stored in
paper bags in darkness at 4 °C for stratification. Before usage, C. maritima seeds were
peeled and soaked in water for 3 hours to facilitate germination. H. peploides and
E. farctus seeds were soaked in water only. A. ammophila seeds were used without any

pre-treatment (Walmsley & Davy, 1997).
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Fig. 3.1: Natural foredunes with A. arenaria as the dominant species and managed dunes with

planted A. arenaria stands (Photos: T. Balke).

Mesocosms

All seeds were pre-germinated so that only living seeds were used in the experiment.
Seeds were transferred to covered plastic Petri dishes where they were placed on 3
layers of paper towels saturated with 10 ml of distilled water and sprayed with water
regularly to prevent drying. After approximately 3 days of darkness in a heating

chamber at 24 °C, seedlings displayed a strong radicle but no roots.

Seedlings were then transplanted into plastic containers (60 x 40 x 40 cm) equipped
with an additional movable 10 cm collar. Seedlings were covered by a thin layer of
sand. We used a homogeneous sand substrate (0-2 mm grain size) to prevent non-
treatment-driven variation across individuals. Containers were watered with tap water
from below by maintaining a constant water table. Holes in the bottom, covered with a
thin fabric, allowed water to enter but prevented sand from being washed out (see Figure
3.10 in Appendix for a schematic overview of the containers). Plants were fertilized
with Hoagland solution by adding 5 ml of solution per week around each plant
(Hoagland & Arnon, 1950). Containers were established outside and covered with
grating to prevent herbivory. The mean temperature was 19 °C. The experiment ran for
16 weeks in total, from May, 18 2016 to September, 19 2016.
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Experimental treatments

We designed a mesocosm experiment to test the effect of mono- and mixed culture
communities on wind-erosion resistance and resilience, while controlling for vegetation
density. For the monoculture, 12 containers were planted with A. arenaria only. For the
mixed culture dunes, 12 containers were planted with all four species, A. arenaria,
C. maritima, E. farctus, and H. peploides. All containers were subdivided into 24
adjacent 10 x 10 cm squares with one seedling each, resulting in a total of 24 individuals
evenly distributed per container. For the mixed culture dunes, the four species were
randomly assigned to a square, resulting in 6 individuals of each species per container.
Additionally, 6 containers were left bare as a control. Containers were randomly
arranged in watering trays (see Figure 3.2 for an overview of the setup and the planted

containers).

Fig. 3.2: Photo of the (A) experimental setup and of a (B) monoculture and a (C) mixed-culture

container.
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Six of each mono- and mixed-culture dune containers were subjected to a wind
disturbance after an establishment period of 3 months. In preparation for the
experimental wind treatment, sand was left to dry out for two weeks by removing the
water from below and by covering containers with a plastic sheet to keep out rainwater.
With the dry-out period standardized, it was possible to analyze the effect of moisture
retention by the species, a key factor determining sediment entrainment. Then, the upper
10 cm of sand were exposed by lowering the frame which had been attached to the
containers prior to the onset of the experiment. A portable wind tunnel was attached to
the containers (see Figure 3.3 and Figure 3.4 for views of the portable wind tunnel). The
opening in the front was used to position the wind generator. At the rear end of each
container, a 50-cm-long collecting tray captured the dislocated sand. An air-permeable
fabric at the rear end of the wind tunnel allowed air to flow through and prevented
turbulence, but stopped sand from being blown out of the tunnel. The wind was
generated by a leaf blower (Stihl BG 56), which generates a wind flow of max. 180 km/h
directly in front of the device. To eliminate any shelter effect of the plants and guarantee
equal disturbance intensity throughout the containers, the wind was applied from the
front (0 cm), at 20 cm, and at 40 cm into the container. Wind was applied at each
position for 1.5 minutes, resulting in a total disturbance of 4.5 minutes to each container.
We maintain that this direct application of high-speed wind replicates the maximum
instantaneous sediment removal during a storm event. Dislocated sediment from all

three wind applications was analyzed together.
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air-permeable
fabric

collecting tray

Fig. 3.4: Photo of the wind tunnel installed on an artificial bare dune with the upper 10 cm of

soil exposed.
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Resistance and resilience measurements

As a measure of resistance against aeolian blowout we quantified dry weight of the
dislocated sand from each artificial dune after the mimicked storm event. To elucidate
the specific effect of the individuals, we measured the distance from the top of the wind
tunnel to the soil surface adjacent to the stems before and after the wind event. To
investigate the effect of soil moisture on resistance capacity we measured soil water
content of the upper 3 cm of soil before the onset of the disturbance. To do so, we
collected 100 cm? soil in a sampling ring, measured the fresh weight and, after drying
for 72 h at 105 °C, the dry weight.

To elucidate the resilience of the mono- and mixed-culture dunes, plants were left to
grow an additional 2 months after the disturbance. Then surviving rate and biomass
allocation patterns were determined in the disturbed and the undisturbed containers.
Survival rate was determined by counting all individuals that were not uprooted and
blown away and that showed any sign of living tissue. Biomass allocation patterns were
investigated by harvesting all individuals and separating them into organs, stem, leaves,
flowering part, and roots. As it was impossible to assign the roots to a specific
individual, roots within the 10 x 10 cm squares were amalgamated. For this, the 10 x 10

blocks were cut out and roots were washed out.

Statistical analysis

Differences in the amount of dislocated sand between vegetated dunes with mono- and
mixed-cultures and bare dunes were analyzed with an ANOVA and a Tukey HSD post-
hoc test. A boxcox transformed was applied to meet ANOVA assumption. Differences
in elevation change adjacent to the stems of the four species were examined with a
Kruskal-Wallis Test and a Pairwise Wilcoxon Test with Bonferroni correction as a post-
hoc test. The effect of trait variation on sand moisture variation and on sand stability
was analyzed using simple linear regression. The relative importance of the independent
variables was compared. Differences of traits from A. arenaria growing in mono- and

mixed-cultures were analyzed by a Student’s t-test. To explain the resilience of the two
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cultures’ differences in traits of species growing in disturbed and undisturbed dunes,
results were compared by applying a Student’s t-test. If necessary, variables were log
transformed prior to the analysis. Statistical analysis was performed using the computer
software R (R Development Core Team, 2016) with the packages Rcmdr (Fox, 2016),
rcompanion (Mangiafico, 2017), car (Fox & Weisberg, 2011), MASS (Venables &
Ripley, 2013), relaimpo (Grémping, 2006), ggplot2 (Wickham, 2016), and Ime4 (Bates
etal., 2014).

3.4 Results

An analysis of variance showed that the effect of the vegetation type treatment on sand
removal was significant, F(2, 15) = 23.42, p < 0.001. In the monoculture, sediment
blowout was around 14 kg/m2, which was 3 times smaller than in the bare dunes
(amount of sand blown out 44 kg/m2 (p <0.001)). In the mixed-culture community,
sediment loss was 21 kg/m2, approximately 2 times smaller than in the bare dunes
(p <0.01). Mixed-culture dunes lost about 1.5 times more sand than monocultures
(p < 0.05) (Figure 3.5).

Regression analysis showed that all four factors were negatively correlated with the
amount of relocated sediment (Figure 3.6). The results of the relative importance
analysis of the multiple regression model with dislocated sand (kg/m?) as target variable
indicated that soil moisture explained most of the variance (36 %). Lower relative
importance was found for root mass (22 %) and shoot mass (21 %). The lowest relative

importance was found for canopy height (19 %).
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Fig. 3.5: Dislocated sand (mean + SE) from monoculture dunes, mixed-culture dunes and bare

dunes. Letters indicate significant differences among treatments (p < 0.05, N = 6 each).
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Fig. 3.6: Influence of (A) root mass, (B) shoot mass, (C) soil moisture, and (D) canopy height,

on the amount of sand dislocated by wind. Regression lines and R2 values were derived from

simple linear regression.

Elevation change measured adjacent to the species’ stems and on bare soil varied
significantly (H(168.88) =5, p <.001) (Figure 3.7). Results indicated that negative

elevation change was significantly highest on bare soil. A non-significant trend showed

that A. arenaria and C. maritima were most effective in stabilizing the soil surrounding

the individual plant. A non-significant trend also showed that A. arenaria growing in

monoculture more effectively stabilized the soil than when grown in mixed-cultures.
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No difference was found between E.farctus and H. peploides capacity of soil

stabilization at the individual plant.

Growth was compared to explain the difference in sand stabilization capacity of
A. arenaria growing in mono- and in mixed-cultures dunes. Root mass in the 10-cm
squares at A. arenaria positions did not differ between mono- and mixed-cultures
(t(181) =-1.31, p =0.19). Shoot mass of A.arenaria individuals was significantly
higher when grown in mixed-culture (t(181) = 2.66, p <0.001) but individuals grew
better in mono-culture dunes (t(181) = -3.52, p < 0.001) (Figure 3.8).
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Fig. 3.7: Elevation change (mean + SE) next to stems of the four investigated species and on

bare soil. Groups sharing the same latter are not significantly different (a < 0.05).
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Fig. 3.8: Comparison of root mass (mean + SE) in 10 cm squares at A. arenaria positions and
shoot mass and canopy height of A. arenaria growing in mono- and mixed-cultures. Groups

sharing the same latter are not significantly different (a < 0.05).

Growth performance, assessed by the measurements of functional traits at the end of
the experiment, was not affected by the wind disturbance event in any of the species.
Only H. peploides displayed an increase in height after the storm event and A. arenaria
growing in monoculture showed slightly reduced root mass in the disturbed treatment
(Table 3.1). Survival of species differed with H. peploides being most negatively
affected (Table 3.2).
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Table 3.1: To compare mean trait values of disturbed and undisturbed control a t-test for each

trait of each species was conducted. Given are t-values, degrees of freedom (df), t-value, and

significance level. Significant p-values at o = 0.05 are shown in bold type.

Community | Species Traits df t p
root mass 3 0.01 0.99
C. maritima shoot mass 3 -0.39 0.72
canopy height 3 1.45 0.24
root mass 66 0.14 0.88
H. peploides shoot mass 66 -0.10 0.91
canopy height 66 -3.45 <0.001
Mix
root mass 70 1.00 0.32
E. farctus shoot mass 70 -0.16 0.87
canopy height 70 1.59 0.12
root mass 87 -1.18 0.24
A. arenaria shoot mass 87 0.31 0.75
canopy height 87 1.06 0.31
root mass 274 2.32 0.02
Mono A. arenaria shoot mass 274 0.76 0.45
canopy height 274 0.26 0.79

Table 3.2: Survival rate of species under undisturbed control and wind-disturbed condition

driven by experimental effects.

