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Summary

Tidal marshes are vegetated ecosystems dominated by herbaceous plants, which are found
along the shores of coasts and estuaries and are often bordered by Titkll flratgshes

and tidaflatsplay an important role in coastal protection. They prio&imtat for flora and

fauna, they are a key componergl@fment cyclingetween terrestrial and mar8ystems

and they are used in different degrees for agricultural purposes. In these ecosystems,
sediment deposition and tidal inundations cause dedgmational zones: unvegetated tidal

flats in the lowest and most frequently submerged areas,-@p@ciksv marshes
dominated by species with adaptations for regular inundations, and high marshes with high
species richness and only sporadic inundafimsszonation along the elevational gradient

can be seen as an outcome of progressive succession as a consequence of continual
sediment deposition and an associated increase in aleffation. A development in the
opposite direction, e.g., from tidarsh communities to tidal flatan be interpreted as
regressive successilmnaddition differences in salinity of the adjacent ocean and tidal river
shape @aalinity gradient along estuaries with higéeslis at the mouth of estuaries and
decreasingalinity upstream as freshwater mixes with seawater. This salinity gradient is
usually reflected in the distinct vegetation of tidal freshwater, brackish and salt marshes.

Stability of tidal marshes in relation to risindeseh depends on accretioresatVertical
accretion in estuarine marsiesa complex function of different interacting factors with

high variability in space and time. Variables such as inundation (frequency, duration, and
height),distance to the sediment soufcersh edge and/oreek), suspendegdiment
concentration of the inundation water, standing biomass, and seasonal variations of these
factors have all been found to affect sediment depoAitinetion rates are determined by

rates of sediment depositicgrosion and comg@on of minerogenic and organogenic
particles, as well as subsurface accumulation of dead belowground biomass, and shallow
subsidence processkstimes of climate change and associatel@\s#aise, knowledge

about the relatiahip betweerthe above mntioned spatial and temporal factors affecting
sedimentatioandthe resultingccretion rates is gaining high importance.

The Elbe Estuary is the largest estulrnygahe German coasin 2011, tidal marshes

covered an area of 75 km2 and adjacenfléittaéxtended over 1Bm2 between the city of
Hamburg and the mouth of the estu&tgwever, almost all tidal marshes of the Elbe
Estuary have been altered for decades by embankments, channel deepening, channel
straightening, and other engineeringitesivThese activities affect sediment dynamics and

may lead toemporal changes sediment deposition and resulting vegetation patterns along
estuarine gradienfwocesses whitiave been poorly documentedthe Elbe Estuary.

The aim of this thesis was to determine the recent marsh developmé&a0{09&mhd to

identify factors that are influencing progressive and regressive succession of elevational
zones. Furthermore, measoeats of shorterm sediment deposition with a high spatial
resolution in salt, brackish and tidal freshwater marshes serve to identify the most important
factors affecting sediment deposition and to investigate whether margmtsurface
accretion rate are sufficient to compensate predictedleseh rise. In addition,
comparability of sedimedéposition rates of commonly used sedunepttypes and

related studies is impeded by differences in trapping efficiency. For that reason, a flume
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study wasonducted to compare the performance of different sediaenypes for short
term masurements cfedimenteposition rates.

Chapter 1provides a general introduction to tidal marshes, threats-leyesedse,
anthropogenic impacts, and sedimentation processes. Additionally, the objectives of the
thesis and the authords contribution to ea

Changes and pathwaysrarsh succession of the Elbe Estuary between 1980 and 2010, as
well as influencing factors are describechapter 2 First, the intertidal habitatsvere
classifiednto three elevatimal, and three salinity zones. Then, vegetatips of 1980 and

2010 were compared anthe changes in total area of the distinguished habitats were
calculated To analyze the direction of temporal chamge differentiatd between
progressivand regressive succession. By using regression tre€aonditisnal inference
trees),the most influential hydimorphologicalfactos to separate progressiaad
regressive succession of low manskesidentified Total estuarine tidal marsh area at the
Elbe increaskby 2% (150 hapetweerl980and2010. Chnges were unequallgtributed
between salinity zones. While salt and brackish high marshes increased substantially,
decrease itidal freshwatemarshesvas evidentLow marshes decreased in all salinity
zones. Additionally, a high persistence of tidal fl@&35®3 andhigh marshes (897 %)

was determinedvheras only 1828% of 1980 low marshes remainkdsalt and brackish
marshesmore than twshirds of the 1980 low marshes changed into high marshes
(progressive successidn).contrast,less than onthird of low marshes undeent this
developmenin tidal freshwater marsheésere 44% of 1980low marshes showed a
regressive succession into tidal flats in 2010. Distance to the navigation channel was the
major factor determining succession in salt and brackesishes. Here, the closer the
distance to the channel, the higher the risk of regressive suecesémtidal freshwater
marshes, river bank situation and distance to the navigation wleaanééntifieds main

factos for marsh successidm.this case considerdb channel engineering ocadia strong
decrease agheanlow water and increasemeanhigh watebetweer1980and2010. It is

quite likely thatthese interferences negatively modified marsh distribution, ingcreas
regressive successiamj ¢hus, limited the quotty of tidal freshwater marsh&se results

of chapter 2provide valuable insight into fhethways of marsh succession and can further
assistn recogniimg problematic developments of estuarine tidal marshes.

Chapter 3presentgesults of an annual sediment measuring campaign conducted in salt,
brackish, and tidal freshwater marshes of the Elbe Estuargpdile and temporal
variation in shotterm sedimernteposition rates and its possible influencing factors in three
marshtypes along the estuarine salinity gradient were studied. Between March 2010 and
March 2011, bwveekly sediment deposition was quantified along three transects, reflecting
the variability in elevation (low to high marsh) and distance to the sedimenhsoseaie
brackish, and tidal freshwater marsh. Simultaneously;lewatefluctuations and
suspendedediment concentration (SSC) were recorded, and aboveground plant biomass
was sampled once during the late summer (September 2010) and once att Wirtend
(February 2011). Annual sediment deposition {47@kgm?) and calculated accretion

rates (20.3 4.7 mmyear) were highest in the brackish low marsh and were between 51
and 71% lower in the low tidal freshwater and the salt marshgtresiye Highest SSC and
longest inundations were found during the fall and winter. Flooding duration and frequency
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were higher in the tidkshwater than in the brackish and the salt marsh. Aboveground
plant biomass of the regularly flooded vegetatmtura (@50cm above soil surface) did

not differ between marsh types, but the spatial pattern changed between late summer and
end of winterIn all three marsh types, decreasing sedil@position ratesere recorded

with increasing distances from tedimentation source. The applied multiple regression
models were able to explain 74, 79, afd @fLvariation in sedimerdeposition patterns

in tidal freshwater, brackish, and salt marshes, respectively. SSC was the most important
factor of the modelThe results emphasize the importance of considering spatial and
temporal variations in sediméeposition rates and its predict&igadings ofchapter 3

showed thasedimenteposition rates in the tidal low marshes of the Elbe Estuary seem to

be sufficiat to compensate moderate rates cfesed rise. Contrastingly, high salt marshes
might be vulnerable due to insufficient input of sediment, ayrégress into low marshes

Chapter 4 shows the results of a flume study, which compared trapping gffafienc
different types of sediment tralbleasurements sedimentleposition rates are a common
method to calculate tidal marsh accretion and estimate their stability with regard to rising
sedevel. Missing standardization in measuring methods impedeabditypaf different
studiesThe trapping efficiency of two circular and two flat surfactypegpin a flumeas
determined. All trap types &mequently usetb determineshortterm sedimerndepositions

rates Two scenariogf tidal inundations (shtp 37+ 2 min and long, &1 2 min) and two
scenarios of SSC(low, ~65mgl* and high, ~10éngl™®) of the flooding water were
simulated and the effects of these facioisedimentdeposition rates at different distances

to the sediment source (inlet of the flume) were recétugestsedimentieposition rates

were found in circular traps, whigbre 2645% higher compared with floor mat and tile
sedimentrap typerespectively. All types of sediment traps showed a strong decrease in
sedimenteposition rates with increasing distance to the inlet of the flume, but no
significant interaction between trap types and distance was found. These results show that
differentsedimentrap types differ in their trapping efficiency, but that these differences in
trapping efficiency are independent of the tidal inundation scengramds@&ance to the
sediment sourcelo enhance the explanatory power of different sedirapntypes,
additionally field studies under different environmental conditions are recommended.

Chapter 5discusses and summarizes the findings of the thesis.

Overall, the results of this thesis indicate that seeiiegosition rates underlay strong
spatietemporal variability. Sediment deposition strongly differs between salinity zones.
Highest sedimetteposition rates and resulting progressive succession were found in the
estuarine maximum turbidity zone of the brackish marshes and in areagevidallflats

in front of the vegetated marshes whichcaresistentlyfar away from the navigation
channel. Lowest sedim@@position rates and overall shortest distance to the navigation
channel induced a decrease of tidal freshwater markshes. aras are affected by
extensive anthropogenic engineering activities of the navigation channel, resulting in a
remarkable increase of the tidal amplitude during the last decades. Tidal freshwater marshes
are especially vulnerable to effects of climate chadgaccelerated desel rise. In

addition to rising sea levels, increases of salinity may also compromise the habitat quality of
the local endemic spedi@snanthe coniaidée Elbe Estuary.



Zusammenfassung

Tidemarschen sind von krautigen Pflanzen bewachsene Okosysteme, die entlang von
Kisten und Astueen auftreten und seeseitig haufig von Watten begrenzt  sind.
Tidemarschen und Watten haben grof3e Bedeutung fur den Kistenschutz. Sie bieten
Habitate fur Faunaind Flora, erfullen eine Schlisselrolle im Stoffkreislauf zwischen
terrestrischen und marinen Systemen und werden zum Teil landwirtschaftlich genutzt. In
diesen Okosystemen verursachen unterschiedliche Sedimentablagerungen und
Uberflutungsbedingungen emesgepragte Zonierung. In den am tiefsten gelegenen und am
haufigsten lUberfluteten Bereiche befinden sich Watten, die durch das Fdttdrerem

Pflanzen charakterisiert sind. In Bereichen mit periodisch auftretender Uberflutung befinden
sich die relatiartenarmen Unteren Marschen. Nur von unregelméaRigen Uberflutungen
gepragt, entwickeln sich die Oberen Marschen, die sich im Gegensatz zur Unteren Marsch
durch einen hoheren Artenreichtum auszeichnen. Diese Zonierung resultiert aus einer
apr ogr dstxhreitendedSukgession durch fortlaufende Sedimentablagerungen und
dem damit verbundenen Anstieg der Gelandehdhe. Die entgegengesetzte Entwicklung wird
al s ar e g wartsgericmepsukzéssian bdzeichriies ist beispielsweise der Fall,

wenn sich die Untere Marsch zu Wattemtwickelt. Als aveite die Zonierung
beeinflussend&radientwird in der vorliegenden Arbeit die Salinitat betrachietwird
maf3geblich durch angrenzende Ozeane bzw. einen tidegepragten Fluss bestimmt.
Unterschiede der Salinitat s typisches Merkmal in AseraDie Salinitahimmt mit
zunehmendem Abstand zur Miindung und erhdhter StRwasserbeimischung ab.

Die Stabilitat deTidemarschen ist eng vom Verhaltnis zwischen Meeresspiegelanstieg und
Auflandungsraten abhangig. Vertikale Auflandungsraten auf &stuarinen Marschflachen sind
eine komplexe Funktion von verschiedenen interagierender Einflussfaktoren, die zusatzlich
noch eine hohe raumliche und zeitliche Variabilitat aufweisen. Als wichtige, die
Sedimentablagerung beeinflussende Faktoren wurden die Uberflutungshiafigkeit,

und -hdhe, die Entfernung zur Sedimentquelle (Marschkante und/oder Priel), die im
Uberflutungwasser suspendierten hBebstoffe, der Pflanzenbewuclsewie die
jahreszeitlichen Unterschiedaliesen Faktoredentifiziert. Auflandungsraten setzen sich

aus Sedimentablagerung, Verdichtungen sowie Erosion der mineralischen und organischen
Partikel zummmen. Ebenso spielen eine unterirdische Anreicherung von abgestorbener
Biomasse (z.B. Wurzeln) und Bodensenkungsprozesse eine Rolle. In Zeiten des
Klimawandels und dem damit verbundenen Anstieg des Meeresspiegels sind Kenntnisse
Uber raumliche und zeile Variabilitat der aufgezahlten Einflussfaktoren von
entscheidender Bedeutung, da diese die Sedimentablagerungen und folglich die sich daraus
ableitenden Auflandungsraten beeinflussen.

Das Miindungsgebiet der Elbe svelias fiichenmaRig groRte Astuar an der deutschen

Kiste auf. Im Jahr 2011 erstreckten sich die Tidemarschen zwischen dem Hamburger
Stadtgebiet und der Miindung bei Cuxhaven/Friedrichskoog Spitze Uber insgasadmt 75

Die angrenzenden Watten bedeckterkdB87Naheu alle Tidemarschen im Elstuar

sind seit Jahrzehnten MalBhahmen  wie Deichbau, Vertiefunigsl
Begradigungsmafinahmen des Flusses und diversen Strombaumaflinahmen ausgesetzt. Dies:
MalRnahmen beeinflussen die raumliche Sedimentationsdynamik, was erdederung
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Zusammenfassung

der Sedimentablagerung und den damit zusammenhangenden Vegetationsmustern fuhrt.
Diese Veranderungsprozesse sind fur dasABtbar bisher nur sehr unzureichend
dokumentiert.

Die Zielsetzung der vorliegenden Doktorarbeit lag zum einen in cell@g der
Marschentwicklung zwischen 1980 und 2010 und in der Identifizierung der
zugrundeliegenden Einflussfaktoren, die fir digrgssivesowie regressive Sukzessionen

der Marschen verantwortlich waren. Ebenso wurden raumlich hochaufgeltste Kurzzei
Untersuchungen zur Sedimentablagerung in jeweils en@r&aiaind Suliwassermarsch
durchgefuhrt, um die fir Sedimentablagerung wichtigsten Einflussfaktoren zu ermitteln und
aus den berechneten Auflandungsraten eine Abschéatzung zur Widerstaitdsighigk
Marschen im Hinblick auf die MeeresspiegelarBtagsosen geben zu konnéfeiterhin

wurde € n Vergleich der Effektivitat (aF2ngi
Sedimentfallentypen in einem Stromungskanal durchgefiirtdurdy sollte die
Interpretation von Ergebnisse anderer Kurthaiérsuchungen erleichtert werden.

Kapitel 1 enthalt eine allgemeine Einfihrung zu Tidemarschen. Es werden Gefahrdungen
durch den Meeresspiegelanstieg, Auswirkungen durch menschliche Eingriffe und die
verschidenen Sedimentationsprozesse und zugrundeliegenden Faktoren aufgezeigt und
beschrieben. Am Ende folgen die Zielsetzungen der Doktorarbeit und der Beitrag des
Autors zu den jeweiligen Kapiteln wird dargestellt.