A. arenaria C. maritima E. farctus H. peploides
Undisturbed 100 % 81 % 73% 100 %
Disturbed 100 % 77 % 58 % 98 %
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3.5 Discussion

The comparison of artificial mono- vs. mixed-cultures dunes revealed that monoculture
dunes were more resistant to wind erosion than mixed-culture dunes. The lower
resistance of mixed-cultures contradicts our expectation that biodiversity enhances
stability. Pohl et al. (2009) found a combination of roots of various diameters and
morphologies, as present in a diverse plant community, to be most effective in
enhancing soil stability. Yet, it can be hypothesized that in our setup reduced wind-
erosion resistance in the mixed community was driven by the addition of species
expressing disadvantageous trait combinations such as the small species H. peploides.
Models have shown that for communities of species with very different productivity,
high biomass can trump biodiversity (Yachi & Loreau, 1999). In cases where
engineering traits are more relevant, single well-equipped species add more to the
resistance of the community than a mixed community where density is controlled
(Figure 3.9). Furthermore, the comparison of the direct elevation changes adjacent to
the individuals revealed that the effect of the individuals on soil stabilization was
species-specific. It confirmed that A. arenaria was most effective in stabilizing the soil.

community contribution to
structure insurance effect
response ranges : engineering traits
differ of single species
response ranges all species
Over|ap ::> contribute

Fig. 3.9: Conceptual diagram of insurance effect in different communities. In biogeomorphic
ecosystems where the response range of species in the community differs, the effect of one key
species is mainly responsible for the functioning of the ecosystem. In an ecosystem with species
that have overlapping response ranges, species contribute more equally to the functioning of the

ecosystem.
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To further elucidate the effect of specific traits, we used a multiple regression approach
for partitioning the individual and shared effects of the four explanatory variables root
mass, shoot mass, height, and soil moisture for soil stability. The regression results
showed a high importance of soil moisture. At 36 %, soil moisture explained
considerably more of the variation than the other variables. The other variables root
mass, shoot mass, and height explained around 20% each. A strong effect of the shoot
mass also was found by other studies which investigated the effect of shoot mass and
habitus on within-canopy velocities and turbulence (Burri et al., 2011; Finnigan, 2000;
Hesp, 1983; Poggi et al., 2004). Also height has been found to be important as prostrate
growing plants have a low aerodynamic roughness. Thus, reduction of near-surface
wind speed is low which implies low deposition and high erosion. In contrast, tall plants
exert high surface drag and roughness which implies high deposition and low erosion
(Dong et al., 2001). Moreover, densely growing, compact silhouette species were found
more effective for soil stabilization than sparsely growing, slim silhouette species.
Density increases the extent of downwind flow retardation and thus decreases erosion
(Allgaier, 2008; Funk & Engel, 2015). Therefore, the high and dense A. arenaria

clumps are much more effective in reducing wind erosion.

Contrary to our expectations, diverse belowground growth forms did not enhance soil
stability. In developed soils, the root system of the plants increases the stability of soil
by transforming loose soil particles into stable aggregates by means of root secretion.
Roots cause clay particles to re-orient and bind soil particles, supply the soil with
decomposable organic matter, and help to build a microbial community in the
rhizosphere (Gyssels & Poesen, 2003; Tisdall, 1994). The roots’ effect comes mainly
from fine (< 1 mm) and very fine roots (< 0.5 mm) and the extraradical hyphal length
(Miller & Jastrow, 1990; Pohl et al., 2009). While in our study root diameter was not
explicitly measured, it was obvious that almost all roots were fine and very fine roots.
For methodological reasons, we could not assign the roots of our soil cores to specific
plant species. However, higher amalgamated root mass in the monoculture containers
showed the importance of A.arenaria in stabilizing coastal dunes. These results
indicate that despite the apparent importance of different species in other studies,

A. arenaria was largely responsible for the improvement of soil aggregate stability.
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These findings demonstrate the key role of single species in ecosystem functioning, at

least in sandy substrate.

Our experiments aimed at creating an artificial standardized disturbance event to test
the mechanisms of wind disturbance on dune communities. It should be noted that by
manually exposing the upper 10 cm of the sediment and by applying the wind generator
at the edge and within the vegetation patch, a spatial pattern of wind forces and potential
edge effects at the patch scale were avoided. Wind diversion in embryonic dunes
creating lee-side deposition of sediments is important in initial dune creation but we
were unable to study species-specific effects on deposition rates at this experimental

scale.

The strong correlation between soil moisture and soil stability has rarely been studied
experimentally. Plants reduce soil desiccation with shading and hydraulic lift (Horton
& Hart, 1998). This increases particle cohesion (Pollen et al., 2004), resulting in smaller
sediment uptake over a wet surface than over a dry surface (Bauer et al., 2009). Since
addition of water by hand or by rain was prevented prior to the disturbance event, soil
moisture is a direct function of the ability of the plants to draw up or retain soil moisture

in the upper layers. This is not related to species composition.

The comparison between disturbed and undisturbed individuals revealed that none of
the surviving species showed a strong response to the wind disturbance event and the
associated sediment relocation. This is contrary to our expectations because A. arenaria
and C. maritima showed a significant response to sediment relocation when disturbed
at an early life stage (Bass et al. unpublished data). Significant trait responses to
sediment relocation also have been found in other species (Guerrero-Campo et al., 2008;
Xiong et al., 2001). In this experiment, however, individuals were already three months
old upon disturbance and Niinemets (2004) showed that adaptation capacity decreases
with age. These results imply that both communities are very resilient and that disturbed
dunes would face a new disturbance with the very similar preconditions regarding the
plant traits. However, the survival rate after the disturbance event was different, as only
H. peploides individuals were completely uprooted and blown away while all other

species were still anchored after the wind event. This implies lower resilience capacity
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in communities with H. peploides individuals. It also reflects the annual beachline
strategy that species complete one lifecycle between the stormy seasons and start a new
cycle when a disturbance-free time allows seedlings to become established (Balke et
al., 2014). The reduced biomass production of A.arenaria individuals grown in
monoculture dunes could be driven by an increased competition for nutrients through
higher density of individuals from one species exploiting the same nutrients. Stronger
investment in height when grown in monocultures could be driven by increased

competition for light.

Our findings have several implications for dune management. It is important for coastal
management to understand how vegetation operates within a dynamic system. The
complex interaction between vegetation, climate, soil properties and hydrological
conditions (Morgan & Rickson, 2003) makes a standardized mesocosm experiment, as
presented in this study, very suitable. It is clear from our results that species with high
biomass production, above- and belowground, stabilize the soil most effectively. This
makes A. arenaria a key player in coastal dune stabilization as it builds large root
biomass and has extended quick shoot growth (Hong & Lee, 2016). Therefore, the
current practice of planting monocultures of A. arenaria to reestablish and build coastal
dunes as green structures is supported by our results. However, A. arenaria also has
been introduced as a stabilizing agent to non-native areas and may also displace other
early succesional species when planted in monocultures within their native range.
Although A. arenaria re-engineered formerly low, hummocky dunes into taller, ridge-
like dunes and thereby reduced overwash, it also reduced species diversity as it quickly
spread through its guerilla strategy and replaced other species (Stallins & Parker, 2003).
This type of spread can lead eventually to a monoculture of the invading species
(Hertling & Lubke, 2000; Seabloom & Wiedemann, 1994). Thus, careful consideration
should be given when planting monocultures, especially where the objective is habitat

restoration and rehabilitation.
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Appendix

/

Fig. 3.10: Schematic overview of the planting pots. (a) experimental containers with
(b) movable collar to expose upper 10 cm of sand. A (c) permeable mesh kept the sand in the
container but allowed watering from below. The water table in the (d) watering tray was kept

constant.
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Chapter 4

4 Plant traits affect surface elevation change in salt

marshes: an example of biogeomorphic ecosystems

4.1 Abstract

Current climate crisis is associated with rising sea level, which raises the concern of
losing coastal ecosystems such as salt marshes to drowning. Salt marshes fulfill multiple
ecosystem services including attenuating wave energy and protecting coastal areas from
flooding. Where inland migration is impossible, salt marshes will only persist if their
surface elevation gain exceeds sea-level rise. Surface elevation change (SEC) is driven
by sedimentation or erosion that can be influenced by abiotic and biotic factors.
However, the biotic factors, best described by plant functional traits of the salt marsh
vegetation, are not well understood. We assembled a large data set of SEC, plant
abundance and trait measurements from the German Wadden Sea, covering natural
marshes, unmanaged anthropogenic marshes on reclaimed land, and grazed marshes.
By using multiple regression analyses, we studied the effects of functional traits and
distance to marsh edge on sedimentation and erosion. Mean SEC in all three marshes
was below observed sea level rise (SLR). This questions the ability of marshes to accrete
in accordance with recent SLR. However, there were pronounced local differences in
SEC, which were jointly explained by distance to marsh edge and by plant traits
describing above-ground roughness and below-ground anchoring capacity of the
vegetation. Higher roughness increases sedimentation; stronger anchoring capacity can
reduce erosion. These findings suggest to include plant functional traits in models on
salt marsh surface elevation change to better predict coastal resilience to SLR.

Keywords: Wadden Sea; biogeomorphology; plant functional traits; accretion deficit,

surface elevation change
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4.2 Introduction

Recent salt marsh loss has induced widespread concern over their ability to withstand
sea-level rise (SLR) (Kirwan et al., 2016; Murray et al., 2014; Suchrow et al., 2012).
Global mean sea level is estimated to rise 0.26 to 0.82 m during the 21% century (IPCC,
2014), which would result in a 20 to 50 % loss of marsh area in the same time period
(Craft et al., 2009; McFadden et al., 2007). These predictions are of great concern
because marshes have important ecosystem functions, such as buffering coasts from
storm surges, attenuating wave energy, sequestering carbon, improving of water quality,
and providing habitat for specialized plants and animals (Barbier et al., 2011; Mdéller et
al., 2014; Shepard et al., 2011; Temmerman et al., 2013).

Historically, tidal marshes have responded to increases in sea level by accreting
sediment and/or inland migration (Donnelly & Bertness, 2001; Krone, 1987). Likewise,
salt marshes will survive future SLR only if vertical accretion surpasses SLR or if their
inland migration is faster than their seaward erosion. However, due to infrastructures
such as dykes, roads or housings, this landwards retreat is often not possible, potentially
leading to the loss of suitable habitat for salt marsh species and ultimately to the loss of
the salt marshes (i.e. coastal squeeze) (Borchert et al., 2018). Thus, in many areas, only
vertical accretion ensures the long-term stability and survival of salt marshes (Mclvor
et al., 2013; Morris et al., 2002).

The term “surface elevation change” (SEC) includes both vertical accretion by
sedimentation and marsh loss by erosion. SEC in salt marshes differs worldwide and
regionally and is the subject of ongoing debates about possible influencing abiotic and
biotic factors. Abiotic factors such as the concentration of suspended sediment and
sediment deposition were found to be positively correlated with accretion (Andersen et
al., 2011; Chmura et al., 2001). Distance from the intertidal mudflats (Kirwan et al.,
2016), distance from main creeks, elevation, as well as tidal currents and waves were
found to be negatively correlated with salt marsh accretion (Cadol et al., 2014; Cahoon
& Reed, 1995; Esselink et al., 1998; Kolker et al., 2010; Neumeier & Amos, 2006).
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Biotic factors are discussed with regard to their influence on salt marsh SEC since salt
marshes are a classic example of biogeomorphic ecosystems. In biogeomorphic
ecosystems, interactions between plants and geomorphic processes are known to govern
the functioning of the system (Baustian et al., 2012; Corenblit et al., 2015). Marsh
vegetation is believed to influence SEC in three different ways. First, it is assumed to
enhance surface elevation gain directly as it contributes to soil building by organic
matter production (Langley et al., 2009; Nyman et al., 2006; Schile et al., 2014).
Second, vegetation roughness and plant anchoring in the soil also indirectly affects
elevation gain by attenuating wave energy and slowing water flow. This leads to a
decline in bed shear stress and mineral sediment trapping is enhanced (Mudd et al.,
2010). Lastly, the reduction of bed shear stress and the anchoring effect of the roots also
prevent the resuspension of deposited sediments on, and the direct erosion of, saltmarsh

surfaces (Fagherazzi et al., 2012; Francalanci et al., 2013; Temmerman et al., 2012).