In Kapitel 2 sind die Veranderungen und Bewggtichtungen der Sukzession in den
Tidemarschen der Elbe im Zeitraum von 1980 bis 2010 sowie wichtige Einflussgréf3en
dargestellt und bewertet. Als ersten Arbeitsschritt wurden die im Gezeitenbereich liegenden
Lebensrdume in drei HOReond drei Salinitédenen unterteilt. Danach folgten ein
Vergleich der Vegetationskartierungen von 1980 und 2010, eine Berechnung der
FlachengroRen und eine Darstellung der stattgefundenen Veranderungen zwischen den
einzelnen Vegetationszonen. Um die Richtung der zeitlieh@emd®ung zu analysieren,

wurde eine Unterteilungp progressivieund regressivé&ukzession durchgefiihrt. Durch die
Benutzung von RegressionsbaMimd el | en (aConditi onal | nf er en
wichtigsten hydrmorphologischen Einflussfaktoren timesit werden, die fur die
progressiveind regressive Sukzession der Unteren Marsch verantwortlich waren. Insgesamt
wurde zwischen 1980 und 2010 eine VergroRerung derideberschen in Hohe von

2% (150ha) festgestellt. Allerdings verteilten sich dié@nderungen ungleichméalRig
zwischen den einzelnen Salinitatszonen. Wahrend in dam&abrackwassermarschen

eine umfangreiche VergroRerung festgestellt wurde, nahm die Ausdehnung der
SuRwassermarschen deutlich ab. In allen Salinitdtszonen kam esAhnatnee der

Unteren Marschen. Zusatzlich wurde eine sehr hohe Persistenz de(8aagés) und

der Oberen Marsch @%7%) festgestellt, wahrend nurd28% der 1980er Unteren
Marschen im Jahr 2010 noch als die selbigen klassifiziem. vinrden Sa- und
Brackwassermarschen wurden mehr als zwei Drittel der 1980er Unteren Marschen im Jahr
2010 als Obere Marschen kategorisiert. Im Suf3wasserbereich zeigten nur ein Drittel der
1980er Unteren Marschen diese progressive Entwickl®aghiddegen untegan einer
regressiven Sukzession in Watten. In den @adz Brackwassermarschen wurde der
Abstand zur Fahrrinne als wichtigster sukzessionsbeeinflussender Faktor ermittelt. Naher an
der Fahrrinne liegende Flachen unterlagen einem hdheren Risiko eassivaegr
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Zusammenfassung

Sukzession als weiter entfernte Flachen. Im Sifwasserbereich wurden die Uferlage
(Prallhang, Gleithang, gerade FlieRstrecke) und die Entfernung zur Fahrrinne als wichtigste
Faktoen fur die Sukzessionsrichtung ermittelt. In dieser SalinitatsZoluygererdie
umfangreichen Ausbaumalnahmen der Elbe, die zu einem starken Abfall des
Tideniedrigwassers und Anstieg des Tidehochwassers zwischen 1980 und 2010 gefihrt
habenEs ist davon auszugehen, dass diese Eingriffe die Verteilung der Marschen negativ
beeinflusst und durcrof3flachiggZzunahme der regressiven Sukzession deremtit@ua
reduziert habenDie Ergebnisse inKapitel 2 liefern wertvolle Erkenntnisse Uber
Wirkungspfade, welche die Sukzession in Marschen beeinflussen. Die gewonnenen
Erkenntniss&bnnen dazu verwendet werden, zukinftige, problematische Entwicklungen in
astuarinen Marschen zu erkennen.

Kapitel 3 beschreibt die Ergebnisse einer einjahrigen SedimentmKssopggne im
ElbeAstuar, die in jeweils einer Saéiner Brackund SuRwassermarsch durchgefiihrt
wurde. In dieser Untersuchung wurden raumliche und zeitliche Variationen von kurzzeitigen
Sedirentablagerungsraten und die mdglichen  Einflussfaktoren entlang des
Salinitatsgradienten bestimmt. Zwischen Marz 2010 und Marz 2011 wurden alle zwei
Wochen die Sedimentablagerung entlang von drei Langsprofilen gemessen, welche die
unterschiedlichen Gelahdden (Untere zu Obere Marsch) sowie die Entfernung zur
Sedimentquelle (Marschkante und/oder Priel) der drei Untersuchungsgebiete ven der Salz
Brack und SuRwassermarsch widerspiegelte Zeitgleich wurden
Wasserstandsschwankungen und Schwebstoffwetibetfiatungswassers wahrend des
gesamten Zeitraums aufgenommen. Eine Untersuchung der Vegetationsbhedeckung erfolgte
im Spatsommer (September 2010) und am Ende des Winters (Februar 2011). Die hochsten
jahrlichen Sedimentablagerungéh7.5+ 4.0kgm?) und die daraus berechneten
Auflandungsraten (20:t34.7mmyear) wurden in der Unteren Brackwassermarsch
ermittelt. Die Unteren SufRwassermarsch und Salzmarsch wiesen eite haw.51%%

niedrigee Sedimentablagerung gegeniber der Unteren BrackwasseradarsbDie

héchsten gemessenen Schwebstoffwerte und langsten Uberflutungen traten im Herbst und
Winter auf. Uberflutungsdauer urtfiufigkeit nahmen von den SiRwaszser den
Salzmarschen ab. Die oberirdische Biomasse der regelméaliig tberflutetendetaitrenab
(0350cm Uber der Gelandeoberflache) unterschied sich nicht zwischen den einzelnen
Marschtypen, jedoch veranderte sich das raumliche Muster zwischen Spatsommer und dem
Ende des Winters. In allen drei Marschtypen nahm die Sedimentablagerung mit
zurehmender Entfernung von der Sedimentquelle ab. Die verwendeten multiplen
Regressionsmodelle konnter®a479% und 71% der Variation der Sedimentablagerungen

in den SUR Brackwassermarschen bzw. Salzmarschen erklaren. Der Schwebstoffgehalt war
immer ar wichtigsteEinflussfaktor Die Ergebnisse unterstreichen die Bedeutung von
raumlichzeitlichen Variationen in den Sedimentablagerungsraten und die Betrachtung von
einzelnen Einflussfaktoren. Die Ergebnisse &apitel 3 zeigen, dass die
Sedimentablagerumge den Unteren Marschen des Elstuars ausreichend hoch zu sein
scheinen, um einen maligen Meeresspiegelanstieg ausgleichen zu kdénnen. Die Oberen
Salzmarschen konnten hingegen durch eine unzureichende Sedimentzufuhr gefahrdet sein
und sich in Untere Mschen entwickeln.



Zusammenfassung

Kapitel 4 zeigt die Ergebnisse einer Stromungskdndie, in der die Effektivitat von
verschiedenen  Sedimentfallgpen  getestet  wurde. Untersuchungen  der
Sedimentablagerung sind eine haufig angewendete Methode, um &astuarine Auflandungsraten
zu bestimmen und dar Stabilitat im Hinblick auf den Meeresspiegelanstieg abschatzen zu
konnen. Fehlende einheitliche Methoden erschweren aber die Vergleichbarkeit
verschiedener Studien. I n der durchgef ¢hrte
von zwei kreisforigen und zwei ebenerdigen Fallentypen, welche haufig in Kurzzeit
Untersuchungen zum Einsatz kommen, bestimmt und miteinander verglichen. Zwei
unterschiedliche Uberfluturg§zenarien (kur37+ 2min und lang, 6% 2min) und zwei
unterschiedliche SchwelfsiSzenarien (gering, ~6fl* und hoch, ~100ngl?) des
Uberflutungswassers wurden simuliert. Zusatzlich wurden die Auswirkungen dieser
EinflussgréRen auf die Sedimentablagerungsraten in Abhangigkeit der Entfernung zur
Sedimentquelle (Einlassoffnungs dStromungskanales) aufgezeichnet. Die héchsten
Sedimentablagerungsraten wurden mit den kreisformigen Fallentypen gemessen, die
zwischen 206 und 45% hoher als die Werte der FulBmatteaw. der Kachel
Sedimentfallen waren. Alle verwendeten Sedimeriiglenm zeigten einen starken Abfall

der Sedimentablagerungen mit zunehmender Entfernung zur Einlass6éffnung des
Stromungskanals. Eine signifikante Wechselwirkung zwischen Fallentyp und Entfernung
konnte nicht festgestellt werden. Die Ergebnisse zeigen, udesschiedliche
Sedimentfalle y p e n sich i n i hrer aF2ngigkeito unt
Unterschiede vom Uberflutun§zenario, Schwebstoffgehalt und Entfernung zur
SedimentquellenabhangigWeitere irsitu Untersuchungesollten durchgehiit werden,

um die Vergleichbarkeit von verschiedenen Sedimesfgllemzu erhéhen.

In Kapitel 5werden die Ergebnisse dieser Doktorarbeit zusammengefasst und diskutiert.

Die Ergebnisse dieser Doktorarbeit zeigen, dass Sedimentablagerungsraten einer
umfangreichen raumliceitlichen Variabilitdt unterliegen. Die Ablagerung von Sediment
unterscheidet sich  stark  zwischen den  Salinitdtszonen. Die  hdchsten
Sedimentablagerungsra sowie die sich daraus ableitende Gebiete mit progressiver
Sukzession, wurden im Bereich des d&stuarinen Tribungsmaximums der
Brackwassermarschen und in Marschen mit vorgelagerten, ausgedehnten Watten gefunden,
die sich in groRer Distanz zur Fahrrinrfarmen. Niedrige Sedimentablagerungsraten und
geringe Abstédnde zur Fahrrinne verursachten einen Rickgang der SuRwassermarschen.
Diese Gebiete sind durch umfangreiche menschliche Eingriffe an der Fahrrinne der Elbe
gepragt, was sich deutlich in einem Tiglesuinstieg in den letzten Jahrzehnten bemerkbar
macht. Insbesondere die Sulwassermarschen sind zusatzlich durch die Folgen des
Klimawandels und den beschleunigten Meeresspiegelanstieg gefahrdet. Hier bedrohen nicht
nur hohere Wasserstande, sondern auclegitibung der Salinitat die Habitatqualitat der
endemischen A@@enanthe coni@bserlingswasserfenchel)
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Chapter 1

1.1 Tidal Marshesod A Short Characterization and Overview

Tidal marshes are vegetated wetland ecosystems dominated by herbaceous plants and occur
along shoresf coastsand estuaries in the temperate zone. They arebofiered by
unvegetatetidal flatsin lower elevations and remtland ecosystems in higher elevations.

An accretion rate sufficient to compensate risinlg\sads crucial for the survival of tidal

mashes (Morris et al. 2002). Tidal inundations, salinity of the flooding water, water
velocities, as well as river bank morphology, and exposition to navigation chaajel are
environmental factors influencimggetation zonation in estuarine margbgs Odum

1988 Baldwin and Mendelssohn 1988tzecket al.2014) Adaptations to these physical

factors in combination with biotic interactions between different species shape the
vegetation zonation along estueerGraceandyr adi en:
Wetzel 1981, Keddy 1989, Pennings and Callaway 1992, Pennings et abriz00%. Al
longitudinal estuarine salinity gradient, tidal freshwater, hracigalt marshes can be
distinguished according to the occurrence of characteaistisggcieEngels and Jensen

2009). A elevational gradieperpendiculato the river axigurther differentiates habitats

into tidal flats in the lowest and twice daily submerged areas, low marshes with pioneer
vegetation and periodic inundation, amgh hmarshes with only sporadic inundations

(Kotter 1961 Raabe 1986).

The global extent of tidal marshes yet to be accurately estim&att marshes in North
America cover approximately 300,000 (kfitsch and Gosselink 2Q0@hich is similar to
thetotal worldwide area of freshwater coastal wetlands and tiéstifisdsedby Wolanski

et al. (2009European salt marshes cover aray300 km? (Dijkema 1987), from which
approximately 2@ are situatedangthe Wadden Sea coast of the Netherldbdamark,

and Germany (Esselink et al. 2009ermany, the area of tidal marshes along the North
Sea coast and the adjacent estuaries is estimat88Q@krbincluding the tidal freshwater
and brackish marshes of the Weser and Elbe Egear@sté&amp et al. 200Esselink et

al. 2009)Here, comparatively large tidal marshdenf@)5are foundilong the shores of the
Elbe Estuary, which is the largest estuary in Germany. The tidal marshes of the Elbe Estuary
serve as main study subject in thsighe

Overall, little attention has been paid to tidal freshwater marshes (defined as tidal marshes
with salinities €.5psu); possibly due to the less frequent occurrence of these habitats
compared to salt marshes. The limitation of areas with freshflatesf a river impedes

the occurrence of tidal freshwater marshes in arid zones. Information regardesj the a
extentof Europeartidal freshwater marshedacking (van den Bergh et al. 2009); although

tidal freshwater marshes support hundredsdangiered species, aedtdire greater fish

and bird populations than salt marshes (Odum 1988).

Nowadays, there is a growappreciatiorior the importance of tidal marshes in delivering
ecosystem services, e.g., storm and flood buffering, erosion oomtieht cycling,

breeding and resting habitats for birds, habitats of endangered and threaten plant and animal
species, filter for pollutants, aquifer recharging, and economical uses such as fisheries,
livestock farming and agriculture (e.g., MitsclGasdelink 2000b, Costanza et al. 1997,
Costanza and Mageau 1999, Kirwan and Megonigal 2013). Estimations of the value of the
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worl dés ecosystem services by Costanza et
estuarine habitats, which are estimatbd per unit area [L$ha' year] the most valuable
ecosystems for nutrient cycles and food produgti@neforea conservationf these areas

should be of major relevance worldwitet, the knowledge necessary for environmental
management concergirestuarine marshes ath factos affectingtheir spatial and
temporakhange is still scarce.

1.2 Accelerated Sed evel Rised Uncertainty of Predictions and
Influences on Tidal Marsh Stability

The ability of tidal marshes to maintain positive surfaceogieetative to sea levelins

part dependent upon sedimédaposition rates and the resulting accretion Patesg the

last approximately 5,0¢€ars, eustatic deael rise occurred slowly, allowing marshes to
accrete at levels sufficient enougpeisist (Warren and Niering 1993). Over the period of
19052010, global mean sea level rose byr).a8d is expected to increase an additional
0.26 to 0.9& by 210 with projected global warming, depending on various interacting
factors such as thermal expansion of sea water, melting of glaciers and pack ice (Church et
al. 2013). Local and regionatiegal changes differ from globallesal changes. Wahl et
al.(2011) reported a current-$eeel rise in the German Bight of al&ét: 0.7mmyear,

based on gauge data from B2008, whereas satellite based linear trends fro620993

showed an annual sea level increase Hf0352nm for this area, which64 % faster than

the highest estimation BfCC (2007) for the same period (Rahmstorf et al. 2012). Future
trends of se&evel rise for the German Bight is expected to be in the rabhg@0f80m

by 2100 (appramately4.48.9mmyear', Gonnert et aR009, which is comparable to the
expected global trend. Overall, curreatlerated séavel rise is threatenitige stability of

coastal wetland@orris et al. 2002, Neubauer and Craft 2806@Jberg et al. 2011).
However, rates of séavel rise andhe response of tidal marshes differ worldwide. In
general, increasing water tables induced dgvekase will change inundation parameters

in tidal marshes, which are expected to adjust toward a new equilibrium (Morris et al. 2002)
if accretion rategre able to compensate-a@| rise.

Tidal marsh vegetation strongly attenuates the hydrodynamics of flow velocity and wave
energy (e.g., Temmerman et al. 2005b, Leonard and Croft 2006, Bouma et al. 2007). Tidal
marsh vegetation also plays an impor@alet in the evolution of intertidal landscapes
(Temmerman et al. 2007) as typical marsh plants act as ecosystem engineering species (Jone
et al. 1997, Bouma et al. 2009). Increases of sed@pesition rates by a positive feedback

loop between tidal meh vegetation, hydrodynamic factors, and sedil@position rates

are reported by several authors (e.g., Nyman et al. 1993, van de Koppel et al. 2005). Many
marshes are characterized by a cyclic sequence of sedimentation andediosah. S
depositionusually occurs on the whole inundated marsh platidrite erosionmainly

appears along thmearsh and/or creek edgas secalled cliff erosiofvan Proosdij et al.
2006a)Allen (2000) andan de Koppel et al. (2008¢ntified &ff erosionasan esserdl

factor for the natural temporallongterm) dynamics of tidal marshédter a period of

marsh succession and expansion, natural disturbances such as storm surgeschifin initiate
erosion(Allen 2000)damaging the vegetati@ausing a higher vulaéility of the marsh
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surface and supporting further erogian de Koppel et al. 2005)creased hydrodynamic

energy due to ship wavasd increasing currents due to charer@ineeringnay alter
hydremorphology, and thus result in erosion of estuarine marshes and the development of

tidal flats. This development from tidal marsh communities to tidal flats can be interpreted

as regressive succession. After some time, new pioneeoregayedstablish on these

tidal flats in front of ma r wah deXoppel étal. dur i ng
2005 van der Wal et al. 200Balke et al2014). The establishment of vegetation then

decreases the hydrodynamic enargyeases sedintedepositionrates (Brueske and

Barrett 1994) slows down further erosion, and initiates new progressive tidal marsh
successignhus closing the cyaé marsh development.

Gradual decreases and/or subsidentdalmarshesremainly reprted from orgnogenic
marshes(e.g, Reed2003, which an be explainedyblow and insufficient sediment
deposition rateshigher compaction rates of organic rich sediments, ang/shallow
subsidence procesg€ahoon et al. 1995, Turner et2806) In contrast minerogenic
marsheshowed lesser rates of mineralization and subsidence (French and Burningham
2003 Nolte et al. 2013b)n these minerogenic marshesly insignificant amounts of
autocompaction were found by Allen (1990) and French (1993). Bartlabld@@t0)

verified these results, showing significant decreases of bulk density with increasing content
of organic carbon.

Many studies have examined sedimentation deposition or accretion rates in salt marshes
(e.g., Morris et al. 2002, Nielsen and &ie2902, Reed 2002, Neumeier and Amos 2006,

van Proosdij et al. 2006a) whereas studies in tidal freshwater marshes and comparisons
between tidal marshes of different salinity zones (Odum 1988, Pasternack and Brush 1998,
Neubauer et al. 200lmmerman et.a2003a2005aare scarcélowever, idal freshwater

wetlands are extremely vulnerable to rising sea level through increasing inundation and salt
water intrusioffNeubauer and Craft 2009). Increases in inundation may lead to a migration
of tidal marshedyut flood protection infrastructures such as dikes often limit extensive
areas and impede landward movemienggldition, increases of salinity play a decisive role

in tidal freshwater marsh stability. Higher salinities and sulfate ipf)sfi@® seavater

may increase decomposition rates, due to a switch from methanogenis to sulfate reduction,
which is the more energy efficient bacterial decomposition process (Capone and Kiene
1988). Additionally, higher salinities will reduce productivity of ntanss, pegatively

affecting organic matter accumulation (Neubauer and Craft 2009), and increase the risk of
submergence.

1.3 Anthropogenic Threatsd Directly and Indirectly Impacts Altered
Tidal Marsh Distribution

In addition to sekevel rise, projectedhigher temperatures, eutrophication, and
contamination of sediments may lead to changes of species composition in tidal marshes.
Most coastal ecosystems arkmited (Bertness and Pennings 2000, Rozema et al. 2000),
but human activities have multiplied &hd Pfluxes into the aans, promoting
eutrophicationn tidal marshe@Mitsch et al. 2001, Howarth et al. 2002). Eutrophication
leads to changes in species composition and dominance (Bertness and Pennings 2000,
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Rozema et al. 2000) which might affecsthieility of tidal wetland systems by modifying
physiological and morphologigmbcesses (Kirwan and Megonigal 2013). Furthermore,
hydrocarbon gas extraction (Dijkema 12@8)jstainablgroundwater abstraction (Harvey

and Odum 1990), and ditching fosidage (Gedan et al. 2009) all increase subsidence rates,
and the building of artificial structures such as dams and reservoirs prevent high amounts of
sediments fromeaching tidal marsh&yyitski et al. 200&irwan and Temmerman 2009).

Due to the hgh economicpressure and high population dengitys unlikely that any
European estuargxsistsin a natural state todg¥onneveld and Barendreg009).
Morphdogical adjustments of the navigation channel by engirzetiniiggshave changed

tidal conditions and altered marsh distribution and quality (Bundesanstalt fur
Gewasserkunde 2013). Disturbances due to increased hydrodynamic energy of ship waves
and increased tidal currents alter hyavgohology and might resultaliff erosion All of

these activities are strongly connected with chiantige levelgCox et al. 2003, Kerner
2007).The ceepening and broadening of estuarine navigation channels led to alterations of
velocity and inundationsn the Elbe Estuary, water uole and flow velocity in
anabranches have been diminished, céhesiegn increase of sediment deposition. In the
longer term, these alterations might reduce shallow water habitats, which are ecologically
important for juenile fishes (Gerkens and TB@#)1),and oxygen enrichment of the water
column(Kerner2007) All of these anthropogenic threaigyht influence the survival of

tidal marshes. Hence, comprehensive knowledge of spatial and temporal sedimentation
deposition patterns and the interconneictiigencing factors is an important requirement

for being able to predict the future of tidal marshes under global climate change.

1.4 Sedimentationd Measuring Surface Elevation Changes and
Identifying Driving Factors

Sediment depositiaathe gravity badesettlemenof inorganic and organic partiaiesing
inundation Sediment deposition itself and the controlling factors shh apatiahnd
temporalariability(e.g. Reed 198%llen 2000Temmerman et al. 200Bartholoma et al.
2009,Nolte et al2013a)T 0 a s s e s s istancetn sadevél dsgit i necessary to
determine accretion, which is the vertical adjustment of the marsh surface in millimeters per
year* (Nolte et al. 2013a). Accretion rates are a balance of sediment deposition, erosion, and
compaction processes (Neubauer et al. 2002) of organic and mineral particles. Additional
processes such as subsuréaceimulation of deddomass (autochthonous seelntation,
BrickerUrso et al. 1989, French 2006¢al shallow subsider{eetocompaction, Cahoon

et al. 1995), as well as latpde glacial isostatic adjustments after the |2gid{dink et
al.2007)lso affect changes of marsh surface elevation

Factors including inundation duration, frequency and (egt€ahoon et al. 1995, Allen

and Duffy 1998, Leonard 199d@istance to the sediment souncaréh edge and/or creek,
Esselink et al. 1998, Temmerman et al. R3B@pendedediment concémation of the
inundation water (Fettweis et al. 1998, Butzeck et al. 20Basomhl variations in water
levels and wind regimggumeier and Amos 2006, van Proosdij et al. 2006a) have all been
found to affect sediment depositidturthermore, abovemind plant biomass plays an
important role, but its importance for sediment deposition cannot yet be generalized. It is
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clear that standing biomass reducegrnbegy in the water colurohflooding water and

causes turbulence (Leonard and Luther 19963, tpenerally increasing sediment
deposition, while decreasing erosion and remobilization of sediments (Christiansen et al.
2000, van Proosdij et al. 2006a). The effect of reducing water velocity can be described as
the complex function of height, denstyd relative stiffness of the vegetation (Boorman et

al. 1998). However, the highest sediment@g¢ipasition rates are often found in low lying
stands of pioneer vegetation, which are gitaktse to the sediment source, and show the
highest inundatien although total biomass might be low (see Butzeck et al. 2014).

Depending on the temporal resolution and spatial scale of the study, a wide variety of
methods exists for the measurement of sediment deposition and accretion rates (Nolte et al.
2013a). Shtterm (tidal to bweekly) methods to study sediment deposition include
ceramic tilese(g., Pasternack and Brush J9@®r mats (e.g., Lamberg and Walling 1987)

or circular sediment traps.d., Temmerman et al. 200Bhese inexpensive and easso
shortterm methods can be used to analyze the affeetwironmentafactoss with high

spatial and temporal variatiom sedimentleposition rateso unravelthe complex
interrelationships that lead to characteristic depgsétterrs in estuarinenarshesLong

term (seasonal &everayeary methods to measure accretion rates inskedienentation
erosionbars (van Wijnen and Bakker 2001, Stock 2@&tker horizonsF¢ench and
Spencer 1993, Bartholdy et al. 208ddirentatiorelevation tableBoumans and Day

1993) rad surfaceelevation tables (Cahoon et al. 2082 joint methodology of marker
horizons andsedimentlevation tables (Cahoon et al. 2000). In contrast tetesinort
methods, often only a low number of samples can be anagzddua, the drivers of

spatial and temporal variation in sediment deposition and/or accretion cannot be unraveled.
A detailed review of sedimel@position and accretion measuring methods for different
temporal and spatial scales was recently compiéletidet al. (2013a).

1.5 Objectives of the Thesis

In times of climate change and-lseal rise, an understanding of patt@rnsediment
deposition rates, their underlying mechanisms, and the consequences for marsh stability
along estuarine gradieistargently needed. The aim of the thesis was to analyze spatial and
temporal variation in sedimentation and vegetation patterns along the whole salinity gradient
of the Elbe Estuary and to determine the underlying environmental faasts. M
sedimentation stliesin tidal marshes have bemried out in salt marsheghereas rdy

few studiesvere conducted in tidal freshwater marshesmpared tidal freshwater and

salt marshesStudies along salinity gradients, comparing sedimentation and vegetation
dynamts in tidal freshwater, brackish and salt marshes are almost completely lacking.
Additionally, there is a lack of knowledge concetmrejfects of multipleand interacting

factors for sedimentation and vegetation dynamics in these tidal. AargeE®sults of

studies on sedimentatidaposition rates might largely depend on the methods which are
used, a comparative study on trap efficiencies of different sediment traps was included in the
thesis.
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The objectives dhe thesis can be summarized as follows:

1) Determining the historical and current distribution of tidal marshes within
the Elbe Estuarclapter?2).

2) Examining the temporahanges of tidal marshes between 1980 and 2010
within the Elbe Estuarglfapter?2).

3) ldentifying factors that influence marsh successiaptér2).
4) Assessing selected anthropogenic impacts on marsh suaiegsien.

5) Quantifying thespatial and tempal variation in sedimedéposition rates
and its predictorsljapter3).

6) Evaluating the relative importance of different predictor factors for
sedimenteposition ratesliapter3).

7) Assessing the stability of tidal marshes within the Elbe Estuary under
projected accelerated sea leve{aigpter 3).

8) Comparing the trapping performance of different sedinagntypes under
controlled experimental conditioosdpter 4).

16 Outl i ne of The Authorodos Contribut.

The thesis consists of five chapters, includgeneral introduction, three manuscripts, and
a synthesis. In the following | provide an overview of cooperation with other scientists and
declare my own contribution to this thesis. My own contribution to the thesis includes:

- Writing the general introdian (chaptef) and synthesis (chapter 5).

- Writing all manuscripts (chap2er 3, 4). Jens Oldeland contributed
substantially to the segbh apt er 0 Model description
trees) 62o0f chapter

- Sampling, sample processing, data prepamtthrdata analysis for all
manuscripts (chapter 3, 4). Uwe Schrdder contributed equally to the data
preparation for chapter 2. Kerstin Hansen determined the bulk density for
chapter 3.

- Preparing maps, figures, and tables for all chapters (2h&8pger

1.7 Reprint permission
Chapter 3based on the paper:

Butzeck C, Eschenbach A, Grongroft A, Hansen K, Nolte S, Jensen K (2014) Sediment
Deposition and Accretion Rates in Tidal Marshes Are Highly Variable Along Estuarine
Salinity adt Flooding Gradients. Estuaries and Coasts. doi:10.1007/812928488.*

* Reprinted with kind permission of Springer Science and Business Media.
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Chapter 2

2.1 Introduction

Estuarine marsheagpically occur along the banks of tidal rivers. Their vegetation and
ecosystem properties are affected by several, partly interrelated factors such as inundation,
salinity, flow velocity, river bank morphology, tidal amplitude andtierRpts the
navigation channel. The construction of dikes for flood protection and the creation of
agricultural land have reduced the area of estuarine marshes in Neuttopesbver the

last centuryMeire et al. 200%an Koningsveld et al. 2008mmerman et al. 20L.During

the last 150 years, channel deepestiragghteningnd otheengineeringctivities have also

altered the distribution and quality of estuarine marshgsti{e Elbe Estuary)
(Bundesanstalt fir Gewasserkunde 2013). Howeladrmiarshes are now considered
importantfor delivering several ecosystem services including storm buffering (Costanza and
Mageau 1999, Kirwan and Megonigal 201®refore, their conservation has become a
strong common interest. Yet, the necessary knowledge for environmental management
concerning estuarine marshes and factors affecting temporal and spatial change is still scarce.

The major factors influencing vegetation zonation in estuarine marshes ramadatain

and salinity (Baldwin and Mendelssohn 1998), which necessitate asjeguifies of the

occurring plant species. Therefore, along the longitudinal estuarineysdieity tidal
freshwater, brackish and salt marshes can be distinguished accordingctorémee of
characteristic plant species (Engels et al. ditiih these marshes, @rvationagradient
perpendicular to the river axis further differentiates habitats intal&laftats in the lowest

and twice dailysubmerged areas, low marsivib pioneer vegetation and periodic
inundation and high marshes with only sporadic inundafidns. zonation along the
elevationagradient can be seen as an outcome of progressive succession during which early
pioneer species establish on bare tidsldita later are replaced by high marsh species as a
consequence of continual sediment deposition and an associated increase in surface
elevation (for salt marshes see, e.g., Olff et al. 1997, Suchrow and Jensen 2010).

Surfaceelevation chamegin estuarinemarshess influenced byarious factors such as
sedimentleposition, aboveand belowground plabtomass production, compaction, and
erosion(BrickerUrso et al. 198%eubauer et al. 20040lte et al. 2013MButzeck et al.