Considering vegetation roughness has a long tradition in open channel water flow
models (Manning, 1891; Strickler, 1923). Surface roughness, including vegetation, is
expressed as an empirically derived coefficient in the Gauckler-Manning-Strickler
formulas, still widely applied in hydraulics (Bleninger et al., 2006). One drawback of
the formula is its use of rather broad vegetation categories (e.g. “short grass”, “high
grass” for pastures in floodplains), leaving ample room for subjective interpretation
(Chow, 1959). Plant functional traits (Lavorel et al.,, 1997) may allow a more
mechanistic understanding of roughness or anchoring, because they are measurable
properties of the plants determining the vegetation of a site (Garnier et al., 2007; Kleyer,
1999). However, only a few studies have used a trait-based approach to assess
biologically mediated SEC and wave attenuation in salt marshes (Bouma et al., 2005;
Mudd et al., 2010). In salt marshes wave attenuation was found to be positively
correlated with leaf and stem stiffness (Paul et al., 2012; Rupprecht et al., 2017),
vegetation height (Rupprecht et al., 2017), as well as shoot density and shoot biomass
(Paul et al., 2012). Increased near-bed turbulences, accompanied by a reduced velocity
within the canopy, have been found to decrease sedimentation within vegetated areas
(Lefebvre et al., 2010).
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Conversely, Reef et al. (2018) found no significant effect of vegetation height and
biomass on salt marsh vertical accretion although they did detect deposition of material
on the plant/soil surfaces during flood tides. Even negative effects of plants on salt
marsh accretion rates have been found. Movements of plants when acted on by waves
and currents can scour the surface and can enhance erosion significantly. This holds true
for patchy vegetation as found in pioneer zones and along marsh seaward margins
(Feagin et al., 2009; Temmerman et al., 2007). Widdows et al. (2008) pointed out that
linkages between plant traits and small-scale effects around plants do not necessarily

translate to vegetation effects on hydrodynamic conditions measured at the larger scale.

These contrasting results demonstrate a lack of understanding of the interactions
between vegetation and salt marsh SEC. The current fragmented knowledge, therefore,
prevents many modelers from incorporating biogeomorphic feedbacks in their models

on salt marsh resilience to SLR.

Salt marshes occur in different locations along the German North Sea coast. The most
natural salt marshes that have remained uninfluenced by direct human activities are
found on uninhabited barrier islands, such as the backshore of Mellum, an island off the
German coast (see Fig. 1). These salt marshes are protected from the surf by the dunes
on the windward side of the island but diurnal tides and storm surges do contribute to
SEC. Salt marshes on barrier islands are submerged regularly with accretion rates of 1
to 16 mm/a (Schuerch et al., 2012). Salt marshes along the mainland coastline have
experienced more influence from human activities in the course of land reclamation and
embankment activities. An average SEC of +6 mm/a was found on the mainland salt
marshes (Suchrow et al., 2012). Salt marshes on Halligen, small island-like marsh areas
that were disconnected from the German mainland marsh during past storm surge
events, are often grazed and become submerged only during storm surges. Here, an SEC
of 0.7 to 4 mm/a was found (Schindler et al., 2014). Given the differences between the
three salt marsh types in flooding regime and in yearly SEC, it is reasonable to study

them separately.

To foster a better understanding of vegetation-SEC interactions, this study aims to

elucidate (i) the effects of plant traits on SEC in salt marshes on barrier islands,
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mainland coasts and Halligen and (ii) how SEC differ between the three types. Some of
these plot data were used for previous analyses (Minden & Kleyer, 2011; Schindler et
al., 2014; Suchrow et al., 2012) but not by explaining surface elevation change with
plant traits. Specifically, we tested the following hypotheses: (1) SEC decreases with
distance from the shore. (2) Sedimentation in salt marshes is facilitated by rough
vegetation which is composed of plants with a high canopy height, large stem biomass,
stiff stems, and large leaf areas. (3) Erosion of salt marsh ground is reduced through
anchoring effects of the belowground parts of the vegetation. In particular, plants with
high belowground biomass allocation should stabilize the marsh soil and reduce

erosion.

4.3 Methods
Study areas

To elucidate the effect of plant functional traits on sedimentation and erosion of island,
mainland and Hallig salt marshes, we analyzed a total of 335 plots located along the
German North Sea coast (see Table 4.1 and Figure 4.1). Specifically, 38 plots were
established on the island of Mellum on a gradient from the pioneer zone to the upper
salt marsh. In addition, 184 plots were located on mainland salt marshes in Lower
Saxony at Leybucht, Norderland, and Jade Bight (see Minden and Kleyer (2011)), as
well as along the Schleswig-Holstein coastline (see Suchrow et al. (2012)). These plots
mainly cover lower and upper saltmarsh communities. Finally, 113 plots were
established on Hallig upper salt marsh communities on Langeness,

Nordstrandischmoor, and Hooge (see Schindler et al. (2014)).
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Fig. 4.1: Map of the North Sea coast of Lower Saxony and Schleswig-Holstein as well as the

islands and Halligen off the mainland coast. Island study locations are indicated by a triangle

(n=38), mainland study locations are indicated by dots (n=184), Hallig study locations are

indicated by squares (n=113).
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Table 4.1: Plot locations and number of replicates for the three salt marsh types. Nt = total
number of plots; Nsesi = number of plots which experienced sedimentation; Nero = number of

plots which experienced erosion.

Salt marsh type Study site Coordinates Niotat  Nsedi Nero

Island Mellum 53°43' N, 8°08' E 38 23 15
Leybucht 53°32'N, 7°07'E

. Norderland 53°40'N, 7°19' E

Mainland Jade Bight 5306'N. 8°09'p o4 105 9
Schleswig-Holstein 55-54° N, 8-9 E
Langeness 54°38’ N, 8°36’ E not

Hallig Nordstrandischmoor  54°33° N, 8°48’E 113 113 measured
Hooge 54°34° N, 8°23° E

Data collection

The dependent variables sedimentation and erosion were obtained through different
methods in the different study areas, here shortly mentioned: (1) On plots along the
mainland coast of Lower Saxony and on the island Mellum, sedimentation and erosion
were derived from SEC measurements with sedimentation-erosion bars (Nolte,
Koppenaal, et al., 2013). For Lower Saxony data from 3 years (2006 to 2009) and for
Mellum data from 6 years (2006 to 2012) were averaged. (2) On plots along the
Schleswig-Holstein mainland coast, elevation above sea level was measured in 1987 to
1989 and 2017 to 2018 with an optical (Pentax AL-M5c) or automatic (Spectra
Precision Laser Level LL500) levelling instrument, respectively, and yearly surface
elevation change was calculated (Suchrow et al. (2012); the data of 2017 to 2018 has
not yet been published otherwhere). (3) On the Halligen, sediment accretion data was
derived from sediment traps established in 2010 to 2013 on Langeness, Hooge and
Nordstrandischmoor (Schindler et al., 2014) and in 2016 to 2017 on Langeness as part
of a still running turbidity measurement network (Hache et al., 2019). The later data has
not been published before. Data on sedimentation and erosion as well as species
composition were taken mostly at the same plots. Only on the Halligen, sedimentation

data from 2010 to 2013 were manually extrapolated to the plots where vegetation
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analysis was conducted, based on a detailed sedimentation map in Schindler et al.
(2014).

The functional trait composition of the vegetation and plot distance to the marsh edge
served as predictor variables. For the former, species composition and frequency were
recorded at each plot on a 1 mx 1 m square. Species nomenclature followed Jager
(2016). Canopy height (the distance between the highest fully grown leaf and the soil
surface), plant stem biomass, plant leaf biomass, leaf area, and specific stem length
(length of a stem divided by its mass) were used to describe the above-ground features
of the vegetation that affect surface roughness and therefore sedimentation. Stiff stems
require denser, more lignified material than flexible stems and therefore larger mass per
unit length. Below-ground biomass, consisting of roots and rhizome biomass, and root
specific length were considered because we assumed an anchoring effect reducing
erosion. All traits of the salt marsh species were collected in the field following the
standards described in Knevel et al. (2005) and Kleyer et al. (2019), albeit not from all
plots across the whole coast. Most of the traits were collected on the mainland and island
plots in Lower Saxony. We assumed that, due to the regional proximity of all plots and
their similar environmental regime, traits collected from populations in Lower Saxony

could be assigned to populations in Schleswig-Holstein.

Using a trait-based perspective is impeded by livestock grazing (Rupprecht et al., 2017).
Plant traits such as height and aboveground biomass are decreased by grazing
(Davidson et al., 2017) which makes trait values a difficult variable to include in
statistical models. To account for the local biomass removal through cattle and sheep,
trait values were adjusted according to management intensities, available from
interviews with farmers and other land users. The “Hallig-Programm?”, a state program
to support Hallig farmers while promoting nature conservation, restricts the number of
livestock units per hectare (LSU) to approx. 1 LSU*ha?, so that grazing intensity
mainly varied with grazing days, rather than stocking numbers. Plots were grouped
according to recorded grazing intensity into three groups: ungrazed, medium grazing
intensity (< 300 grazing days*LSU), and high grazing intensity (> 300 grazing
days*LSU). Canopy height of plants occurring in plots with medium and high grazing
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intensity was deliberately adjusted to 14+0.5cm and 7+0.5cm, respectively.
Subsequently, stem and leaf biomass were reduced in equal proportions. Belowground

traits are not strongly altered by grazing, thus local adjustment was not required.

As an abiotic factor, plot distance to marsh edge was also included in the analysis.

Statistical analysis

We assumed that SEC on the near-natural salt marsh on Mellum, the reclaimed salt
marsh on the mainland coast and the grazed upper salt marsh on the Halligen responds
differently to the combined effect of vegetation properties and distance to shore. We
therefore subdivided the dataset according to the three salt marsh types and to plots
which on average experienced sedimentation and plots which experienced erosion. On
the Halligen only sedimentation was detected. This is in line with the very dense
vegetation but is also attributed to the applied method: sediment traps can only detect

sedimentation.

We used multiple linear regression to determine the effect of distance to marsh edge as
well as vegetation roughness and plant anchoring capacity on sedimentation and
erosion. To meet the model’s assumption, we chose appropriate transformations using
the “bestNormalize” package (Peterson, 2017) within the statistical computing

environment R (version 3.5.2) (see Table 2 for applied transformations).
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Table 4.2: Roughness and anchoring plant functional traits, abiotic factor, and the dependent
variables sedimentation and erosion. Given are respective abbreviations used in this study,
minimum and maximum values, units and applied transformation; ORQ, ordered quantile

normalization transformation.