2014. Furthermorerates ofsealevelrise (Wahl et al. 2011) asldstic déreffects of the

last Ice Age (Vink et al. 2007) resulting in deep subsidence, play an important role for the
fate of estuarine marshes. Shatiapatternof sediment depositian estuarinenarshess

affected by inundation characteristecg,(Cahoon and Reed 1995), distance to the marsh
edge and to creelksd.,Temmerman et al. 2003a), suspesddninent concentration (SSC,
e.g.,Fettweis et al. 1998), and by aboveground plant bi@mgdsepnardand Luther

1995). Butzeck et al. 2014 found SSC to be the most important factor for differences in
sedimenteposition rates along estuarine gradients. Veéilmesntdepositionusually

occus on the whole inundated marsh platfoeroson often appears along the marsh
margin as soalledcliff erosion(van Proosdij et al. 2008aliff erosion has been identified

as an essential factor for natural temporal dynamics of tidal r(&lishe2000, van de

Koppel et al. 2005Cyclic sequensef increasing surface elevation and marsh succession
on the one hand, and cliff erosion and marsh destruction on the other hand, are typical for
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many tidal marshes. After a period of marsh succession and expansion, natural disturbances
such as storm suag can initiate erosion at the marsh edge (Allen 2000). If the vegetation is
damaged, the marsh surface becomes more vulnerable to further disturbances (van de
Koppel et al. 2005), enhancing erosion. Anthropogenic disturbances caused by increased
hydrodynenic energy due to ship waves, and/or increasing currents due to channel
adjustments may alter hydnorphology, and thus result in cliff erosion of estuarine
marshes and the development of tidal flats. This development from tidal marsh communities
to tidal flats can be interpreted as regressive succession. After some time, new pioneer
vegetation might establish on these tidal
opportunitydo (v anvandder WHKletpap 20Balke et ala2014Th@ 0 0 5 ,
establishment of vegetation then decreases the hydrodynamic energy, increases sediment
deposition (Brueske and Barrett 1994) slows down further erosion, initiating new
progressive tidal marsh succession and closing the cycle.

Progressive and reg®e successions are natural processes in floodplains of rivers.
Changes in river morphology and tidal amplitude can induce succession; however, changes
in flow, sediment and other interacting factors cause instabilities of river shorelines (Rosgen
1994) Hydro-morphologidactors such adistance tdéhe sedimentation source (Esselink et

al. 1998)nundation (duration, height, and frequelnegnard 1997, Allen and Duffy 1998)

and SSC (Fettweis et al. 1998, Butzeck et al. 2014) are highly variai@ennestshes
Anthropogenic impacsuch achannelengineering activities alter marsh distribution and
quality (Bundesanstalt fur Gewasserkunde 2013) empdhoiogy adjustments of the
navigation channel are strongly connected with chantygal levelCox et al. 2003,

Kerner 2007)Deepening and broadening of channels alters hydrodytatocgy and
inundatior, leading to a concentration of the available water valuthe navigation
channel.Additionally, w&ter volume and flow velocity amabrachesare diminished,

causing an increase sddimentdeposition(Kerner 2007) The consequences of these
changegreincreasgin progressive succession aodsibly amxpansion ofidal marshes

In the longer term, these alterationght reduce shallow water habitatd)ich are
ecologically important for juvenile fisi&erkens and Thiel 200And for oxygen
enrichment of the water colurgierner 2007)

Marsh succession has baealyzedn previous studies, but these studies only used single
marshes for their analysis (e.g., Temmerman et al. 2003b) or considered only one salinity
zone (e.g., Field and Philipp 2000). Higinbotham et al. (2004) investigated changes along a
16km stretch fro tidal freshwater to salt marshes, but did not differentiate between
habitats along thelevationafradient (bargdal flatslow marshesigh marshesereafter

referred to as elevational zon€&s)our knowledgeao study has been carried thuts fa,

analyzing dial marsisuccession of elevational zones during several ddoagdbte whole
estuarine salinity gradiefihcluding salf brackish, andtidal freshwatermarshes
Additionally, there is a lack of knowledge concethengffects ofmultiple explanatory

factos and their interaction®leesters et al. 2007) pethways of successionestuarine

habitats

In this study, we aim to identify factors affecting marsh suceessitinbrackish, and tidal
freshwater marshe3herefore, we exameid temporal changes of tidal flats into low
marshes and of low marshes into high marshes (hereafter referred to as progressive
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succession), as well as changes of high marshes or low marshes into tidal flats (herafter
referred to as regressive succesdianmg the las80 years (188/82 to 201@11) using
vegetatiormaps and aerial photograpie applied¢onditional inference trets identify

the most importanfactors for low marshsuccession. Additionally, we quantitiesl

changes in totakeaof tidal marshesf the Elbe Estary.

2.2 Methods

2.2.1 Study Area

The study was carried outla largest German estuate ElbeEstuary(53° 40N, 9° 31’

E, Fig. 2.}, between streakm 635 to 732. The Elbe Estuaycharacterized by a semi
diurnal and mesdo macrotidal regime (Davies 1964dalTrange increased from 1.8 to
3.6m at the gauge of Hambt®ty Pauli during the last century (Bergemann 2006, Kerner
2007),possibly as a result of several anthropogenic changes of the estuarine morphology,
includirg channel deepenjrigoadeningand straightening (s@ebeitsgemeinschatft fur die
Reinhaltung der Elbe 200239km? of tidal marsh area were lost due to several
embankmentBom 1896/1905 to 1981/1982 between the city of Hamburg and Cuxhaven
(Arbeitsgeneinschatft fur die Reinhaltung der Elbe 1984). Variabifligshwater discharge
(average discharge itite North Sea is 866°s*, Bergemann 20péncause fluctuations

of the upper limit of the brackish water zone in a rangekof 8ergemann 2004he

tide at Hamburg St. Pauli showgranounced tidal asymmetrjth a flood period of
approximately Boursand an ebb period of approximatelydre20 min(Bundesamt fir
Seeschifffahrt und Hydrographie 2011) leading to much fastkrtfan ebb current
(Dronkers 1986

2.2.2 Study Stes

Based orPlanungsgruppe Okologie + Umwelt Nord (POUN) (1997), stirgdished

three differenmarsh types along the salinity gradtefdl freshwater (limnpis 0.5 psu),

brackish (oligohalin®.%5 psu), and salt marshes (memad polyhalinesd30 psu).n

addition, each margype was divided intbree different elevational zonetal flats (TF),

low marshes (LM), and high marshes (HM). Marsh types and elevational zones were
classified based on vegetation communities, rather than topography, by using existing
vegetatioomapsand aerial images of two time steps (1978/288D/201). We defined

TF as nonvegetated intertidal habitat#th a lower border dhe mean low waterliiByer

et al. 2000And an upper border of adjacent tidal mar3ida flats are submerged twice a
day,have an upper border around the mean high viaerahd ardollowed by dw

marshes with pioneer vegetatiid and high marshasth only sporadic inundatiowsere
aggregated together as high marshes in this Mealy.high water, mean low water and

tidal amplitude for 1980 and 2010 were calctitatadidal values from the period of 1971

to 1980 (hereafter referred to as 1980), and from the period of 2001 to 2010 (hereafter
referred to as 2010). Tidal values are recorded and published by the Waterways and Shipping
Office of HamburgHttp://www.portaktideelbe.de
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marsh) and the navigation channel stiearposition for the period of 2010, respectively.
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Salt marshes were located between skmmai®5 and km 73Fif. 2.t). At the southern
bank of the estuary, very few or no TF occurred in front of the salt marshes in 2010,
whereas TF covered extensive areas in front of the salt marshes along the northern bank.

Mean high and low water values increased proportionalseslétel rise during 1980 to
2010(Fig. 2.3). Salicornia europagpSpartina anglarad Puccinellia maritainaracterized
theLM. TheHM wasmainlydominated b¥lymus atheriandFestuca rubra

Brackish marshes were found between skea6v6and 704-ig. 2.1). Here, mean high

water level increases between 1980 and 2010 were slightly higher than those found in salt
marshes. Mean low water level increased, but not as much as in salfgatigsdnd

stayed almost the same at the upstiearder of this zone in the investigation period.
Vegetation of LM was mostly dominatedSayrpus maritimwgjle in HM patches of
Phragmites austead@dElymus atherimese intermingled.

Tidal freshwater marshes occurred between ke85 an®76 Fig. 2.8). Here, mean
high water increaseslice as much as in salt marsimebnean low wateaf 2010 fell below

the mean values of 198&0y. 2.2). Scirpus maritm8sjrpus tabernaemoatahilypha
angustifoldominated the LM. Vegetation of HMas dominated bihragmitasistralis
Lythrum salicarand/or Urtica dioicavhile in highest elevations shrubs and remnants of
floodplain forest were found. Islands were a special feature in this salinity zone.

2.2.3 Data Processingd Preparing VegetationMaps

Digital vegetation maps were processadeographicahformation system (ESRI ArcGIS

10.1). Theextent and distsution of tidal marshes between Elbe Ruwe635 and 732 in

1980 was compared to that in 20Mo small areas of dilkkelocations (&hnofersand,

105ha, finished in 2008)ere not includedifferent standards in m@ipg accuracy and
mapping keys between ##80 (reference scale 1:50,000) and the 2010 mappiegds

during processing 1:2,000) made luataonizing and generalgessential. For 2010, we

used serrautomatic classifiecegetatiormaps for the salt, brackish and tidal freshwater
marshes (sekable 2.1REF1, REF2) which werdased on high resolutionultispectral
(colorinfrared) aerial images gderal Waterwsyand Shipping Agency Hamb(/gSA
Hamburg) with ground sample dance between 0.15 and Gv25Maps for the southern

shore between stredam 710 and 725 were also created on the basis of aerial images from
Federal Waterways and Shipping Agency HardgaefGable 2.1REF3). For 1980, the
analog map of the vegetation of the tidal freshwater and brackish mar3radde(seg

REF4) was based on vegetation surveys from 1980/1981 by Schoen (1983). We digitized
and improved the map by comparing and taajuserial images of the same pe(smt

Table 2.1REFY5). Salt marshes of 1980 welrgitizedfrom aerial images (s€able 2.1:
REF6).

Vegetation was classified according to the three differentiated elevational zones. We defined
a minimum patch sizd# 0.0lha and attachednsll isolated vegetation patchekw this

size to adjacentegetation patches (hereafter referred to as polygioes) landscape
structuressuch aglrainageditchesor fascinewisible in the 2010 mappingsre merged

with agacent areadbecause these structures were not mapped in 1980. Areas of water, or
obviously heavily impacted by human interferences (e.g., dikes, enrockments, harbor areas,
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strongly influenced parts of islands by depositing dredged matetiddast e period
were excluded from analyses. Tidal marshes grazed by livestock and/or mown for
agricultural purpose were included in this study.

After classifying elevational zones, maps from 1980 and 2010 were intersected and clipped
into a new map, to analysaeccessional pathways of low marsh between 1980 and 2010 for
SM, BM and TFM, respectively.

(i) Progressive succession (TF to LM, LM to HM)
(i) Regressive succession (HM to LM, LM to TF)
(ii) Persistence (no change of elevational zone)
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Fig. 2.2 (a) Mean high (MHW) and low water (MLW), @lddmean tidal amplitude per strelam for 1980 and 2010,
respectively. Values for 1980 consist of mean tidal values from 1971 to 1980. Values for 2010 consist of mean tidal values
from 2001 to 2010.
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Table 2.1 Mappings and aerial images used in the study for the periods 1980 and 2010.

Years Type Salinity Zone Author/ Authority Abbreviation
2010
201602011 mapping brackish, fresh NatureConsult/ German Federal Institute of REFR1
Hydrology (BfG)
20102013 mapping salt Leguan/ National Park Schlesiiglstein REFR-2
Wadden Sea

2010 aerial images salt (southern shore) Federal Waterways and Shipping Office Hamk REF-3
(WSA Hamburg)

1980

19801981 mapping brackish, fresh G. Schoen (1983)/ Waterways and Shipping REF4
Administration (WSV)

19781979 aerial images brackish, fresh Northern Region Office of the Federal Waterw REFR5
and Shipping Agency (GDWS ASt Nord)

19761981 aerial images salt Schleswigd o | s GevermrEsOwned REF6

Company for Coastal Protection, National Parl
and Ocean Protection (LKNEH

2.2.4 Randomized Point Distribution and Determining Morpho-Hydrologic
Factors

Effects of environmental conditions on successional patbivngs differentelevational
zoneswere quantifieavith a randomized point distribution in GFa'st, v excludedll
polygonswith no changes between bgtériods from further analysis. Afterwards, we
generated 6,000 points in residual polygons of which 2,000 weneeplositeach salinity
zone. Within each salinity zone, 1,000 points were positioned in prodgtesSiyea(d
regressiveRegSyaoolygons, respectively. In addition, anabranches werenithindhe
tidal freshwater zondue to the existence of islan To detect possible divergent
successional pathways for anabranches occurring within the tidal freshwduertacthe
existence of islands, we added 500 randomized poRteSoendRegSyagespectively at
anabranche3he minimundistancéetveenall neighboringoints was 10 m toninimize
spatial autmorrelation

Thereafter, five environmenfattos were calculated for each of the 7,000 randomized
points (1) Distance to the axis of the navigation char@iehn(elwas calculated
automaticlly with the GIS. To define (2) the river shore situaloor we created cross

section areas perpendicular to the axis of the navigation channel eweryTH®O0
comparison of the opposite areas along the axis allowed us to classify the shore situatio
into outside, inside, or straight bank. Smaller areas (angles) indicate inside bank situation,
bigger areas indicate outside bank situation, and equal areas indicated straight bank situation.

Tidal mean low water (MLW) and mean high water (MHW) levels pkildfiteter were
calculated wittNFORM 3 (Giebel et al. 20119r the period 19#1980and 20032010

by using data from 18 gauges from both bank sides and from the weir in Geesthacht down
to the mouth of the estuary. MLW and MHW of both periods were used to calculate (3) the
difference of mean low water lef@inlvy and (4) the difference of mean high water level
(Dmhwy respectively. In addition, changes in bathymetry of the tidal flats were indicated by
(5) shift of nearest distancetthie MLW-line (Dmliw_lind)etween 1980 and 20Fig( 2.3.
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To achieve this, thelLW-line for 2010 was derived from the digital elevatiodel of

2010. For 1980, the minimum distance to the edge between tidal flats and permanent water
body, which is synongmswith the MLWIline, were extracted from the vegetation map of
Schoen (1983Statistics of these environmental factors are sumdharizable 22 In a

final step, all pointwere intersected with tipelygons of the vegetation map to add the
information of all factors to the point dataset.

We checked for correlation of the environmental factors and exDiondtedor tidal

freshwate marshes and anabranch@8mlwx Dmhw, R2?=0.84 and R2 0.67,
respectively). No correlations between Dmlw and Dmhw were found for brackish and salt
marshes (R2 0.30 and R2 0.06, respectivelyyherefore, analysis for tidal freshwater
marshes (at theavigation channel) included four environmental factors, while all five
environmental factors were used for brackish and salt marshes. We also excluded the factor
Channébr the anabranch analysis of tidal freshwater marshes.

Table 2.2 (a) Description of the environmental factors used in the study and the differentiated directions of succession.

Name Description Type

Factors

Channel Distance to navigation channel [m] Continuous
. Shift ofthe shortest distance to the mean low tidal water (W&\etween 1980 and  Continuous

Dmiw_line 2010 MLW-linezo10- MLW-linexggo[m]

Dmliw Difference of mean low water level between 1980 and 2010, Dmlyg:dW1L\W/1080[M] Continuous

Dmhw Difference of meahigh water level between 1980 and 2010, Dmhw:bdM¥HW19s0[m] Continuous

Shore River shore situation: Inside bank, Outside bank, Straight bank Categorical

Direction of succes
ProSucc Progressive Succession Categorical

RegSucc RegressivBuccession Categorical

Table 22 (b) Statistics of continuous environmental fa¢@nannel, Dmlw_line, Dmiw, imé@hore)sed in the
conditional inference tree models (CTRER)ded into the salinity zones (salt marsh, brackish manshidal
freshwater marshes) and anabranches.

Factors and marsh zones Mean Std.dev Min Max

Salt marshes

Channel [m] 8,910 5,793 803 16,060
Dmiw_line [m] -102 903  -1,362 2,460
Dmlw [m] 0.08 0.01 0.06 0.10
Dmhw [m] 0.09 0.01 0.06 0.12
Brackish marshes

Channel [m] 2,052 1,112 546 4,938
Dmlw_line [m] 276 434 -230 2,425
Dmlw [m] 0.07 0.01 0.03 0.08
Dmhw [m] 0.12 0.003 0.12 0.13
Tidal freshwater marshes

Channel [m] 1,179 433 439 2,716
Dmliw_line [m] -2 163 -580 550
Dmlw [m] -0.04 0.08 -0.25 0.04
Anabranch

Dmiw_line [m] 22 66 -206 326
Dmlw [m] -0.03 0.07 -0.23 0.04
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2.2.5 Model Description (Conditional Inference Trees)

In order to identify the most influentfattor for separating the two classes, progressive
successiorPfoSucand regressive successRagSycwe applied regression tree models.

The most common implementation of the Classification and RegiesssrCART)
framework introduced by Breiman (1984) is a recursive binary partitioning algorithm that
can be used as a timesed classifier. Tree based models consist of nettedstatements

and partition the data into smaller subsets which ar@agiioned by the most influential

factor. The advantages of single-lhaesed classifiers are their simplicity and their ease of
interpretation. However, the classical CART model is known to suffer from several
statistical problems; overfitting andlacs®n bias due to exhaustive multiple comparisons
throughout the tree structure (Kuhn and Johnson 2013). Hence, we applied conditional
inference tree (CTREE) models as suggested by Hothorn et al. (2006). CTREE is an
unbiased recursive partitioning-mealel that relies on penalizing the multiple comparisons
based on statistical hypothesis testg-values (Kuhn and Johnson 2013). For technical
details see Hothorn et al. (2008 analyzed the four differesuldlatasetsi.e. salt,

brackish andtidd freshwater marsheas well ashe anabranchesf tidal freshwater
marshesvith separate CTREE moddlike algorithm is implemented in tteeunction of

the party package (Hothorn et al. 2006) available for the R statistical software environment
v.30.2 (R Core Team 2014). For each dataset, we split the dataset into training and test
dataset with a 7:3 proportion. For the salt, brackish, and freshwater marshes we used the
following settingsnincriterion= 0.95, minspli 70, minbucket 35, maxdepthk 5, while

for the TFM anabranch data we applied a slightly different setting, due to half as many
points (i.e. mincriterion= 0.95, minsplit 35, minbucket 18, maxdepth 5). Both

models used the Bonferroni correction for penalizing the multiplerisompat the splits.

The resulting best single tree models were plotted and the tree split structure was interpreted
visually.

For validation purposes, we predicted the best model on the test datasets. For the resulting
classification tree models we pred a confusion matrix which displays the number of
correct/false classifications. Based on the confusion matrix, we calculated several measures
for the classification accuracy, namely Overall Accuracy (OA), Sensitivity, Specificity,
Cohens Kappa, and tAeea under the Curve (AUC). In brief, OA reports the total number

of correctly classified cases; Sensitivity and Specificity measures in percentage how many
correct and false responses were classified (see Kuhn and Johnson 2013idpthan in
descriptionof these values). Cohens Kappa reports a weighted classification benchmark
based on the number of observations and number correct/false classifications. Kappa
ranges froml to 1 with values above O being rated as slight, above 0.2 as fair, above 0.4 as
moder at e, above 0.6 as substanti al (6goodo) ,
perfect (Landis and Koch 1977, Viera and Garrett 2005). The AUC weights the specificity
and sensitivity of the classification and reports a value between 0 andet;rhodeds

with values below 0.5 are worse than a random model.
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Fig. 2.3 lllustration of bathymetry changes of the tidal flats by the environmental factor change of the distance to the mean
low water linedimlw_lineMLW-line represents the streamward border between tidal flats and the permanent water body.
Negative values represent a decrease in distance to tHm& béfween 1980 and 2010. Positive values represent an
increase in the distance to Mlivé¢ between 1980 and 2010.

2.3 Results

2.3.1 Proportional Change and Persistence dflarsh Zones

In 2010, about 7,500 hdidal marshes occurrduetween the downstream border of
Hamburg g¢trearrkm 635 and themouth of the ElbeéEstuary, which was an increase of
2% compared to 1980. 1% of these tidal marshegreclassified desw marshTidal flats
extended to around 18,0® and were mostly bordered landward by low marshes.
Analyzing the salinity zones showed a decrease of tidal freshwater mahesthyn 5
30years, whereas, salt and brackish marshes increased by%8, aespé&ctively. With
exception of the tidal freshwater marshes, the high marshes increased byo4 to 22
However, low marshesalease between 4 and 3@ in allthree salinity zongBig. 2.1
Table2.3).

Overall, low marshes showed the highest percentage of change with onl9616f tto38®

unchanged (persisted) in 2010. In salt and brackish marsies,688 expanded into

high marshes (progressive succession), respectively. Tidal freshwater marshes showed a
contrasting succession.%44f 1980 low marshes showed a regressive succession into tidal
flats in 2010, whereas only28leveloped into higharshesKig. 2.4). Persistence of tidal

flats (82 to 990, Fig 2.4) and high marshes (95 t&®Fig 2.4) were considerabiygher

in comparison with low marshes.

Table 2.3 Distribution and marsh surfacealha]of elevational zones (tidal flats, low marsh, high marsh) of salt, brackish
and tidal freshwater marshes in 1980 and 2010 and chgpgesiihin these 30 years at the Elbe Estuary (between
strearrkm 6353 732), * Tidal flats extent of 1980,eesplly for the northern shore salt marshes, might slightly differ from
reality through coarse nautical chart map resolution and missiigegial images.

Sum Tidal Marshes (Low «

Tidal Flat Low Marsh High Marsh High Marsh)
Change Change Change Change
1980* 2010 [%]* 1980 2010 [%] 1980 2010 [%] 1980 2010 [%]

Salt
marshes 15,365 14,001 -9 745 522 -30 2,059 2,504 22 2,804 3,026 8
Brackish
marshes 2,081 2,202 6 249 238 -4 1,583 1,649 4 1,832 1,887 3
Tidal
freshwatel
marshes 2,018 2,068 2 262 234 -11 2,433 2,334 -4 2,695 2,568 -5
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a Tidal flats b Low marshes c High marshes
100 Ry 198[1 % 100 190 1960 Direction of succession
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Fig. 2.4 Persistence and temporal changda)aidal flats,(b) low, and(c) high marshes from salt, brackish and tidal

freshwater marshes, in the Elbe Estuary between 1980 and 2010. Successional changes for different elevational zones are
represented by different colors of patterning. Blaiched: Succession towards low médeskgreyhatched: succession

towards high marshes, ligineyhatches: succession towards tidal flats (colors basSigd20D).

2.3.2 Hydro- Morphologic Factors I nfluencing the Direction of Succession

Using our model factors, we found a kappa of 0.74 showing a substantial agreement, and
correctly classifying 8# (accuracy valge0.870,Table 2.3 of succession in low salt
marshes of the test data. In brackish marshes, the value for kappa wasndiéataddc
substantial agreement (accuracy walu@08,Table 2.1 Tidal freshwater marshes and
anabranches showed a moderate level of agreement of 0.54 (accuraéy7vauand

0.47 (accuracy vakd.733Table 2.5 respectively.

The classifation tree of the low marsh succession for salt méwathsis terminal nodes,

with half of the terminal nodes classified as regressive succession and half as progressive
successior(g 2.32). The best tree for brackish marstadstwo terminal nodes \wibne

classified as regressive succession and the other as progressive gtigc2dBjoTlie

best tree for tidal freshwater marshes classified four terminal nodes as regressive succession
and six as progressive succeskign2(%). Finally, the beste for anabranches classified

one terminal node for regressive and progressive succession, in each case.

The CTREE model for salt marshieg (2.5ashowed that in areas up to 6,725 m from the
navigation channel, regressive succession dominateds whareas with longer distances,
progressive succession occurred. Differences in MHW were determined as second split
factor on the leftRig 2.5anode 2) and righFig 2.5anode 7) branch. Differences within

left and right branching were found in noflesd 8 Kig 2.58 where the change of the
distance to the MLWhe appeared to influence progressive and regressive succession.
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The CTREEmodeldevelopedor brackish marshdbig. 2.5b) identified the distance to
navigation channel as the most important explanatory factor. Areas less than or equal to
1,575 m were mainly associated with regressive succession. Regressive succession alsc
occurred inareas of distance greater than 1,575 m from the main channel with less
pronounced change® 0.05 cm) of the MLWF{g. 2.5b, node 4), whereas MLW ches

greater than 0.@%n promoted progressive succes$t@n.Sb, node 5).

In contrast to the salt and brackish marsh CTREE models, river slatiensivas the

main explanatory factors for tidal freshwater marsh succession. Areas situated along inside
banks and with MLW changes less than or equ@l0® mshowedregressive succession
(Fig.2.5c, node 16), whereas at MLW changes greate® ibam, the distance to the main
channel Kig. 25¢, node 17), affected regressW@47m) and progressive succession

(> 747m). Regressive succession predominantly occurred in areas situated on outside and
straight banks with changes of distance to Ath&\between 59 and 81 Fig( 2.5c, node

11). In contrast, MLWhe changes greater than 81 m are associated with progressive
successiorf{g.2.5c, node 13, and 14). In areas shatvchanges of the ML\lhe of less

than or equal to 59 (Rig.2.5c, node 4), the model identified a distance of thh2@4main

channel as shgpp to divide into the direction of succession. Overall, more regressive
succession occurred in areas closer to main chagrieb¢, node 5), than in areas further

away [Fig.2.5c, node 8).

Table 2.4 Comparison of model characteristied model accuraof theconditional inference tree modg€d REE) for

predicting the direction of succession as progréBso®ucar regressivdlReégSydor lowmarshes at the Elbe Estuary

between 1980 and 2010. In each case, the training dataset included 1,400 points and 600 points for the test dataset for each
salinity zone. The anabranch dataset included 700 and 300 points for the learning (trainingdlaladiga¥tdataset,

respectively.

Salt Brackish  Tidal freshwate

CTREE model marshes  marshes marshes anabranche

No. of included factors 5 5 4 3

2 Sensitivity 0.831 0.849 0.84 0.659

(T Specificity 0.939 0.798 0.768 0.966

_E’ Overall Accuracy 0.877 0.821 0.799 0.737

;‘_EB Kappa Value 0.754 0.643 0.599 0.474

Area under the curve (AUC) 0.887 0.821 0.799 0.737

5 Sensitivity 0.832 0.854 0.817 0.659

é Specificity 0.917 0.73 0.738 0.938

; Overall Accuracy 0.87 0.808 0.772 0.733
()

= Kappa Value 0.74 0.617 0.543 0.467

Area under the curve (AUC) 0.87 0.808 0.772 0.733
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Fig. 2.5 Conditional inference tree models for progressive and regressive succession of the |of@)realtsimémshes,

(b) brackish marshem five environmental explanatory factors. Each ofwthenodels was plotted from the training

dataset containing 1,4€kses. The explanatory factors and the points, at which the wsplit made, are written as labels

on the branches of the trees. Internal nodes are represented by circles. Rectangles on the bottom of the figure represent the
terminal nodes of the treehd number of cases classified in the terminal node and the percentage of the predicted
direction of succession are represented in the terminal nodes. Node numbers (identifier) of internal or terminal nodes are
shown above the circles and rectangles, tigshe@bbreviations used for factors are definédhle 22
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Chapter 2

2.4 Discussion

Total area of salt and brackish marshes increased, whereas tidal freshwater marshes of the
Elbe Estuary decreased betw&B880 and 2010. Low marshes decreased notably in all
salinity zones.Hangesdn the total area of high marshes differed between salinity zones. For
example, high marshes increased substantially in areas within the salt and brackish zone,
while, the high msahn area within the tidal freshwater zone decreased. In salt and brackish
marshes, substantial amounts of low marshes developed into high marshes, whereas tidal
freshwater low marshes were subjected to a regressive succession into tidal flats. CTREE
analyse showed the major importance of distance to navigation channel for marsh
succession in salt and brackish marshes. Here, the closer the distance to the navigation
channel, the higher the risk for regressive succession. In tidal freshwater marshes, river ba
situation was identified as major factor for low marsh succession. However, tidal freshwater
marshes of the Elbe Estuary were notably affectthhpekngineering activities, causing

a strong decrease of mean low water, which might have negatlifedg the distribution

and quality of marshes.

2.4.1 Changes in Tidal Marshesd Differences Between Elevational and Salinity
Zones

Comparable changes in tidal maralegsobservedor the Dutch and German part of the
Wadden Sea, where tidal marshes incriessesh by 5 %etween tw periods (1995/2001

and 20022007, Bakker et al. 1993, Esselink et al. 2009) Also, salt marshes in Wales
increased around 93 between 1989 and 2006/20Environment Agency 20d11in

contrast, at the North American Delaware gstoarsh extent remained constant between
1977A978 and 1997/N8, but a considerable replacement of high marsh by low marsh
vegetation was found (Field and Philipp 2000). In the contextlefede@sed.g, Reed

2002), tpdual decreases and/or subside of marshes werenainly reported from
organogenic marshes. In these marshes, regressive succession can be explained by low and
insufficient sedimefteposition rates and by shallow subsidence processes (Cahoon et al.
1995) which contrasts minerogeniecsines (French and Burningham 2003, Nolte et al.,
2013b).

Our approach of analyzing lasgale changes of elevational zones allows us to derive
conclusions about sedimelgfposition rates in relation to-t&eel rise. We can assume that
regressive suceem indicatesinsufficient deposition rates (Cahoon and Reed, 1&95)

local processes of edge erogidiien 2000, van Proosdij et al. 200bBaposition rates

higher than sdavel rise promote progressive succession (Allen T8&®fore, the total

increase of the marsh areas of the Elbe Estuary can probably be explained by deposition
rates that overall exceed-ls¥al rise. Opposirdjrectionsof succession itdal freshwater
marshesascompared to brackish and salt marsheghthowever alsbe explained by the

intensity of direct or indict anthropogenic impacts such as morphological adjustments of
the main channel and anabranches.
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2.4.2 Environmental Factors I nfluencing Succession of Tidal Low Marshes

CTREE analysishowed the major importance of distandbgmavigation channel salt

and brackish marshes, and river bank situfatidow marshsuccession in tidal freshwater
marshesThe most important finding was thabser to the navigation chantieére was
higherchance of a geessive succession. It can be assumed that physical forces such as
higher flow velocities (Leonard and Croft 2006) and wave activity (Temmerman et al. 2003a)
promote regressive succession much stronger in areas situated cleseatmation
channel. These forces are more pronounced over tidal flats and decrease landwards from the
vegetated marsh edge (Temmerman et al. 2D@fEnt thresholds (splitting points) of
distance to navigation channel resulted from differences avdbhage distances to the
navigation channel in salt and brackish maitshesntrast to salt and brackish marshes,
regressive succession prevailéidahfreshwatdow marshesHere, overallidtance to the
navigation channelas generally lower coangd to salt and brackish marshes, which may
help explain the regressive succession that hascdCURREEof tidal freshwatenarshes

showeda similar pattern for pgoessiveand regressive successanthe factordistanaes

found in salt and brackismarshesHowever,the importance ofthe distance to the
navigation channir determiningrogressive and regressive successidowegdere.