Function  Trait Abbrev  Min Max Unit  Transformation
canopy height CH 0.6 70.1 cm ORQ
plant stem SBM 226 17259.2 mg boxcox
biomass

roughness E:gﬂ:;ﬁ:f LBM 7.1 41722 mg arcsin
leaf area LA 16.9 20716 mma2 ORQ
specific stem
length SSL 0.5 9.3 mm/mg ORQ
E.e'o""gm“”d BIBM 15 24799 mg ORQ

hori iomass

anchoring

- ORQ
rootspecific ooy 04 1059 mm/mg
length

abiotic distance to dist 0 779 m boxcox/ORQ
marsh edge
sedimentation  sed 0.0 26.7 mm -

SEC
erosion ero -0.1 -41.3 mm -

Highly correlated plant traits were aggregated with principal component analysis
(PCA), to avoid multicollinearity effects on the performance of individual predictors in
the regression model. The above-ground traits stem biomass, leaf biomass, stem specific
length, and leaf areca were aggregated to “shoot mass”, using the scores of the first axis
of a PCA which explained 66 % of the variation of the four variables. SBM, LBM and
LA were positively correlated and SSL negatively correlated with the first PCA axis.
Thus, increasing “shoot mass” scores contribute to increasing vegetation roughness
(Appendix Figure 4.5). Plants with high “shoot mass” scores were Limonium vulgare,
Aster tripolium, Spartina anglica, Atriplex prostrata, and Halimione portulacoides

(Appendix Table 4.5). Anchoring capacity was described by the scores of the first axis
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of a PCA using root specific length (RSL) and belowground biomass (BIBM) which
explained 67 % of the variation of the correlated variables (Appendix Figure 4.6).
Increasing BIBM and decreasing RSL values translate to increasing “anchoring” values.
Plants associated with high anchoring capacity are Plantago maritima, Halimione
portulacoides, Atriplex littoralis, and Limonium vulgare (Appendix Table 4.6). Traits
only marginally correlated satisfied the assumption of independence and entered the

statistical analysis directly, i.e., without aggregation.

For each plot the community-weighted mean trait (CWM; i.e., the average trait value or
aggregated score of all species co-occurring in a plot weighted by their abundances)
were calculated according to the method of Garnier et al. (2007). In order to select the
best environmental predictor for sedimentation and erosion, a stepwise variable
selection was used to find the best performing model with the lowest AIC (Akaike

Information Criterion).

4.4 Results

Mean SECs were not significantly different between regions (ANOVA results: F(2,
332) =1.64, p =0.19) (Figure 4.2). However, there were local differences, especially
between island and mainland marshes. On mainland marshes, positive SEC was often
found in the Schleswig-Holstein region while many Lower Saxony marshes showed
negative SEC. Overall, more than 70 % of the studied plots experienced a positive SEC.
On the island salt marsh of, the most natural site in the dataset, SEC varied between -
22.41t0 16.5 mm/a, with a mean of 2.0 mm/a. On mainland salt marshes, mean SEC was
0.2 mm/a and values ranged between -41.3 to 26.7 mm/a. Plots on the Halligen salt
marsh showed the smallest range of surface gains, 0.4 to 8.9 mm/a with a mean of
2.1 mm/a.
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Fig. 4.2: Annual SEC of the three salt marsh types island, mainland and Hallig. The thick line
indicates the median, the solid dot the mean. The dashed line shows the annual mean sea-level
rise from 1971 to 2008 in the German Bight according to Wahl et al. (2011).

Sedimentation

On the island marshes, sedimentation responded non-linearly to distance to marsh edge,
with a peak at intermediate distance and strongly decreasing values near and far from
the edge. Plant canopy height showed a slightly bathtub-shaped relationship with
highest sedimentation on plots with high canopy heights (Figure 4.3a and Table 4.3).
On mainland salt marshes sedimentation showed a bathtub-shaped relationship with
distance to marsh edge, with highest values close to the edge. It also showed a hump-
shaped relationship with “shoot mass”, with highest sedimentation values at higher
intermediate “shoot mass” values (Figure 4.3b and Table 4.3). On Hallig salt marshes,
we found a linear relationship with distance to marsh edge and a bathtub-shaped
relationship with plant canopy height. Sedimentation was highest on plots close to the
marsh edge with high vegetation (Figure 4.3c and Table 4.3). Goodness of fit values

were all moderate (Table 4.3).

97



Chapter 4

(a) Island (b) Mainland

sedimentation mm/a
sedimentation mm/a

AT
AR

RN
2
e -
15
1.0 edge\
- 1 \0
/O,sﬂ 10 \0(\03
&®
ot
<
woF

Fig. 4.3: Factors explaining sedimentation on salt marshes of (a) island (N = 23), (b) mainland
(N =105), and (c) Halligen (N = 113). Distance to marsh edge is boxcox transformed where a
value of -1 corresponds to 77 m, a value of +1 corresponds to 431 m. Canopy Height (CH) is
ORQ transformed where a value of -1 corresponds to 6.8 cm, a value of +1 corresponds to
28.2 cm. “Shoot mass” values are the scores of the first axis from the PCA (see Appendix Figure
Al) aggregating SBM, LBM, SSL, and LA.
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Table 4.3: Results of the multiple linear regression model for sedimentation on island marshes,
mainland marshes and Hallig marshes. Given are estimates, standard error, t-values, and
significance levels. Significant p-values at o= 0.05 are shown in bold type. In addition,

measures of model performance are shown.

Estimate SE t p
Island marshes
intercept 1.87 2.21 0.85 0.408
distance to marsh edge -4.64 1.48 -3.14 0.005 **
distance to marsh edge”2 -2.37 0.90 -2.64 0.016 *
CH"2 5.59 2.21 2.54 0.020 *

Adj. r2 =0.27; variance explained: 37 %; F(3,19) =3.72, p =0.03

Mainland marshes

intercept 8.79 0.65 13.52 <0.001 ***
distance to marsh edge -3.46 0.66 -5.26 <0.001 ***
distance to marsh edge”2 1.54 0.43 3.57 <0.001 ***
shoot mass 0.65 0.39 1.66 0.100
shoot mass”2 -0.71 0.17 -4.20 <0.001 ***
CH -0.71 0.51 -1.39 0.168

Adj. r2 = 0.44; variance explained: 46 %; F(5,99) = 17.0, p < 0.001

Hallig marshes

intercept 1.70 0.15 11.669 <0.001 ***
distance to marsh edge -0.68 0.14 -5.016 <0.001 ***
CH"2 0.82 0.19 4.195 <0.001 ***

Adj. r2 = 0.29; variance explained: 30 %; F(2,110) = 23.7, p < 0.001

Erosion

On island salt marshes, erosion responded linearly to distance to marsh edge, with high
erosion close to the edge. Erosion decreased linearly with increasing anchoring values
(Figure 4.4a and Table 4.4). High erosion was found on pioneer zones with abundant
Salicornia spp., whereas pioneer zones with Spartina anglica were most often
characterized by sedimentation (see above). On mainland marshes, erosion showed a

hump-shaped relationship with distance to marsh edge, with highest values close to the
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edge. It also showed a linear relationship with anchoring with highest values at plots
with high anchoring values (Figure 4.4b and Table 4.4). Goodness of fit values were
moderate (Table 4.4). Erosion was found on 79 % of all mainland plots in Lower
Saxony, but only at 23 % of all mainland plots in Schleswig-Holstein. Almost all

mainland plots with erosion were located in upper and lower salt marsh communities.

(a) Island (b) Mainland

erosion mm/a
erosion mm/a

Fig. 4.4: Factors explaining erosion on salt marshes of (a) island (N = 15) and (b) mainland
(N =79). Distance to marsh edge is ORQ transformed where a value of -1 corresponds to 125 m,
a value of +1 corresponds to 390 m. “Anchoring” values are the scores of the first axis from the
PCA using BIBM and RSL.
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Table 4.4: Results of the multiple linear regression model for erosion on island marshes and
mainland marshes. Given are estimates, standard error, t-values, and significance levels.
Significant p-values at a =0.05 are shown in bold type. In addition, measures of model

performance are shown.

Estimate SE t p
Island marshes
intercept 4.16 1.06 3.94 0.001 **
distance to marsh edge -2.41 0.96 -2.50 0.028 *
anchoring -4.83 1.76 -2.75 0.018 *

Adj. r2 = 0.66; variance explained: 71 %; F(2,12) = 14,64, p < 0.001

Mainland marshes

intercept 7.66 1.11 6.85 <0.001 ***
distance to marsh edge -2.65 0.88 -3.01 0.004 **
distance to marsh edge”2 2.62 0.85 3.08 0.003 **
anchoring 3.98 1.25 3.18 0.002 **

Adj. r2 =0.27; variance explained: 30 %; F(3,75) = 10.62, p < 0.001

4.5 Discussion

The German North Sea coast is particularly sensitive to changes in sea level, as isostatic
land subsidence adds to global sea level rise. In addition, it is a meso- to macrotidal
region where mean high water determining the marsh tidal-flat border is expected to
rise more than mean sea level (Balke et al., 2016). To keep current marsh distribution
in place, marsh surface elevation must rise via sedimentation. We found that mean
surface elevation change (SEC) on 335 plots distributed along the German North Sea
coast is 1.0 mm/a. The interquartile range of all SEC data range from -1.0 to +4.3 mm/a
(see also Suchrow et al. (2012) and Schindler et al. (2014)). Assuming similar accretion
rates in the future, these observations question the ability of the studied marshes to
accrete sufficiently to at least follow recent SLR (Wahl et al., 2011) or predicted future
SLR (Bittermann et al.,, 2017; Church, Clark, Cazenave, Gregory, Jevrejeva,

101



Chapter 4

Levermann, Merrifield, Milne, Nerem, Nunn, et al., 2013; Hay et al., 2015; Schindler
etal., 2014).

Our results demonstrate considerable variation in surface elevation change across plots,
ranging from -41.3 to +26.7 mm/a. Even at the same plot, surface elevation may change
from erosion to sedimentation and vice versa from year to year. This is partly due to the
strong stochastic contribution of storm surges. In contrast to the deterministic diurnal
tidal regime, a single storm surge can deposit or take away large amounts of sediments
(Roman et al., 1997). The spatial distribution of sediment accumulation and in
consequence SEC can vary strongly depending on the coincidence of high water, wave
energy, water current and wind direction (Hache et al., 2019). Thus, plots with usually
rather low sedimentation can suddenly experience high sedimentation. In addition,
sedimentation depends on the concentration of suspended matter in the sea water
(French, 2006), a parameter we could not include in the models. We therefore expected
and found fairly moderate goodness of fit measures of our models, in line with other
studies. For instance, Boorman et al. (1998) found a correlation between vegetation
height and surface accretion on one salt marsh but none on another marsh. Nevertheless,
our results demonstrate that SEC is related to the distance from the shoreline and to the
functional properties of the marsh vegetation. Vegetation roughness enhances
sedimentation in a non-linear way and therefore supports surface elevation gain.
Vegetation anchoring can reduce erosion and therefore lowers elevation loss. To capture
the diverse coastal conditions, we picked three different salt marsh types: a natural
island that was never inhabited or used, the long mainland coast with considerable
variation in wave energy exposure, soil condition and land use, and the Halligen that
are small marsh islands with long grazing history. SEC was similar between these

saltmarsh types, but SEC relationships with plants traits and distance differed strongly.

Biogeomorphic feedback on sedimentation

Distance to marsh edge was the main explanatory variable for sedimentation in all three

salt marsh types, with a strong, (non-) linear decrease in sedimentation further inland.