River shore situation can also be highlighted as major predictor factor for the direction of
succession irhé tidal freshwater low marshes in our study. Areas located at inside bank
situations primarily showed regressive succession, whereas areas at outside and straight
banks showed progressive succession. This pattern varies from the situation found in natural
rivers (Rosgen 1994) which might be explained by various anthropogenic influences such as
the construction of enrockments, spur dikes, and the hydraulic fillings for bank protection at
currentexposed areas (Garniel and Mierwald 1996). All these mieaseresost likely

reduced regressive succession and thus affected our results.

Previous teidiesdealing wittmarsh successi@most entely focused on effects of mean

high waterlevelsand negleed variations oflow water(e.g.,Field and Philipp 2000,
Temmerman et al. 2003b, Higinbotham et al. 20@4)sé&tithe factorDmlw_linto study

effectsof MLW changes (see below) on marsh succession as an expansion or constriction of
tidal flats, which might be directly linked to thectdon of succession of adjacent marshes.

We found that a pronounced expansion of tidal flats in front of the marsh fostered
progressive marsh succession, whereas a marginal expansion or a constriction promoted
regressive successiorf,(Fig 2.5aintenal node 4 and internal nodeFg) 2.%, internal

node?2). These findings of progressive succession can be explained syspension of
sediment from tidal flats which can then be deposited on the marsh (Uncles and Stephens
2010). In addition, waveergy dissipation by large tidal flats in front of the marshes can
prevent regressive succession by attenuation of wave energy (Moéller and Spencer 2002).

We identified distance to navigation channel, shift of thelMg\&nd river bank situation
as mostimportantfactos for the explanation of progressarel regressive succession.
However, our results proved hydrologfeatos as decisivas well The hydrological
system of the Elbe Estuary was altered by major engineering measuré3dn8lamd
198352000 Arbeitsgemeinschaft fur die Reinhaltung der Elbe),2€f1%sing changes in
MHW, MLW, and flow velocitKérner 200,/Niemeyer 2001).

35



Chapter 2

Dmhwand Dmiwwere found to be important for the direction of succession in all salinity
zones and anabranches.alidalues were also previously found to influence vegetation
composition of tidal marshes. Tidal values carseige as an indicator for variability
inundation frequency, duration, and déptdld and Philipp 20Q@jurthermore, increases

of high water levels are also associated with higher deposition rates, which in turn promote
successiolfe.g.,Morris et al. 2002, Bartholdy et al. 204 palt marshes, increases of
MHW and MLW during the study period correspdrfdely well with the curremiean

sedevel rise 0B.6+ 0.7mmyear" described for the area by Wahl et al. (2011). Under
natural conditions, a similar relationship betwedavstaise and MLW and MHW should

be expected further upstream in the lishchknd freshwater zone. Yet, lmrencrease of

MHW and in contrast to expectationgjexrease of MLW wé&sund, probably due to the
engineeringanipulations on the river. Thebargye®f MHW, and especially MLWere

most pronounced in the tidal dhavaterzone, where the width of the Elbe with adjacent

tidal flats and marshes is much smaller than in the salt and brackish salinity zone.
Anthropogenic interferencestheseareasn turn mighthavehada strong impaan marsh
persistencand the diretion of succession asibstantial changes of MHW and MLW
between 1980 and 2010 in tidal freshwater marshes are associated with a high percentage of
regressive succession here

The trend that stronger increases of MHW promote progressive successiorashszst

found in this study was previously described by other awtmrOIlff et al. 1997).
Increases of MHW prolong inundation, which increases the opportunity of suspended
sediment to deposit on the marsh surface, and results in an increasdidn. eleva
Surprisingly, no influence of MHW on the direction of succession was found for brackish
marshes in our studyere a more pronounced increase of MLW led to a higher probability

of progressive succession. The increase of MLW seems to be assthcaiadorease in
deposition rates and thus also promotes progressive succession, similar, to the positive effect
of increases of MHW on sediméeposition rates.

Strong increases of tidal amplitude (increase of MHW together with a decrease of MLW, cf.
Fig 2.2b and earlier described anthropogenic impacts were previously found to be related to
regressive succession (Cox et al. 2003). In tidal freshwater marshes, regressive succession of
low marshes seems to be slightly related to decreases of ML\&afitship might be

explained by an increasdamv velocity, especially in tidal freshwater mafishppenberg

and Grabemann 2001), which promote erosional processes of marshes and Tiual flats.
opposite pattern was found in anabranochéslal freshwater marshedere, progressive
succession in areaih stronger decrease of MUWight be explained by a decrease of the
frequency and duration of submergence promoting a streamward succession of elevational
zones and an enlargemertiddl flats inliese slovilow areas.

2.5 Conclusions

The resuls of this workprovidesa comprehensive inventory of tidal marsh exfettte

Elbe Estuary between 1980 and 2010, including detailed data of change and persistence of
elevational andanarsh zones in the three types of differentiatdithity zones (tidal
freshwater, brackish and salt marsiée) demonstrated that the direction of succession
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can be explainday changes in estuarimorphology andh tidal valus. In tidal freshwater
marshes, khere the most extensivehannel engineeringctivities were conducted,
considerably decreasasare& extentoccurred.As planned future channel engineering
activities are likely to further influence marsh succession and persistence, further studies are
necessary to understand and predict these developfduats. assessments of tidal
marsles of the Elle Estuarywill fortunately not be constrained bymethodological
problems, ashe Trilateral Monitoring and Assessment Program (ThfAIRe Wadden
Sea, as well as theer basin management plan of Hi¢ Water Framework Directive
(WFD) will provide mapsn a common methodological ba3isis will enable to identify
pathways of marsh successianlagh spatial and tempaedolution and can assist to spot
problematical developments of tidal marsdise in relation tohannel engineering work
which isregularly conducted in many estuaries worldwide.
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Chapter 3

3.1 Introduction

Tidal marshes are vegetated intertidal ecosystentsch differences salinityand tidal

flooding regime are mirrored in vegetation composition (Engels and Jensen 2009). In times
of global climate change, rising sea levels and saltwater intrusion might threaten these
ecosystems (Neubauer and Craf@Rde ability of tidal marshes to maintain positive
surface elevation relative to el is in part dependampon sediment deposition rates

and the resulting accretion rats far, some studies reveatsafficientaccretion rates
(e.g.Bakkeretal. 1993 van Wijnen and Bakk2001) whereas others fourdcretion rates

high enough to compensate moderate rateseaével rise(e.g. Morris et al. 2002
Neubaueet al.2002 Temmermaret al.2004) Most sedimentation studiesidal marshes,
however, have be@arried out in salt marsHesy. Morriset al.2002 NielsenandNielsen

2002 Reed2002 Neumeierand Amos 2006 van Proosdij et.&006a) whereas rdy few
studieswere conducted in tidal freshwater marsegs, Pasternaclkand Brush 1998
Neubaueret al. 2003, or compared tidal freshwater and salt marshes (Q98&
Temmerman et al. 2003a0%).

Sediment depositias theprocess of settlemeat inorganic and organic partictesing
inundationby gravity €.g.,Allen 2000 Temmermaret al.200%, Bartholoméet al.2009

Nolte et al. 2013a) aiglthe outcome of complex interactions of various factors with high
temporal and spatial variahilijowever, to assess marsh resilience devataise it is
necessary to investgaccretion. Accretion rates, in contrast to sediment deposition rates,
describe vertical adjustments to a specific soil layer in millimeters b¢Ngkaret al.
2013a), as a balance of deposition, erosion and compaction processes (Neul2Q®r et al. 2
of organic and mineral particles, and interstitial water. Additionally, accumulation of dead
belowground (roots and rhizomes, Britkeso et al. 1989) and aboveground biomass like
stems, leafs, shells, and snails have to be considered. It ispasddniate accretion rates
based on sediment deposition measurements and soil bulk density (Nolte et al. 2013a).

Factors such asrting, frequency, and height of inundatierg ,Cahoon and Reek®95
Leonardl997 Allen and Duffyl998), distance tbe sediment source (Essebhlal.1998
Temmermaret al.2003), variability insuspendedediment concentratio®3¢ of the
flooding water (Fettwegt al.1998), and seasonal variations in water levels and wind regime
(Neumeier and Am@906 van Progdijet al.2006ajhave all been found to affect sediment
deposition Furthermore, aboveground plant biomass reducesentrgy in the water
columnof flooding watefLeonardand Luther 1995) thus, generally increasing sediment
deposition and decreasingsioon and remobilization of sediments (Christiansen et al.
2000). In contrast to summer, higher rain falls and less vegetation cover during winter could
abate terrestrial erosion (Fettweis et al. 1888)ur knowledge, no studyith a high
temporal andspatial resolution of sedimel@positionrates in tidal marshes along the
whole estuarine salinity gradi@mtluding tidal freshwater, brackish, and salt mpreses

been carried outp to now It could be expectetoweverthat the high spatial variation of
SSC in estuariveatersmight lead to strong differences in sedimentdgpositionrates
betweerdifferent salinity zones.

In our researchwe therefore want toquantify the variability cledimentiepositionand
accretion rates in space and timestuarine marshego quantifysedimentieposition
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rates a wide range of measuring technidoiedifferent temporal and spatial scakdsts

(Nolte et al. 2013aMethods formeasung #ortterm (tidal to bweekly)sediment
depositiorratesincludeceramic tiles (Pasternacid Brush1998 Christiansert al.2000
Neubaueet al.2002) or circular sediment traps (Temmerhah2003%). Thesesediment

traps can be used in large numbers. Thereforalltheyyanabingeffects of environmental
variables with high spatial and temporal variations to understand the complex interrelations
leading tsedimentepositionpatterrs in estuarine marshé&3n the longterm (annual to

several centuries), various methods are available to measure accresachrates
sedimentaticerosionbars (SEBvan Wijnen and Backer 2001), marker horizons (French
and Spencer 19%artholdy et al. 2004), sedimentatievation tables (SEBoumans and

Day 1993), rod surfaetevation table (RSETahoon 2002), or a joint methodology of
marker horizons and SET by Cahoon et(2810Q. However, using these letggm
methods, often only a low number of samples or aitdsecanalyzed and, thus, the driving
forces of spatiotemporal variation in sediment deposition cannot be unraveled. To
investigate the small scale spatiotemporal factors driving sediment deposition on the one
hand, and to assess the resulting accoatithre other hand, we calculated accretion rates
using the sedimedeposition rate and the soil bulk density. Various error sources need to
be considered when applying this approach. For example, the approach is not able to
account for the deposition of dearganic material such as dead roots. Investigations by
Nyman et al. (20p8howed no increase in accretion with increasing sedepesition

rate. However, this study was conducted in an organogenic marsh, where organic deposition
forms the main souraé accretion. In contrast, mineral sediment deposition plays a key role

in minerogenic marshes, such as those studied here.

In this study, we quantified the variabilityiekeekly spatisdnd temporapatterns of
sedimenteposition rates and calculate accretion ratesn three marsh types (tidal
freshwater, brackish, and salt maedbhg the salinity gradient at the Eldestuary
(Germany)At each marsh type, the within marsh spaiagrogeneitwas considered by
measuring sedimeaeposition rateslong three transects spanning the elevational gradient
from low to high marsh zoneSimultaneously, we measugRLCof the flooding water,
inundation parameters, distancéhtosediment source and abovegropiaat biomasas
predictor variables and éehined their relative importance $edimentepositionrates

with multiple regression models

We aimed to (i) quantify spatial and mapvariations in sedimedgpositiorrates and its
predictors, (ii) evaluate the relative importance of different predictor variagdsrient
depositionrates, and (iii) estimate whetbedimentiepositionand calculated accretion
rates in estuarine marshes of the Eltearyare suffiient to compensate predicted sea
level rise.
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represented by black triang(e} Tidal freshwater marsfd) Bracksh marsh(e) Salt marsh with vegetation zones and

arrangement ofmeasuring pointat marskdiketransect (MDT) and creekarshtransects(CMT). Additionally,
suspendededimentoncentration (SSC) sampling gowére markedith an asterisk.
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3.2 Methods

3.2.1 StudyArea

The ElbeEstuary(53° 40N, 9° 31'E) in northern Germany ibe largest estuary at the
German coastt is characterized by a selnrnal and mesdo macrotidal regim®avies
1964, with wide tidal flats in some areas. The average discharge rate at the entry to the
North Sea is 86@3s* (Bergeman2006§. Mean tidal rangeariesrom 2.9 m at the mouth
near Cuxhaveincrease® 3.6 m aHamburgSt. Paulanddecreassto 2.5 m BSH2010

at theupstream border of the estuamgi( at Geesthaghtvhich is142 km away from the
mouth. Anthropogenic activities likkhannel deepening and dredging, sand extracton,
the construction of dikdgvehighly influencethe Elbe Estuarfembanknents between
1896/1905 and 1981/1982 caused a marsh area reduction of approxirfatedivéEen
the city of Hamburg and Cuxhaven (ARGE Elbe 1984). Additiainatlging altered the
width of the shipping lane and minimum water depth from 41%®13) to 14.%5n (1999)
below the mean lewater lineThese anthropogenic impacts induced a gradushs®f
the tidal amplitudédom 1.8 to 3.6n in Hamburg within the last 150 yg@srgemann
2006, Kerner 2007) and caused changes in tidal curremthwith faster flood than ebb
current.

In 2011, tidal marshes covered an area78km? and adjacent tidal flastended over
187km2between the city of Hamburg and the mouth of the esTida marsh vegetation
composition along the Elbe Estuary is mostly affected by soil salinity (Kétter 1961), which is
highest at the mouth of tlestuaryand decrease@ipstreamcreating distinct marsh types
along the estuarine salinity gradient (salthesardrackish marshes, tidal freshwater
marshes). [ferencs in elevation and inundation ¢ftency, duration, height) cause
distinct vegetation zon&®m tidal flats vidow and mid to higimarshegEngels and

Jensen 2009).

3.2.2 StudyStes

We selected studsites from three different salinity zones according to the vegetation
composition(see Engels and Jensen 20@®nelyone tidalfreshwater, one brackish and
one salt marstFig. 3.1), to investigate sedimateposition rates (SDRJhe sites were
situatecht slowflow sectionsvith largebaretidal flats galt and brackish maysh front of

the seaward marsh edgesat asidechannel(tidal freshwater markhin this study, we
classified low marshedoW), and aggregated mid and high marshes together as high
marshes -fiigh). All study sites haimilar creek systems with one major creek and
additionally only silted up minor cre€éksthermee, no management (farming, grazing or
mowing) was carried out on the studied marshes amtifiotal embankments structure
were present at the marsh edges.

Thestudied tidal freshwaterarsh TFM, Haseldorf53° 39" 1" N9° 33' 13" EFig.3.1¢) is

located south of the river Pinnau in the nature conservatich dreas e | dor f er Bi n
mi t E|l h Mean $aknitypd creek water during the study was(@wh continious
conductivitymeasurements), measuvath a water gaug&dhlumberger Water Servjces

Delft, NetherlandsCTD-Diver) and data were conversed into the practical salinity unit
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(psu) after Bergemann (800idal amplitudandmean high watdMHW) were 3.1 and
1.8m above NHN(German standard reverence level), respe¢B&H,/2010. A muddy
tidal flatbordered the 35 wide marsh. We estimated tha®@®0f the total marsh area
was situated beloMHW. In TFM-low, the foremost 1% consisted of stands of
Schoenoplectus lafustmeasurements were conducted in thig, dm@wed by a 3%
wide zone with Phragmitasistraliand Caltha austris TFM-high was dominated by
P. australi€lose to the dike, vegetation at TFM changed into \siilodys.

A site south of the port of Neufeld served as brackish marsh (BM, Ne&fféd; 4N,
9°1' 41"E, Fig.3.1d). Here, average creek water salinity wasdabamptude was 2.0,
with a MHW of16 m aboveNHN (BSH2010) The 756m wide marsh is bounded by a
tidal flatof 1,600m; roughly20% of the total marsh area was lower thi&i\V. The
foremost parts of BNbw were dominated I§otulaoronopifol@ur measurements in BM
low were carried out in a 1@bwideBolboschoenasitimustand.Following densestands
of Phragm#teaustralis the first 300 m and patches P. australiand Elymusathericus
alternated in the uppermost 20@f BM-high.

The salt marsh sit¢SM, Dieksanderkoo§3° 58' 9" N8° 53' 28 E, Fig.3.1€) islocatedn

the Schleswigdolstein Wadden Sea National Raitk anaveragereek watesalinityof
18.7.Mean tidal amplitude next ttee site was 2.9 mvith aMHW of 1.5 m abov&HN
(BSH2010).A tidd flat of 8,000 mbordered the 2,000 m widwrsh Approximatelyl0%

of the totalmarshareawaslocated below MHW, but sedimel@positionmeasurements
were onlyperformedat elevationsabove MHW because of accessibility restrictions
Salicornia europggaSpartina angkcal Puccinellia rtiaracharacterize8Mlow. The high
marshwasdominated by. maritimandAster tripoliuim the lower parts ardense stands
of E. athericasmdFestuca rulmehigher parts.

3.2.3 SedimentDeposition Measurements andProcessing

At each study site wavestigadd thebi-weekly 14+ 1 days full neagspring sequence)
sediment depositioratiernalong three transedts study spatidleterogeneitgseeFrench

and Spencerl993 Temmermaret al.200&) depending on elevation and distance to
sediment sourcémain creek, marsh eddég. 3.1cde). One long transect (marstge
diketransect (MDT)Wwasinstalledstarting at the marsh edge and comio the dike
parallel to the main creek of the studyRBégrendicular to the MDTwo shortertransects
(creekmarshtransect (CMT)) were establisHadotal, wve measuredediment deposition
at39sampling pointsSM 12; BM, 15; andTFM, 12) with two traps at each sampling point
(distance 0.B). The distancleetween adjacent sampling points of the M@3increasing
with increasinglistance to the marsh edge (38350m; BM 255100m; andTFM, 253
75m). The traps at hCMT weralso placed with increasing distance to the &.€ek.Q,
15.0m). The last sampling points of these @M\Te locatedn the MDT (SM 70m; BM,
90m; and TFM,80m). Each sampling point was assigned to a marsh zone according to
plant speies compositio(low marshhigh marsh).

The circular sediment traps wenade ofplastic pots with an internal deter of 18.9 cm
and a rim of 8m. Traps were placed on the marsh surface to reduce lateral bed load
transport of sediments into the traps (Neubauek €082)We used a floatable lid to
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protect the collected sediment in the trap from heavy rain @amtaerman et al. 2003a)

A plastic stick (lengti0®120cm) was used to fix the trapthe marsh surfacevhich
further alloned the lid to move upvhile the trap wasnundatedWhen thewater table
movel down, the liddropped dowrand sedimenwasshelteredn the trap.The sediment
traps were emptied and replaced duringbebleekly betweeMarch 2010and Mardt

2011 The trapped sedimewias rinsed ih water and a brush into a plastic aad
brought to the laborataryfo separate occurring largeganicparticles (plant remains,
insects, and seasheldiment sam@evere processed by wet sieving (mesh size of
630um) in the laboratory. Rinsseddiment samples were collected and left to rest for three
days. Thereafter, samples were dried until constant weight at 105°C. Finally, values were
converted into sedimedeposition rateg[m?] per 14days. Accessibility restrictidrem

April to June2010at TFMallowed onlyne sampling per monbecause of the breeding
period of the protected Bluethrohtigcinia svecicatotal 1320sedimensamplegTFM,

n= 572 BM, n= 514 andSM: n= 234)were collected

3.2.4 Determining Accretion Rate

To determine accretion rates from SDR, soil profilest,(3; BM, 3; and SM, 3) were
surveyed in summer 2010 and soil horizons were identifirddAG Boden 2005). From
eachsoil horizon undisturbed soil cores (100 cm3) were collected (Hansen et al., in
preparation) andutk density [g ] was calculated by dividing the mass of-dmeroil by

the core volumeProportionately, weighted bulk density of the uppend0f., Nyman et

al. 1990, Callaway et al. 2012) was used to convert sddjosition ri [g cm?yea™] to

accretion ratgsm yea™] (Eqg. 1). Below 50 cm no significant increase of bulk density (BD)
could be determined. In addition, in many cases a high ground water table prevented an
undisturbed sampling of deeper horizons.

AR [cm Vil = SDR [g chyr'] / BD[g crii] (1)

3.2.5 Determining Sediment Characterstics

The following additional sediment analyses shouldcalioparisonsf the study arede

other marshed\e processed homogenized subsamples of the fresh deposited sediment for
organic and mineral content (grain siz#pl organicarbon(TOC) of marsh sediments at

the Elbe Estuary is closely correlated witholeggnition (LOL Miehlichet al.1997) at

550°C. We combuste8d Sample¢SM n= 20; BM, n= 38; and TFMn = 37)for 3 h to

calculate TOGEQ.2, Miehlichet al.1997).Additionally,grainsize distributionof 169
sediment sampléSM n= 27;BM: n= 69;andTFM, n = 73)weredetermined by a laser
diffraction sensoiSympate€lELOS/KF-Magic ClausthakZellerfeld Germany)for which

the measuring size ranged from 18 to 3,500 pm. In this study, grain sizes <63 pm are
defined as mudur sand fraction only contains medium and fine sardbB&BuM). No
particles greater than 630 um were found idejhesited sedimesamples.

TOC [%]=0.42x LOI (550°CJ%] (2)
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3.2.6 Topography andlnundation

At each study site, westalleca water pressure ga§ehlumberger Water Serv,i€esft,
NetherlandsCTD-Diver and CeraDivaesolution0.2cm H,O, maximal accurac®.5cm

H,0O) in a minor creek, close to tmaincreek Coordinates of all sampling points were
determined with a GPS and distartoeshe nearest creednd the marsh edge were
measured in a geographic information system (GIS)-iefgemced aerial plographs.
Elevation of all sampling points in relation to NHN and the gauge was measured with an
optical TrimbleéStation (Sunnyvale, USA). In combination with an additioqeiessure

gauge (Schlumberger Water Service:Bagoresolution0.1cm H,O, maximal accuracy

2.5cm H,0), inundation parameters (height, duration, and freqfen@gch sampling
pointand tide were calculatetheTtemporal resolutiaf the gauges was 5 min

3.2.7 SuspendedSediment Concentration

SSCin the flooding water above thensh surface was collected directly aab®ling

points (SM 5; BM, 8; andTFM: 6), situated close (0rf to the sediment trapd/ater

samples were takeBicm above marsh surface with plastic bofempted from
Temmerman et al. 2008ajh a tube o080 mm an inlet opeing of 5mm, an air let out and

a volume of 58l (inflow rate0.51 min®). Only the first inundation event during the bi
weekly sampling period that submerged the bottle was collected with this technique. To
analyze the relation between maximum inundation height and SSC, we calculated the time of
this first inundation individually feach sampléVater samples were returned to the
laboratoryand wereshake before taking a subample of 20Ml, which wasacuum

filtrated through preveighted @5um cellulose nitratmembrane filte(Sartorius Stedim
Biotech) Afterward, samples weaheed at 60°C fo# h until constant weigld determine

SSC imilligrams per liter.

3.2.8 Aboveground Plant Bomass

To quantifya possible effeatf abovegroundplant biomasgén the following described as
biomasspn SDR, e.g., by reducing flow velocitied, rataining fresh deposited sediment
(Brueske and Barret 1994), dhly biomasef regularly submerged vegetation layers was
analyzedBetween March 2010 and March12@ie averagmundation heighttdhe study
sites was 0.27 m @t05m SD) Thereforeywe harvested plants from marsh ground surface
to 50 cmBiomassvasmeasured withi@.25m2 quadratesTEM, 12; BM, 13; and SM, 12),
next toeach sampling poiat the end of thergwing season in September 2010 and after
winter in February 2011. The biomass was washed with talovediteiateadherent
sediment particlesinally, bmass was dried in peeighted perforated plastic bags
(Cryovac ® bags) f@rdays at 60°C to éemine dry weight [gn

3.2.9 Statistical Analysis

Individual flooding events were considered to calculate the cumulative inundation time
(lnwe) and frequency ko) for each sampling point during each spra@p cycle.
Maximum inundation height,,(,) of all events during each spameap cycle was
additionally recorded. Furthermore, we aggregatestkly SDR and individual inundation
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parameters on a seasonal scale to identify differences betweerirstdasdolowing, we
defined the seasons as gpri@® March to 20 June), summer (21une to 22
September), fall (23Beptember to 21December), and winter (2December to 19
March).

Box-Cox transformation (Box and Cox 1964, Osborne 2010) was used to normalize SDR.
Natural logarithm (In) was found to be the best normalizing transformation. The same
procedure was used f86C values, where log(10) transformation was foundrosbe
appropriateThe datavere evaluated fbomogeneity of variareftevene)Differences in

SDR, SSQyye, leree Ivax, @and biomass betwesrarsh typ€TFM, BM, and SM)marsh

zone (low and highpnd season were calculated with {iacterialanalyses ofariance
(ANOVASs) and Tukeyests Seasonal calculations of the ANOVA omass represent

only summer and wintein addition, twefactorial ANOVAs (marsh type and marsh zone)

and Tukeyests were computed for calculated accretion rate, mud conté@Cand

Multiple regression analysis was used to investigate effecexpfahatoryariableSSC
distance to nearest creek)(@listance to marsh edgeg, XD e, andly,., on the biweekly

SDR for each of the study sit@salysesvere carried out using the stepwise forward
option. In this procedureexplanatoryariables were stepwise added, starting with the
variable that explained mesatiance in SDR/ariables with a too low contribution to the
explained variance were mafudedin the modelBiomass wasot used as an explanatory
variable imultiple regression arstybecause omissing data famost of the biveekly
measurementk..,strongly correlated with,z and was therefore excluded from multiple
regression mads.All statistical analyses were done with STATISTICA 9.1 (StatSoft Inc.).

3.3 Results

3.3.1 Temporal and Spatial Variations in SDR and Its Predictor Variables

Mean biweekly BR differed between marsh types and was significantly higher at low
marskesthan at highmarstes (Table 3.1, Fig. 3.2). PR were found to be significantly
affected by the interaction betweemnsiméype and marsh zaaed between marsh type and
season, too. At BM and S8R wasmore than twice dsghduring fallandwinterthan in

spring and summer. Less temporal variabil# Rfwas found at TFNFig.3.2). Overall,

DR of TFMlow (6,916 37gm?) and SMlow (6,738 1,696gm?) were similarAt
BM-low, DR was more than two times higher (17443092gm?). DR decreased by

65% from low to high marsh at TFM, by ®4in BM and bg2% in SM

SSC was highly variable and ranged from 13 to &®y#4during the sampling period. At

low marshes, highest SSC was found at BM+ (883 md?) and lowest at TFM
(145+ 73mgl*, Fig. 3.39). SSC significantly differed between marsh types and was
significantly higher at low than at high mafsblé 3.1). The significant interaction
between marsh type and marsh zone inditetedifferences in SSC between low and high
marsh were less pronounced in TFM and SM than iB8®was found to kgnificantly
different between seasons with highest values during fall andRigrd&by]. Differences
between marsh types were less pronouncggring and summer than in fall and winter
(significant marsh typeseason interactiphable3.1).
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Table 3.1 F- andp-values resulting from mtfitictorial ANOVAs (not includegh.i)) for marsh types (tidal freshwater,
brackish,and salt), marsh zones (low &igh) and season (sprirmmmer, fall, and winter):viekly In sediment
depositionrate (IN®R), bi-weeklylog(10) suspended sediment concentration (lgd$8@gkly inundation frequency
(Irreq, bi-weekly inundation maximunu4), bi-weekly inundation timerghe), calculated annuateetion rate (AR),
aboveground biomass from O tod0 (Biomasscm for this analysis the fact®easarpresents only summer and wjnter
Mud contentTotal oganiccontent (TOC)and significandevels

Response variable

INSDR logSSC IFREQ Imax ITive AR Biomassicm Grain size TOC
Factor F p F p F p F p F p F p F p F p F p
Marsh type 111.6 ** 8.6 ** 13.9 *¥* 66.2 ** 389.4 *** 113 *** 2.0 ns. 122 ** 7.1 **
Marsh zone 218.7 *** 57 * 1.1 ns. 1.8 n.s. 167.0 *** 324 ** 7.7 ** 19 ns. 49 *
Season 15.0 ** 178 ** 04 ns. 167 * 87 *** nij ni 05 ns. ni. ni ni n.i
Marsh type x Marsh
zone 16.6 *** 4.0 * 10 ns. 0.7 ns. 104 * 68 ** 04 ns. 35 * 0.7 n.s.

Marsh typex Season 6.2 ** 69 ** 04 ns. 79 * 78 * nj ni. 0.3 ns. ni. ni. ni. n.i

Marsh zonx Season 0.8 ns. 14 ns 01 ns. 14 ns. 03 ns. ni. ni. 75 * ni. ni. ni n.i
Marsh typex Marsh 11 ns. 16 ns 01 ns. 17 ns. 1.8 ns. ni. ni. 49 * ni. ni. ni. n.i
zonex Season

n.s. = not significant; * 0.05; ** p< 0.01; *** p< 0.001

Inundation frequency significantly decreased from TFM to SM and from low to high marsh
(Fig. 34a). No seasonal differences in inundation frequency were Tabtel3(, Fig.

3.4b). I, Was up to three and five times higher at TFM than at BM anéEidgBI4€).