102



Plant traits affect surface elevation change

This is in accordance with previous work showing highest sedimentation in close
proximity to marsh edges, creeks and gullies (Cadol et al., 2014; Morris et al., 2002;
Moskalski & Sommerfield, 2012; Neubauer et al., 2002; Schindler et al., 2014; Suchrow
et al., 2012). The main reason may be a strong decrease in wave energy and current
strength at the boundary between mud flats and salt marshes where dense vegetation
dissipates energy (Méller & Spencer, 2002). In addition, inundation times are longer
and exposure to settling sediment is favored at lower elevations close to the marsh edge
(Cahoon and Reed 1995; Leonard 1997; Temmerman et al. 2003). During shallow
inundation on high salt marshes, water and sediment are often supplied mainly via the
creek system and deposited close to the source and along the creek levees (Temmerman
et al., 2005). This would make distance to creeks more important than distance to marsh
edge. On the island salt marshes, we found a strong decrease in average sedimentation
close to the marsh edge. This can be attributed to a highly dynamic SEC close to the
marsh edge, often oscillating between erosion and sedimentation from year to year
(Kleyer et al., 2014).

Functional trait related sedimentation pattern

Vegetation roughness significantly increased sedimentation in all three salt marsh types.
Roughness is a composite property determined by plant height, leaf size and biomass,
shoot biomass and stiffness, all of which may affect wave energy, water current and
sediment deposition. Plant height was not correlated to the biomass traits (LBM, SBM)
or leaf area (LA) and stem specific length (SSL). Therefore, plant height was used as a
separate variable to indicate roughness, while the more strongly correlated traits LBM,
SBM, LA, SSL were aggregated to “shoot mass”. However, if terrestrial vegetation
types such as reeds, mesic meadows and dry grasslands are considered, plant height can
be significantly correlated to stem and leaf biomass (Kleyer et al., 2019).

The Hallig vegetation is characterised mainly by upper saltmarsh communities with
varying grazing intensity. Strong grazing alters plant height, resulting in a low,
homogeneous sward at the end of the vegetation period, when the storm surge season
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starts. Ungrazed or less grazed areas may have a similar species composition as the
grazed parts (mainly of the Juncus gerardii-Festuca rubra type) but with fully grown,
often senescent stems. Thus, the main roughness indicator explaining sedimentation on
Hallig salt marshes was plant canopy height. Other studies, however, found a significant
impact of grazing on vegetation height on salt marshes, but no subsequent effect on
sedimentation (Elschot et al., 2013; Nolte, Mdller, et al., 2013). In contrast to the
Halligen, sedimentation on the mainland coast was explained by “shoot mass”. The
mainland coast is characterized by more vegetation types, covering pioneer zone, lower
salt marsh, and upper salt marsh; more varied micro-topography (i.e. beds and ditches,
levees, dyke foot, hummocks) and different management (from bare soil to grazed and
natural conditions, see Suchrow et al. (2012) and Minden et al. (2012)). These diverse
conditions are better reflected in the variation of “shoot mass”, the first principal
component of LBM, SBM, LA, and SSL. They were found to be central organizing
traits of herbaceous plant diversity of Northwest Europe (Kleyer et al., 2019).
Specifically, the hump-shaped relationship with the peak towards the higher “shoot
mass” values (Figure 4.4b) indicates that rigid shoots with high biomass enhance the
capacity of the vegetation to trap sediments. Similar results were found by Bouma et al.
(2010) in flume experiments for Puccinellia maritima, a plant with very flexible shoots,
and Spartina anglica, characterised by rigid erect stems. Vegetation community
structure has been found to affect sedimentation and highest sedimentation coincide
with maximum plant population densities and biomass during summer months
(Pasternack & Brush, 2002). Other findings showed that grazing induced different
vegetation structure which then led to different sedimentation intensities (Andresen et
al., 1990; Stock, 2011).

Our findings reflect the concept of ecosystem engineers in salt marshes. Engineering
species greatly influence geomorphic processes and modify their own environment by
attenuating waves and currents, enhancing sedimentation, and stabilizing sediment. In
salt marshes a well-accepted example for an engineering plant species is Spartina spp.
(Brown et al., 1999; Christiansen et al., 2000; Neumeier & Ciavola, 2004). In our study,
stem traits of Spartina anglica indicated high stem stiffness (S. anglica SSL.:

0.51 mm/mg; mean of all salt marsh species: 3.39 mm/mg) and high leaf area

104



Plant traits affect surface elevation change

(S. anglica LA: 1380.2 mm?;, mean of all salt marsh species: 514.19 mm?2). The
vegetation-directed sedimentation initiates elevation gain, which in turn feeds back on
vegetation patterns (Neubauer, 2008; Nyman et al., 2006). Vegetation biomass and
community composition are influenced by inundation time and frequency, and thus by
relative elevation (Hopfensperger & Engelhardt, 2008; Morris et al., 2002). Hence,
there is a continuous two-way interaction between vegetation and landscape forming

processes in biogeomorphic ecosystems such as salt marshes (Corenblit et al., 2015).

Functional trait induced erosion patterns

Vegetation also has an effect on erosion. Several studies have purported that wetland
vegetation can provide protection from erosion (Barbier et al., 2011; Danielsen et al.,
2005; Kathiresan & Rajendran, 2005). van Eerdt (1985) separated the effects of above-
and belowground biomass on erosion resistance, showing that it was solely
belowground biomass that prevents erosion. On island salt marshes, we found lowest
erosion values in plots with high plant root anchoring values. On mainland salt marshes,
however, lowest erosion values were found on plots where plant had low anchoring
values. These contradictory results are likely due to the different origin of the salt
marshes. The island displayed a natural salt marsh zonation, with a pioneer zone close
to the salt marsh edge. Here, plots exhibited high erosion that were dominated by the
small annual Salicornia spp. with tiny roots. Habitat mapping shows that the pioneer
communities are scattered and do not form a coherent zone along the coastline of Lower
Saxony where most of the plots with erosion were located (Nationalpark Wattenmeer,
2004). Most marshes originated from land reclamation schemes where rectangular
groyne fields were constructed on the mudflats to trap sediment. With establishment of
the Wadden Sea National Park in 1986, management shifted from active land
reclamation to “let nature take its course” (Common Wadden Sea Secretariat, 2010). In
last three decades, some of the reclaimed salt marshes have experienced erosion and the
marsh-mudflat boundary has retreated to the lower and upper salt marshes, comprising
plants with often low anchoring capability such as Puccinellia maritima. In addition,
plots were located in sheltered bays and on exposed seaward marshes in Lower Saxony,
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leading to high variation in exposure to wave energy and currents. As a caveat, we note
that the time series of these plots comprised only three years that have seen particularly
strong storm surges as compared to other years (storms “Britta”, Nov. 1%, 2006; “Tilo”,
Nov. 7", 2007).

Conclusion

Our study comprises an unprecedented dataset of SEC records on German North Sea
salt marshes explained by abiotic and biotic factors. On most plots, mean annual
accretion was lower than recent annual sea level rise (Wahl et al., 2011). Since
inundation frequency defines the lower elevational limit of vascular salt marsh plants
on tidal flats (Balke et al., 2016) this may lead to a retreat of the salt marsh edge and
the rewetting of the marsh (Schréder et al., 2002). Eventually, it implies the drowning
of the low-laying pioneer zones of the island marsh and the mainland marsh. Only sites
that have adjacent inland areas and no dyke behind are able to gain new pioneer, lower
and upper salt marshes. Site managers and agencies should therefore identify and secure
key inland locations near current marshes in order to allow marsh migration to occur
backwards. This would allow numerous services of salt marshes to persist (Barbier et
al., 2011).

Erosion and sedimentation responded to plant traits and distance to marsh edge. We
conclude that salt marsh vegetation is most likely well suited to modify and control
sedimentation and erosion dynamics in response to sea-level rise or tidal forces. Using
traits instead of species identity increased predictability as studies using species
composition as predictor did not find conclusive effects on SEC (Brown, 1998; Silva et
al., 2009). The predictive functions we developed allow, in conjunction with the traits
of salt marsh plants (Appendix Table 1 and 2) and maps of salt marsh communities
available for the Wadden Sea region, to model spatially explicit sedimentation and
erosion. Empirically measured plant community mean traits indicate vegetation
roughness and anchoring capability in a more mechanistic way than the vegetation
roughness classification applied for the widely used Gauckler-Manning-Strickler
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formulas in hydraulics (Chow, 1959). The different shape of the response functions
from Hallig, mainland and island plots indicate that future studies should take into

account differences in salt marsh genesis and land use.
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Fig. 4.5: Two-dimensional illustrations of the standard PCA ordination results of plots which
experienced sedimentation. Arrows indicate direction of loading for each trait. The scores of

the first axis are included in the model as “shoot mass”. LBM, leaf biomass; SBM stem biomass;

LA, leaf area; SSL, specific stem length.
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Table 4.5: Functional traits and the aggregated variable “shoot mass” of species growing on

plots which experienced sedimentation. CH, canopy height (cm); SBM, stem biomass (mg),

LBM, leaf biomass (mg), SSL, stem specific length (mm/mg); LA, leaf area (mm?).

Species shoot mass CH SBM LBM SSL LA
Agrostis stolonifera -0,64 | 31,08 233,36 50,17 3,57 | 207,70
Armeria maritima -0,38 5,88 197,30 | 353,11 3,94 68,30
Artemisia maritima 1,87 33,25 | 1765,65| 675,61 0,66 | 208,50
Aster tripolium 2,89 60,84 | 10074,12 | 1174,96 0,60 | 663,90
Atriplex littoralis 2,37 70,13 | 17259,26 | 509,12 0,69 | 494,60
Atriplex prostrata 2,64 | 42,07 | 9519,62 | 2354,47 1,51 | 815,80
Cochlearia danica -0,52 7,40 374,18 | 145,27 471 | 127,70
Elytrigia atherica 141 | 3890 | 1036,67 | 314,35 0,98 | 773,60
Elytrigia repens 1,05| 51,25 720,52 | 241,33 1,88 | 904,60
Festuca rubra -0,96 | 37,42 144,79 | 228,60 6,86 | 126,10
Festuca rubra litoralis -2,27 26,83 91,32 28,74 7,21 94,00
Glaux maritima -1,97 8,10 72,94 67,14 4,48 17,00
Halimione portulacoides 251 | 28,71 | 9183,15 | 2869,74 0,95 | 186,20
Juncus gerardii -1,36 24,72 129,48 54,96 5,04 | 139,40
Limonium vulgare 3,06 | 14,51 | 1193,61 | 4172,17 0,75 | 1681,30
Lolium perenne 0,35 34,18 620,65 99,19 2,16 | 461,60
Lotus corniculatus -0,56 27,80 135,99 | 116,48 4,29 | 374,60
Plantago maritima 1,73 | 13,15 688,29 | 1239,13 3,08 | 1401,70
Poa pratensis -0,52 | 31,09 213,71 86,00 4,42 | 285,70
Potentilla anserina -0,54 19,94 209,64 | 386,61 9,28 | 773,30
Puccinellia maritima -1,17 28,82 209,93 62,52 4,63 76,20
Salicornia europaea 1,11 17,24 719,96 | 799,62 1,49 | 162,40
Spartina anglica 2,83 4427 | 1425,34 | 764,80 0,51 | 1380,20
Spergularia maritima -1,15 26,75 548,28 | 126,09 1,93 46,55
Spergularia media -0,58 7,72 261,52 | 173,81 7,08 | 446,10
Suaeda maritima 0,80 | 25,02 | 1602,82 | 494,34 1,27 32,00
Trifolium repens -1,34 | 10,96 75,27 56,77 5,82 | 474,60
Triglochin maritimum 1,11 | 22,57 380,47 | 574,31 2,25 | 931,50
Vicia cracca -0,87 | 27,50 112,19 | 162,58 451 | 142,10
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Fig. 4.6: Two-dimensional illustration of the standard PCA ordination results of plots which
experienced erosion. Arrows indicate direction of loading for each trait. The scores of the first
axis are included in the model as “anchoring”. RSL, root specific length; BIBM, belowground

biomass.
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Table 4.6: Functional traits and the aggregated variable “anchoring” of species growing on plots

which experienced erosion. BIBM, belowground biomass (mg); RSL, root specific length

(mm/mg).
Species anchoring BIBM RSL
Agrostris stolifera -2,01 79,44 105,87
Armeria maritima -0,37 279,73 27,41
Artemesia maritima 0,50 1528,13 17,75
Aster tripolium 1,07 3168,29 15,21
Atriplex littoralis 1,80 3377,80 10,63
Atriplex prostrata -0,03 498,57 26,54
Cochlearia danica 0,01 48,32 7,09
Elymus pycnanthus 0,16 282,59 15,42
Elymus repens 0,42 316,63 15,10
Festuca rubra litoralis -1,40 78,50 45,65
Glaux maritima -0,68 40,44 13,39
Halimione portulacoides 1,84 3908,03 11,03
Juncus geradii 1,03 282,28 6,07
Leontodon autumnalis -0,28 194,44 25,12
Limonium vulgare 1,11 15173,65 28,53
Lolium perenne -0,60 186,78 30,07
Plantago maritima 2,09 2063,55 0,98
Puccinellia maritima -1,39 153,43 56,98
Salicornia europaea -1,12 165,33 53,24
Spartina anglica 0,34 758,58 16,58
Spergularia media -0,62 1477,38 69,23
Stellaria media -1,52 14,96 17,40
Suaeda maritima -0,77 183,22 34,84
Trifolium maritimum 0,90 967,68 12,97

111



112



Chapter 5

Synthesis




Chapter 5

5 Synthesis

5.1 Summary of findings

This thesis focuses on the interaction of vegetation and landscape-forming processes in
biogeomorphic coastal ecosystems. The loss of these ecosystems and the reduction in
related services of coastal marshes and dunes have been observed in several places
around the world. It is apparent that we need to better understand the functioning of

these ecosystems in order to restore and manage them successfully.

The general aim of determining plants’ trait-based responses to and effects on sediment
relocation was pursued throughout this thesis. The trait responses of dune plants to
disturbance through burial showed strong differences between species. Growth was
mostly increased through burial and erosion in C.maritima and decreased in
A. arenaria (Chapter 2). Further, trait-based effects of single vs. multiple species
communities on resistance and resilience of artificial coastal dune systems were studied.
Mixed-communities were more resistant (Chapter 3). While these first two studies
focused on biogeomorphic processes of coastal dune systems, the third study
investigated biogeomorphic processes in salt marshes. It examined trait-based effects
on sedimentation and erosion processes in salt marsh communities. Effects of roughness

and anchoring capacity on sedimentation and erosion were found (Chapter 4).

This thesis used a trait-based approach to understand biogeomorphic ecosystems and
examined coastal dunes and salt marshes. Both of which are shaped by similar
biogeomorphic processes involving the two-way interactions of landscape forming
processes and the functional traits of plants. The following sections will combine the
insights from the preceding chapters to highlight the importance and challenges of a
trait-based perspective in biogeomorphic research, to point out possible

implementations of the results and to suggest topics for future research.
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5.2 The “window of adaption” in dune pioneer species

The analysis of trait response to burial and erosion (Chapter 2 and Chapter 3)
demonstrated that dune pioneer species may respond to physical disturbance by changes
in trait expression, underlining their strong intraspecific variability. In both studies
C. maritima and A. arenaria were subjected at different times after germination to an
erosion event of around 2 cm. While in Chapter 2 individuals were exposed to the
disturbance at a very early life stage, i.e. when individuals were still small, in Chapter
3 individuals were disturbed at a later life stage when they had most likely reached their

maximum biomass and were about to flower.

Combining the data from the two experiments together makes clear that trait responses
are different in the two species. In C. maritima the relative difference of canopy height
to the control did not differ between any of the disturbance timings. In A. arenaria
relative difference to control was smallest in the late disturbance treatment. Relative
shoot mass difference to the control was not different between disturbance timing in
C. maritima nor in A. arenaria. Unfortunately, it is not possible to compare other traits
from the two experiments due to experimental related differences in trait collection
(Figure 5.1).

These findings are contradicting our assumptions of a “window of adaption”. We use
this term to describe the period of time during which an individual has successfully
germinated but is still prone to sediment relocation and can survive only through fast
trait adaptation. This means that an erosion event of a specific intensity during an early
life stage evokes stronger trait-responses than an erosion event at a later life stage. Small
individuals are more affected by the erosion and need to invest more into their roots to
survive than larger, well-settled individuals. However, this effect was not seen when
individuals were subjected to a rather small erosion event of around 2 cm as in these

experiments.

Nevertheless, these results provide us with a better understanding of the adaptation
strategies of the species to sediment relocation and their role in the functioning of the
dune ecosystem. Even during early life stages individuals are not strongly affected by a
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small erosion event in their canopy height and their shoot mass. They continue to grow
unaffectedly, indicating that they have left the “window of adaption”. This might be of

course different for other traits, especially belowground traits.

The “window of adaption” has implications for the functioning of the natural dune
systems. Storms in early spring, when newly germinated individuals are still small, can
be especially devastating. During this time, small sediment changes can also lead to the
death of the individual when the plant cannot react to the new surface location with fast
trait reactions. A storm later in the year, causing the same intensity of sediment
relocation, is less critical for the well-established vegetation. Along the German
coastline, C. maritima germinates around May. Within a couple of weeks, the plants
grow to their final habitus. A storm leading to a moderate erosion event in June will not
result in the death of individuals. The same holds true for A. arenaria individuals that
germinate from April to May. However, generative distribution plays only a minor role
in this species and the distribution is mainly vegetative. No experimental data exist on
the difference between generative and vegetative distributed individuals, but it may be
assumed that the individuals grown from rhizomes are more tolerant to sediment
relocation. They are connected to the mother individual, which has more height, has
deeper roots and more photosynthetically active material. Thus, in the case of a
burial/erosion event the new individual can benefit from the mother individual. This
narrows the “window of adaption” of A. arenaria and makes this species especially
important for early dune stabilization.
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Fig. 5.1: Effect of a gradual and sudden erosion event of about 2 cm at different times after
germination on canopy height (CH) and shoot dry weight of C. maritima and A. arenaria.
Shown are the relative changes in comparison to the control treatment (mean £ SD). Treatments

sharing the same latter are not significantly different (a = 0.05).
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53 Is the community weighted mean a suitable index for

biogeomorphic ecosystems?

Trait-based studies are very common in modern ecological research. Traits allow the
quantification of the comprehensive functional response of plant communities to
environmental changes, accounting for both abiotic and biotic drivers (Enquist et al.,
2015). However, measuring traits can be cost- and time-consuming. Data on traits have
been amassed in large quantities during recent decades and have given ecologists the
opportunity to use large vegetation databases instead of measuring trait data anew on
each plot. It is standard practice to use Community Weighted Means (CWM) to describe
traits of whole communities. For this purpose, researchers use an average trait value per
species, obtained by averaging measured trait values of individuals from the same
species in different spatial and temporal situations. Then the species’ weighted average
is used to describe the community structures. CWM permits a generalization of the
findings and an examination of the functional response of communities along
environmental gradients without measuring each trait again (Shipley et al., 2006; Violle
et al., 2007). This approach was used in the third study of the present work.

The first study in this work showed, however, that environmental conditions can lead
to significant intraspecific variation. Multiple environmental gradients exist in
biogeomorphic ecosystems. We showed that erosion and sedimentation magnitude and
timing significantly affect trait expression of dune pioneer species and yield great
intraspecific variation. This phenotypic plasticity is also observed in the natural dune
systems. A striking phenotypic plasticity is found in C. maritima (personal observation)
with individuals growing in places further away from the source of disturbance,
germinating and flowering earlier in the year and growing much taller with more

branches and leaves than their conspecifics closer to the beach.

Combining trait values measures of all these individuals to calculate an average trait
value to use in the CWM on plot level can pose problems. Individuals® aboveground
biomass in the highly dynamic embryonic dunes would be overestimated while

individuals in the back parts of the white dunes would be underestimated. This raises
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the issue of whether trait values retrieved from a database are a suitable surrogate for

traits measured on site.

Lately, mounting evidence suggests that intraspecific variation, arising from phenotypic
plasticity or genetic diversity, plays a crucial role in driving CWM-environment
relationships (Albert et al., 2010; Leps et al., 2011) and determining species’ niche
breadth (Violle & Jiang, 2009). There is evidence that the CWM does not always
represent the community structure accurately (Cordlandwehr et al., 2013; Kattge et al.,
2011). However, it is still common practice to average species data from different
populations and from habitats at varying altitudes and longitudes. Consideration is not
given to the fact that species traits show intraspecific variability from site to site in
plastic reactions to changing environmental conditions (Garnier et al., 2001; Mokany &
Ash, 2008), genotypic diversity (Whitlock et al., 2010) or a combination of both
(Scheepens et al., 2010).

Research has shown that the accuracy of traits retrieved from a database as a surrogate
for on-site measurements depends on multiple factors. In a study by Cordlandwehr et
al. (2013) the accuracy of database predictions was examined for three widely used
plant traits, Canopy Height (CH), Leaf Dry Matter Content (LDMC) and Specific Leaf
Area (SLA), in a wet meadow and a salt marsh. For the local species pool, the database
values more accurately predicted traits aggregated at the habitat level than for plant
communities on plots aggregated at the community level. Traits with lower plasticity
(e.g., LDMC) were more accurately predicted by database values. The study found that
the accuracy of the database values depends on the scale or level of aggregation (lower
at community level), the trait itself (lower in plastic traits) and the type of habitat (lower
in extreme habitats, i.e., the salt marsh). Therefore, Cordlandwehr et al. (2013)
concluded that for studies at the site scale (e.g., trait-environment relationships) traits
retrieved from a regional database and filtered according to habitats will yield good

results.

Yet, different traits show different amounts of intraspecific trait variance and are
therefore differently suited for export from a database. The study by Cordlandwehr et

al. (2013) urged caution with the use of database predictions for those traits linked to
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the usage of resources (e.g., CH, LDMC and SLA for light capture) because they are
highly variable on a small spatial scale. If the phenotypic plasticity follows a normal
distribution, however, trait data from a database are representative of the individuals on
the studied plot. Figure 5.2 shows the distribution of trait in the database from the
Landscape Ecology Group at the University of Oldenburg. Values from three salt marsh
species are shown. It illustrates that many salt marsh species have a substantial
phenotypic plasticity. As the distribution represents a rather normal distribution, it is a
reasonable basis for calculating a species average. Yet, caution should be taken as some
species and some traits might not follow a normal distribution (see Figure 5.2
Aster tripolium).
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Fig. 5.2: Histograms of intraspecific trait variance for four exemplary salt marsh species (Data

from the database of the Landscape Ecology Group, University of Oldenburg).
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5.4  Insurance effect vs. keystone species

Combining the results from the three studies in the present work gives us a better
understanding of the functioning of dynamic coastal ecosystems. The role of
biodiversity of trait diversity is extensively discussed in the context of climate change
and habitat loss. In Biodiversity and Ecosystem Functioning (BEF) literature, it is
generally assumed that biodiversity increases the resilience and resistance of
ecosystems (Yachi & Loreau, 1999). If some species die off as a result of changed biotic
and abiotic factors, others can take over their function. This insurance hypothesis
proposes that species or phenotypes that are functionally redundant for an ecosystem
process at a given time may show an increase in temporal mean productivity, given the
asynchronous response to environmental fluctuations. In this case, biodiversity acts as
insurance for ecosystem functioning in the event of temporal environmental changes.
The potential consequences of biodiversity loss for ecosystem functioning and services
have received considerable attention during recent decades (Kinzig et al., 2001; Loreau
et al., 2002; Loreau et al.,, 2001). Much theoretical work and several controlled
experiments have shown that species diversity influences the functioning of ecosystems
(Ives & Hughes, 2002; Lehman & Tilman, 2000; Tilman et al., 2001; Yachi & Loreau,
1999). It was shown that the long-term sustainability of ecosystems and the services
they generate both depend on the conservation of biodiversity on local and landscape
levels (Bengtsson et al., 2003; Loreau et al., 2003). The reason is that after disturbance
a high diversity of functional groups makes reorganization possible (Bengtsson et al.,
2003).

However, not all ecosystems are likely to follow the insurance hypothesis. In BEs such
as coastal dunes and salt marshes, the insurance effect is replaced by the effect of
keystone species. Here, it is mostly one “keystone species” or “ecosystem engineer”
that affects the stability of the ecosystem, especially when faced with physical
disturbance (Gutiérrez & Jones, 2008). Originally, the term “keystone species” was
used to describe a species that has a disproportionately large impact on its environment
relative to its abundance (Mills et al., 1993; Paine, 1969). The classic example is that of

a large predator which controls prey populations. The term “ecosystem engineer”,
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which overlaps in part with this concept, is defined as “organisms that directly or
indirectly modulate the availability of resources (other than themselves) to other
species, by causing physical state changes in biotic or abiotic material. In so doing they

modify, maintain, and/or create habitats” (Jones et al., 1994).

In salt marshes the keystone species are Spartina spp., and in coastal dunes Ammophila
spp. (Emery & Rudgers, 2014; Proffitt et al.,, 2005). These species have a
disproportionally high impact on the function of the ecosystems. All other species have
only minor additional effects on biogeomorphic processes and mainly benefit from the
effect of the keystone species on the ecosystem. The experiments in this work (Chapter

3) very well show this effect in coastal dunes under controlled experimental conditions.
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5.5 Implications for management and restoration — lessons learned

for trait-based management of coastal dunes

Adaption to climate change and disaster risk reduction have become a priority
worldwide, exemplified by global frameworks such as the Paris Agreement (United
Nations Framework Convention on Climate Change, 2015) and European actions like
the EU Climate Change Adaption Strategy (European Commission, 2013) and the
Floods Directive (European Commission, 2007). As coastal ecosystems in particular
are at risk of the adverse effects of climate change, adaptation strategies have become a

topic of discussion.

At present, no ecosystem exists around the world, which is free from alteration caused
by human activities (Vitousek et al., 1997). The degradation of ecosystems’ function
and the loss of ecological services have accelerated at a constantly. Coastal ecosystems,
such as coastal dunes, are in an advanced stage of degradation and are at risk of loss.
The causes include climate change-induced SLR, increased storms, decreased
precipitation and higher local temperatures and intensive farming in sandy, well-drained
habitats, the expansion of ports, growing urbanization and infrastructure, increased
pressure from tourism, the promotion of forests and grasses to stabilize moving sands

and the introduction of alien species (Millennium Ecosystem Assessment, 2005).

Changes in dune building processes are expected to be manifested through an increase
in erosive forces at the expense of accretive forces. This would lead to a negative sand
balance and inland migration of the beach-dune system. Bird (1985) reported that 70%
of the world’s sandy shorelines were eroding or had a negative sediment budget,

resulting in erosion and inland displacement of the shoreline (Psuty & Silveira, 2010).

Coastal dunes have become more important as worldwide human population growth
increases within 10 kilometers of the coastline (Neumann et al., 2015). Concurrently,
SLR and climatological wind speed changes occur as part of ongoing anthropogenic
climate change (Hieronymus et al., 2018). The future projections of these variables are
still highly uncertain and do not rise in a globally uniform manner, but have been

observed to vary in a complex spatial pattern (Church, Clark, Cazenave, Gregory,
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Jevrejeva, Levermann, Merrifield, Milne, Nerem, & Nunn, 2013). For the North Sea,
an increase in wind speed and subsequently an increase in significant wave height as
well as extreme wave heights are predicted (Grabemann & Weisse, 2008). Sea level of
the North Sea is predicted to rise (Pethick, 2001) as is extreme sea level (Vousdoukas
etal., 2017). These projections increase the importance of coastal dunes which can serve
like dikes as flooding protection (Borsje et al., 2011).

Likewise, the importance of managing and restoring coastal dunes is growing. If left
unmanaged, coastal dunes would naturally migrate inland (Keijsers, Giardino, et al.,
2015). In unsettled areas, coastal ecosystems may be allowed to migrate. In most cases,
however, including the barrier islands of the Wadden Sea, migration is restricted by the
presence of settlements or farmland. There is great socio-economic interest in managing
the coast in a way to fix the sand dunes at their current position (Dronkers & Stojanovic,
2016). Since dunes play an important role in coastal safety, dunes have been managed
not only to keep them from migrating land inwards but also to strengthen their ability

to protect the hinterland from flooding.

Efforts at coastal protection and improved management have become priorities
government authorities (Dronkers & Stojanovic, 2016). During the last decades,
management practices have changed as we have learned more about the functioning of
the ecosystem. The primary aim has long been surface stabilization to counter deflation
and inland engulfment. Practices like boardwalk establishment, sand fences and
vegetation planting have become common all over the world (Pizzey, 1975). Because
of its effectiveness in stabilizing active dunes, A. arenaria has been introduced on
almost every temperate coast of the world to stabilize bare sand surfaces (Hilton, 2006;
Masterman & Ellison, 2018; Ruggiero et al., 2018). Over time, the grass became highly
invasive in temperate, southern hemisphere dune systems (Hilton et al., 2005). It won
the competition against native dune-forming species and the extensive grass cover
stabilized the foredune, cutting off sand supply from the beaches to the back dunes.
Early successional stages and blowouts, a way to rejuvenate the biogeomorphic system,
disappeared and indigenous taxa which depend on a dynamic environment were lost.

This resulted in a reduction in biodiversity and major changes in dune shape. On New
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Zealand’s coasts, A. arenaria created very high, steep, and concave foredunes that were
increasingly susceptible to the local strong storms (Hart et al., 2012). The dunes grown
with native vegetation have convex incipient foredunes that can better resist the strong
storms (Masterman & Ellison, 2018). Grass encroachment has also become an
important environmental problem on European coasts. At present, dynamic pioneer
stages are rare in most western European dunes, except for the Wadden Sea islands
(Provoost et al., 2011).

It is now evident that in most cases dune stabilization alone is not sufficient for a
resistant and resilient coast. because it may create many new problems. First, artificial
stabilization alters the aeolian processes and may have a major impact farther inland or
downwind. Second, stabilization can be very costly; and third, mobile dunes may be
part of the natural successional landscape and should be allowed to function normally.
Currently, numerous control programs exist in several countries that aim at eliminating
A. arenaria and restoring the natural dune processes without sacrificing stability.
Several mechanical (excavators and bulldozers) and manual (hand-pulling) removal
methods are used and have been proven to be efficient (Pickart, 1997).

Today we know that conservation and coastal management are not irreconcilable, and
a balance between them should be aimed at. It became desirable not only to stabilize
and protect the area, but also support ecological development. In fact, recent
management trends are directed towards acceptance of these systems as valuable
wilderness areas. That is, management is best done in accordance with the natural
processes and local conditions. That said, when trying to protect coastal areas it should
be considered whether stabilization is necessary and, if it is, under what circumstances

and which species (preferably native) should be used.

Consequently, there is a growing need to predict specific species performance to find
the most suitable ones for ecological management and restoration projects and to
evaluate land vulnerability to erosion. Here, plant traits represent a promising tool. A
trait-based approach enables fast prediction of species performance for erosion control
in coastal dunes. Identifying relationships between plant functional traits and

environmental factors has always been an important task in plant ecology (Lavorel et
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al., 2007). In the next step, the functional approach is now used to answer applied
questions and to help design and evaluate management and restoration projects to
prevent shoreline retreat, maintain the shoreline positon or even extend it seaward
(Burylo et al., 2014; Gondard et al., 2003).

To generate a long-term impact on erosion processes in a dynamic ecosystem subjected
to erosion and sedimentation, plant species must be able to survive mass movement.
The ecological performance of a plant species depends on its response to dynamic
processes, i.e., resistance to mechanical forces, which is described by the response traits,
and on its effect on dynamic processes, i.e., soil stabilization, as described by the effect
traits (Figure 5.3).

So far, only very few studies exist, which use a trait-based approach to answer applied
guestions concerning ecosystem stability under erosive forces and draw conclusions on
suitable plant traits for erosion control. Some studies elucidate the interaction between
one single species and erosive forces (Mickovski et al., 2005; Shi et al., 2004) and a
handful of studies compared several species’ performance (Bochet et al., 2000; De
Baets et al., 2007; Isselin-Nondedeu & Bédécarrats, 2007). Very few studies examined
the performance of several species for erosion control by considering different plant
functions and species response and effect traits (Burylo et al., 2014; De Baets et al.,
2009).

Thus, the results of this thesis have important implications for coastal management. By
combining the results of the first two studies of the present dissertation, we can evaluate
species response to sediment dynamic and species effect on sediment dynamic on a
trait-based level. It becomes clear that dune pioneer species are affected by a sudden
and also a gradual physical disturbance in their early life stages. The strength of the
response to the disturbance is species-specific, which shows that species are adapted
differently for growth in the dynamic early stages of coastal dunes. It was shown that
A. arenaria is able to survive theses disturbances better than C. maritima. It was also
shown that A. arenaria stands were more resistant to a wind disturbance than a mixed-

species stand.
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The high resistance and resilience of A. arenaria was driven by their high biomass
production. High aboveground biomass production enables individuals to outgrow
sedimentation and catch moving sand; high belowground biomass increases resistance
to uprooting and promotes soil stability. Following this trait perspective, other species
with similar trait expressions could serve the stability of coastal dunes in the same way
as A. arenaria. This means alternative species can easily be used in parts of the world

where A. arenaria is not native.

A management strategy based on the scientific knowledge gathered on plant traits can
improve coastal defence mechanisms by incorporating natural processes. This makes
the projects less costly and more effective. Strategies should be promoted which secure
the shoreline from erosion but do not simply cultivate a continuous dune grass sward.
This solution exerts stress on any costal environment and, in some instances, may
trigger ecological catastrophes. A dune system with diverse vegetation, morphology,

and relief could be more resilient to changing condition.

Dunes are naturally in a developmental stage of instability and migration as part of the
system. Allowing some degree of mobility should be part of an integrated management
strategy. This concept is based on three main considerations: restore and conserve
natural processes, create conditions for future natural processes, and develop types of
land use that are in accordance with the above (Van der Meulen & Salman, 1996). The
concept seeks to incorporate natural processes and human activities within coastal dune
systems. The implementation of “soft” techniques includes the cessation of any activity
that adversely effects the sediment supply of the dunes, planting vegetation, fencing-off
sensitive areas, creating dune walkways, and providing the public with relevant
information (Gomez-Pina et al., 2002). This is in contrast to “hard” techniques that
protect the coast through the construction of concrete sea walls, revetments, gabions,
groynes, and offshore break waters. These measures provide only temporary protection
from ocean hazards and each hard method induces changes in currents and might
promote erosion problems to adjacent coastal areas. Soft techniques should be used
more often in coastal protection as they provide natural, long term protection with no

adverse effect to adjacent coastal areas.
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Species resistance
to erosion

(Response traits)

Erosion
dynamics

Management/
restoration strategies

(Species selection)

Species effect
on erosion

(Effect traits)

Fig. 5.3: Trait-based conceptual framework for ecological restoration of eroding ecosystems.

Species response to erosion and species effect on erosion are studied using a functional

approach that analyses response and effect traits. The results can be used to improve existing

restoration and management strategies and develop new ones.
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5.6 Towards a new research horizon

Based on the present study, future research should further research on plant trait
responses to and their effects on landscape forming processes in coastal ecosystems.
Further developing well-established concepts concerning principles driving ecosystem
functioning and combining them with newly developed ones was a main success of the
present dissertation. Even though the concept of phenotypic plasticity in response to
environmental changes was established a while ago, there was still a lack of
experimental studies. Also the relatively new concept of biogeomorphology and the
importance of key species rather than biodiversity for ecosystem functioning lacked
experimental evidence and a trait-based perspective. This lack of knowledge implies
that the processes of dune and salt marsh establishment and resilience against climate
change are still not fully understood. This is despite the fact that these coastal

ecosystems are crucial structures for coastal protection.

The studies in this dissertation added significant knowledge to the field of trait-based
biogeomorphology. This can chart a course for future research. Our experiment showed
that it is difficult to cultivate dune species because some species have seed dormancy,
which prevents intact viable from germination even under favorable conditions (see
Appendix). Therefore, future research should investigate on germination and cultivation
requirements of species of interest. Due to poor germination rates and unsuccessful
cultivation of E. farctus and H. peploides, those species were not included in the burial
and erosion experiment (Chapter 2). Adding them to the experiment will added
substantial knowledge on species-specific differences in phenotypic responses to
physical disturbance.

The experiments on dune species were conducted in a greenhouse under controlled
conditions. The advantage of such experiments is that the greenhouse serves as a shield
between nature and the cultivated individual. Fluctuating external factors such as
variation in precipitation, ground water level, or nutrients can be well controlled while
factor of interest can be treated according to the respective research question. The
measured specific plant response is therefore due to a change in the factor of interest
and is not superimposed by other influences. However, the controlled conditions in the
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greenhouse also can influence the growth form of the individuals. There are multiple
studies that compare the results of greenhouse and field experiments. A meta-analysis
showed that that lab-grown plants had faster growth rates, higher nitrogen
concentrations and different morphology (Poorter et al., 2016). For the recovery of
mosses from sand burial, it was shown that the general species responses were the same
in the field and in greenhouses but the recovery speed was much slower in the field than
in the greenhouse (Martinez & Maun, 1999). Perumal and Maun (2005) compared the
ecophysiological responses of dune species to burial under field, greenhouse and growth
chamber conditions. They found that the lack of inter- and intraspecific competition of
plants grown in single pots leads to smaller canopy height and altered SLA as a response

to slower growth and better nutrient availability.

The dune plants in our experiments were not subjected to factors such as wind and salt
spray as they would be if growing in their natural environment. From personal
observations of the author, pioneer species growing under normal conditions in the
dunes of Spiekeroog, have a different habitus than individuals growing in the
greenhouse, e.g. they seem to invest more in stem stability.

This implies that greenhouse experiments are a very good way to analyze specific
responses and effects, but cannot provide fully satisfying answers on responses and
effect in a natural environment where multiple varying biotic and abiotic factors exist.
For this reason, it would be an interesting addition to the presented experiments to
conduct similar experiments in the natural dunes environment to examine the question:
How do dune pioneer species growing in different parts of the dune fields respond to
sediment dynamic? Analyzing different species could help to better understand their

specific strategies for survival in a dynamic environment and to detect general patterns.

This thesis also studied the effect of trait variation on resistance and resilience of coastal
dunes to a sudden wind event in a controlled mesocosm experiment. This experiment
gave good insight into the effect of A. arenaria communities in comparison to natural
mixed communities. A highly desirable development would be to use our findings as a

starting point for an experiment in the natural dune system with a greater variety of
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communities, to address the question of how different types of vegetation communities

and resulting trait variance affect the resistance of the dune to a sudden wind event.

This thesis also studied the effect of functional traits on salt marsh elevation change by
analyzing field data. However, we still do not fully understand the complex effects of
vegetation on surface elevation change in salt marshes. To better understand this
complex process and answer the question how plant functional traits affect
sedimentation and erosion over salt marshes an experiment in the greenhouse should be

conducted.

In conclusion, this thesis has helped, through a trait-based approach in
biogeomorphology, to better understand the interaction between plants and landscape
forming processes in coastal dunes and salt marshes. The three following questions and
studies as suggested above would further add to our understanding of processes in

coastal ecosystems.
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Appendix
Dune species germination experiment

Introduction

The germination of seeds of many higher plant species in all major climatic regions
depends on a range of environmental factors. Through adaptation, germination is timed
to avoid unfavorable weather conditions for plant establishment and reproductive
growth (Finch-Savage & Leubner-Metzger, 2006). The most important factors for
successful germination are water, temperature and light conditions (Bewley et al.,
2013). However, some species have seed dormancy, which prevents intact viable from
germination even under favorable conditions. In those species a surrounding structure
prevents the embryo from germinating (coat-enhanced dormancy) or the embryo itself
is dormant (embryo dormancy) (Bewley, 1997). The dormancy can be broken by
different types of stratifications such as cold or moist stratification (Urbanova &
Leubner-Metzger, 2016). When seeds are germinating for greenhouse experiments,
storage conditions such as moisture content, temperature, and relative humidity are
factors influencing and germination subsequent survival (Huang et al., 2003; Kauth &
Biber, 2015).

For crop species, optimal storage conditions, favorable germination conditions and
respective stratification requirements are mostly well known (Geneve, 1998). However,
requirements of non-commercial species are generally poorly understood. For dune
species, fragmented knowledge on germination requirements exist but no protocol is
available. Fluctuating temperatures support the germination of Ammophila arenaria
(Van der Putten, 1990). Salinity was shown to have an adverse effect on Elymus farctus
(El-Katony et al., 2015) but no effect was shown for Cakile maritima (Debez et al.,
2004). Light was found to have an adverse effect on C. maritima (Barbour, 1970) but a
positive effect on A. arenaria (Van der Putten, 1990) and Honckenya peploides
(Walmsley & Davy, 1997).
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Incomplete knowledge on innate dormancy among dune species and high viability,
coupled with stringent germination requirements, is likely to result in poor and erratic
germination. To close the knowledge gap, we conducted a germination experiment with
four dune species widely distributed in Germany: A. arenaria, C. maritima, E. farctus,
and H. peploides.

Methods

A. arenaria seeds were ordered from Jeletto seed store (Germany), while all other seeds
were collected on the barrier islands Spiekeroog and Langeoog. Only seeds which had
fallen off the plant were collected to ensure they were fully ripe. All collected seeds
were left to dry for 2 weeks. Storage was at 4°C for 4 months for cold stratification.
Half of the seeds were stored in dark, dry conditions in paper bags. The other half were
stored in wet sand, imitating the natural conditions during winter months. Half of the
seeds from the wet and the dry storage were then soaked in water for 20 minutes This
can help the seeds soak up water and potentially initiate germination. The other half of
the seeds was left untreated. C. maritima seeds received an additional pre-treatment in
that they were peeled from the pod. All seeds were placed on paper towels saturated
with distilled water and transferred into Petri dishes. A lid prevented the seeds from
drying out. Petri dishes were regularly checked and more distilled water was added if
necessary. Petri dishes were kept in a heating chamber under a 12 h day/12 h night
regime at 25/15 °C (=diurnal) or in dark conditions with constant 25°C (=constant).

Overall, this resulted in 8 treatments per species (Figure A.1).

For each treatment 30 seeds were used, resulting in 240 seeds per species. The
experiment ran for 40 days. It was stopped then since no new germination had occurred
after day 30. Germination was defined as visible extension of the radicle.
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Fig. A.1: Overview of the germination procedure. (1) storage condition; (2) pre-treatment; (3)

germination condition. C. maritima seeds were peeled between step (1) and (2).

Results

The germination rate differed among species. A. arenaria seeds had a very high
germination rate, as did C. maritima. The other species, E. farctus and H. peploides,
had rather poor germination rates (Table A.1). In A. arenaria the different storage and
treatment had no effect on germination rate. In C. maritima seeds showed highest
germination rates when stored in wet sand, soaked and then kept in diurnal conditions.
E. farctus had generally low germination rates which slightly improved through wet
storage, soaking, and dark conditions. H. peploides also had poor germination rates
which increased only slightly as a result of dry storage, no pre-treatment and dark

germination conditions (Figure A.2).
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Table A.1: Overall germination rate of the four tested species.

A. arenaria C. maritima E. farctus H. peploides
97 % 83 % 16 % 5%
A. arenaria C. maritima
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Fig. A.2: Germination rate of A. arenaria, C. maritima, E. farctus, and H. peploides under different

treatments T1 to T8. For treatment explanations refer to Figure A.1.
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Discussion

The results of this experiment show clear interspecific differences in germination rate.
This could show that germination rate is higher in A. arenaria and C. maritima than in
E. farctus and H. peploides. Species face a trade-off between (a) producing many small
seeds each with low rates of seedling survival and (b) producing a few large seeds, each
with high rates of seedling survival (Moles & Leishman, 2008). This trade-off also
relates to germination success, and is supported by our findings. The large C. maritima
seeds had a higher germination rate than the small E. farctus and H. peploides seeds.
The very high germination success of A. arenaria cannot be compared with the other
species since A. arenaria seeds were ordered from a seed store where species are
cultivated according to high germination rates, while the other seeds were collected
from the natural dunes. The results could also indicate that we did not use the optimal

conditions for E. farctus and H. peploides seeds to germinate.

Understanding these interspecific germination requirements is of high value for both
the theoretical perspective, which includes the identification of traits associated with
germination, and for an applied-science perspective, which includes identifying suitable

plant species that can easily be cultivated for restoration projects.
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