Low marshes showed significantly longer inundations than high marshes. Furthermore,
significantly different;,,- were found between seasohabl{e 3.1, Fig. 3.4d) with up to

40% longer inundations during fall and winter than during spring and summer. Maximum
inundation height was significauwlifferent between marsh types with up to twice as high
values at TFM compared with BM and SM. Differences in inundation height between
seasons were significant with highest inundations during fall and winter at all marsh types
(Table3.1, Fig.3.4e, f).
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700k E i B High marsh | | 1700
& | l i
£ 600} | i 11 1600
2 : :
o i i
& 500 | | 1F 41500
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2 : :
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2 300r ! 1 1t 1300
C ' '
g | L
5 200} ! | 17 1200
Z i i T
100} - 1F L 1100
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Fig. 3.2 Means(+ SE) [g ] of biweekly sedimexeposition rates at tidal freshwater (TFM), brackish (BM) and salt
marsh (SM) of the Elbe Estuary, measured with sedimentation traps, divided into low and (aylamilasshasofb).
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Fig. 3.3 (a) Means (#SE) of suspendeskdiment concentration (SSC) [#hgluring biweekly sampling periatkasured

in low and high tidal freshwater (TFM), brackish (BM) and salt marshes (&\VElIbe Estuargyb) Mean (+ SE)
SSdmgl] per season (spring 26Minhter 2010/2011) of alhree marshe&SC was measured in the inundation water
3 cm above the marsh surface close to installed sediment traps.

Significant differences in biomass of the lowesin5@ere found between rslarzones

while no differences between marsh types were disting(liahési3.1, Fig. 3.5). In
summer, ighestbiomasavasfound at BM (low934+ 63g m? and high718+ 799 m?).

Winter biomass was higher in high marshes of TFM and BM than in low marshes of the
respective site$he interaction between marsh zone, marsh type and season was found to
be significant, tooTéable 3.1). At TFM-high and Bhigh, increases in biomass from
summer to winter by 61 and%®Avere observedBy contrast, winter biomass at THdw

and BMlow decreased up to $9comparedvith summer At SM no major changes in
biomass distribution wefeund between summer and winter. Regression analyses between
biomass and seasonal SDR for summer showed no significant relation at=TBNI7(R?
p=n.s.) and BM (R2 = 0.26,=pn.s.), but a signifiat decline of SDR with increasing
biomass at SM (R20.7, p< 0.001).

Overall, highest oveekly SDR were found close to tidal creeks and the marshkigdge (
3.6a0f). All transects showed decreases of SDR with increasing distance to the sediment
source. In the marsh interior, SDR varied between 26 and?6it TFM Fig. 3.6d),

between 42 to 6/m?in BM (Fig.3.6e) and between 21 andgd®?in SM Fig.3.6f).

An increase in elevation with increasing distance to the creek or the marsh edge was
determined for all transects. Only at SM, elevation of the CMT decreased with increasing
distance tohe creekKig.3.6c). The bwest elevatedMT was situatedt BM (betweerl.68

and 1.87 m aboveNHN), the highest aBM (betweenl.88and 2.Jn above NHN).
Topography of the MDT at TFM (between 1.69 andm.8bove NHN) was comparable

with BM (between 1.66 and 1m@Above NHN). Highest MDT elevation was found at SM
(between 1.88 and 2187above NHN).
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Fig. 3.4 (a) Mean (+SE) biweekly inundation frequenogasured in low and high tidal freshwater (TFM), brackish (BM),
and salt marshes (Skt)the Elbe Estuaryb) Mean (+SE) inundation frequency per seaspnir(g 2010 to winter
2010/2011)f all three marshegc) Mean (xSE) biweekly inundation timedtrg, (d) Mean (xSE) inundation time
[hourg per seasorfe) Mean (+SE) biweekly maximum inundation height, [ff)] Mean (xSE) maximum inundation
height [m] per season
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Fig. 3.5 Mean (+SE) doveground biomagg m?] of lowest 5&m (live and dead biomass) measured in low and high tidal
freshwater (TFM), brackish (BM), and salt marshes (§M) Blbe Estuarydivided into measurementsSaptember
2010 and in February 2011.

At BM at 100n distance from the creek, the same SDR was measured as at TBkh at <
and at SM at 2% distance to the creek. These sampling points, however, were all situated at
the same elevation.

3.3.2 Sediment Characteration

Bulk density increased fronFM (0.7gm? for both marsh zongsto BM (0.86 and
0.98g m*, BM-low and BMhigh, respectively) to SM (1.17 and d.rd8 SMlow and SM
high, respectively).

Mud content of the trapped sediment differed signifidagtityeen marsh types with high

mud contents in TFM and BM (me&B8390%) and lower values in SM (mead81 %,

Taldes 31, and 32). However, the interaction between marsh type and marsh zone was
found to be significant, too. In THew and BMow, sigrficant higher mud contents were
present than in their respective high marshes, whereas no distinct difference in mud content
between SNbw and Shhigh was visible. Overall, the high amount of fine particles
indicatel low mean flow velocities during inunates [able3.2).

Mean TOC of the trapped sediment varied between 4.1 awd (6able 3.2). It
significantly decrsad from TFM to SM and increased from low to high marEakle (
3.1).

3.3.3 Importance of Predictor Variables for SDR

The multiple regression models reldiingeeklySDR for each of the differentiated marsh
types to the measured explanatory variables included at least four vdriZBlasd 7%
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of the biweekly variability inDER were explained for TFM, Bind SM, respectively
(Table3.3). At all marsh types, SSC was the most important predicto0.@883.67) of
DR. Including inundation variables,fl and |,,,) in the model, explained additior&l 8
9% of the variability iSBDR. The importance & for explaining patterns in SiRfered
between marsh types fromdo4TFM andBM) to 11% at SM. In combination with the
other variable®),, was found to be important only at TFM and BM

3.3.4 Accretion Rates atMarshes of the Elbe Esiary

Highestcalculateénnual accretion rate was found atl®m 0.3+ 4.7mm), which was

two to more thanthree times higher than at THddv ©.9+ 0.0 mm) and SMow

(5.8« 1.5mm). Annual accretion rate was significantly higher at low compargh to hi
marsh Table3.1, Fig.3.7). At high marshes, accretion rates ranged fiamQ12mm yea™

at SM, over 3.1+ 06 mm a® at TFM to 3.8+ 06mmyea™ at BM Fig. 3.7).
Furthemore the interaction between marsh type and marsh zone was found to be
significantTable3.1).

3.4 Discussion

3.4.1 Spatial and Temporal Variation in Sedimentdeposition Rates and fs
Predictors

This study clearly demonstrates that predictor variables known to affect sedimentation
deposition rates in estuarine marshes (e.g., SSC, flooding regime, andabtb88s3

itself differed significantly both along the salinity and elevation gradient, and between
seasons. This spatial and temporal variability thus needs to be considered when analyzing
and modeling SDR in estuarine marshes.

SSC in the water column of flooding water of estuarine marshes is extremely variable in
space and time. Variation in SSC is related to physical properties like freshwater discharge,
tidal characteristics, wind regime, and water temperature, to biattgitakad to re
suspension processes at the marsh or tidal flats surfaceqeagdet al.1995 Fettweiset

al.1998, Allen 2000, Ruhl and Schoellhamer 2004, Temmerman et 8aRb0kanaet

al. 2009. We found highest SSC in flooding wateveallwackish marshes, which is
probably related to the location of the estuarine turbidity maximum of the Elbe (see
Kappenberg an@Grabemanr2001, Bergemann 2005). Furthermore, SSC values were higher

in low than in high marsh zones, which indicate consirseitling of sediment particles
during oupmarshdé water movement (French and
Wijnen and Bakker 2001).

Finally, SSC was three to four times higher in fall and winter than in spring and summer,
which is comparabigith seasonal disparities found by Fettweis et al. (1998). This is most
likely due to the combined effect of higher hydraulic forcing during the stormy season with
higher inundations (Neumeier and Amos 2@06Proosdij et al. 200@end simultaneously

lower sediment stability in the intertidal flats in front of the estuarine marshes due to low
benthic algae abundances (Bgderwod and Patersorl993 Austen et all999. As a

52



Sediment Deposition and Accretion Rates in Tidal Marshes

consequence, sedimensuspension above tidal flat surfaces might be mghatumn
and winter, which might lead to highest SSC values during these seasons.

Creek-marsh-transects (CMT)

Marsh-edge-dike-transects (MDT)
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Fig. 3.6 Bi-weekly sedimestteposition rates (meanSE, left yaxis) and marsh elevation (black dots with dotted line
right yaxis) and distance to the closest di@#R or to marsh edg@ldf) of tidal freshwater (TFM), brackish (BM) and
salt marshes (SM)tae Elbe Estuary. Note the differences in ledixis(sedimentlepositiorrate) and saxis (distange

for creekand marsh transects.

Table 3.2 Meant SE total organic carbon (TQ®%)], nrem= 37, ngm = 38 and rw= 20) and percentage sand §630
pm) and mud (63um) (rrem = 73 nem = 69 and rv= 27) for tidal frdswater (TFM), brackish (BM) and salt marsh
(SM), subdivided into marsh zones @daw marsh and high high marsh).

TFM BM SM

TOC Sand Mud TOC Sand Mud TOC Sand Mud
low 5.4+0.2 11.0+0.5 89.0+0.5 4.7+ 0.3 10.2+ 0.6 89.8+ 0.6 41+ 05 229+35 77.1%f 35
high 6.8+£ 0.2 15.5+ 0.7 84.5+ 0.7 52+ 0.5 15.1+23 849+23 48+15 19.0+4.8 81.0+ 4.8
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Table 3.3 Results of multiple regressianalysis of biveekly sedimewleposition rate [lgm-2] based on predictor
variables; R2 values resulting from forward stepwise multiple regression analpsiseakB5(springeap) sediment
deposition measurements at three marsh types, with 42 sampling points in total.

Variable
SSC ITive
[logomg] Dc[m] Dm[m] [hours] Iuax[m] Total Rz p F n (valid/total)
Marsh type
TFM 0.58 0.04 0.02 0.08 0.01 0.74 <0.001 67.9 125/286
BM 0.67 0.04 0.08 0.01 0.79 <0.001 123.0 137/400
SM 0.50 0.11 0.02 0.01 0.07 0.71 <0.001 20.1 50/311

Five predictor variables were congid€l) SSC (suspendsediment concentratigii2) Dc (distancdo creek)(3) Dy
(distance to marsh edgéd) hme (inundation time)and (5) lax (maximal inundation heightlisy= 2.131 +
1.163x SSC + 0.0 Itjme - 0.012x D¢ - 0.004x Dy +0.489% |max; Vem = 1.707 + 1.20& SSC + 0.0% Itive -
0.01x Dc+ 0582x |yax; andySM: 1.695 + 1.27% SSC + 1.688 Iyax - 0.015% D¢ -0.001x Dy + 0.006% |I1yme

Higher water levels and flooding time in estuaries bordering the German Bight are mainly
affected by stormsS¢hulteRentropand Rudolph2013). In agreement with this general
pattern, two to three times higher maximum inundation heights in autumn and in winter and
highest inundation frequencies in this period were found in the estuarine marshes of the
Elbe Estuary. Along the estuarinenggligradient, highest inundation frequencies and
heights were recorded in the tidal freshwater marsh. Here, slightly lower elevations of the
marsh platform and higher tidal amplitude compared with the brackish and the saltwater
stretch of the Elbe (Fickeand Strotmann 2007) might have contributed to this result. The
higher inundation frequencies and heights in low marsh zones compared with high marshes
are obviously related to elevation and have been previously si@ivamuby et al. (2001)

and Temmermaet al. (2003a) for salt and tidal freshwater marshes.

Vegetation biomass is another factor found to influsedienentepositionrates.The
biomass was expected to differ between study sites, becauseanstidatosystems, lower
salinity stressnderfreshwater compared with saline conditieads to higher productivity

of the vegetatiorfGough et al. 1994, Baldwin and Mendelssohn 19@@)eskHotal
biomass in TFM and lowest in S¥Msalso found at our study sit@étansen et al. in
preparation). Fthermore, a stimulation bfomass productiohy higher tidal influences
was reported for salt atidal freshwater marshesg.,O0dum 1983), which migt be the
reason for increasdmomass in some lowompared withhigh marsh communities
However for consiceringbiomass @a predictor for SDR is essential to account only for
those portions of the vegetation which are regularly flotdetthis study, it was
demonstratdthat biomass up to a height ofcsd did not differ betweeidal freshwater,
brackishandsaltmarshes of the EIb8impleregression analysis did not reveal a (positive)
relation between the biomass of the regularly flooded vegetation layers and SDR. In
agreemerto this, Boorman et al. (1998)Jd Temmerman et al. (2003a) neitfeemd an
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Fig. 3.7 Mean (+SE) annual accretion rates [mm -jeaalculated fro
sedimenteposition rates and soil bulk densitytiddl freshwater (TFN Were foynd to be t\_NO to thre.e
brackish (BM), and salt marshes (@Mbe Elbe Estuary, divided into low times higher than in salt or in

high mark. tidal freshwater marshes.
Furthermore, much higher SDR were found in low compared with high marshes: Here, both

a higher inundatiofiequency and height, and a higher SSC are likely explanations for this
pattern, which had been shown previously byPvawosdijet al. (2006b). During fall and

winter, SDR were approximately twice as high as in spring and summer. Again, higher
inundationfrequencies, maximum inundation heights, and SSC Valmese(maret al.

2003a) are possible reasons accounting for this effect. Seasonal variations in SDR were also
shown by Neubauer et al. (2002) for a TFM in Chesapeake Bay, where, however, highest
values occurred in spring and summer and lowest during fall and winter.

3.4.2 Relative I mportance ofDifferent Predictor Variables forSedimentDeposition
Rates

The strength of the similarity between the spatiotemporal pattern of SDR and its major
predictors aledy suggests that estimating SDR from the variability of these predictors
might be a promising approa€@onsidering the spatiotemporal variations in predictor
variables and the distance to the sediment sourcauliple regression models were able

to explain up to almost 8® of the variability in SDR in TFM, BM, and SM. A similar good
model performance watso found by Temmerman et al. (2003a 2005a) for SDR in TFM
and SM of the Scheldt estuary.

In our study, the most important predictor in the nialtiegression models for the
variation of SDR was SSC. A strong relation between SSC and SDR in estuarine marshes
was previously reported for the Scheldt by Temmerman et al. (2003a). Especially in systems
with high spatial variability in SSC, it is impbttainclude SSC in studies on SDR in tidal
marshes. In our regression models, inundation paramgiersiid |,.,) added another
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8to 9% of explained variance in SDR. According to our findings, predicting SDR from
inundation parameters alone mighlty be possible for small areas: Considering different
marsh types along the estuarine salinity gradient, differences in SSC overrides effects of
variation in inundation. Overall, SDR in estuarine marshes is affected by several predictor
variables and timecomplex interactions.

In contrast to our study, Cahoon and Reed (1995) and Leonard (1997) shoyygdvimst |

the most important predictor for SDR in studied estuarine marshes in North America.
Despite longest, highest, and most frequent inundati®fs/i, however, we found lowest

SDR hereEsselink et al. (1998), Temmerman et al. (2003a) and van Proosdij (2006b)
recorded tyhest SDR in areas close to the sediment source (marsh edg&hisrés k.
agreement with our results of an exponentiatakeof BR with increasing distances to

the sediment source

3.4.3 SealevelRise andAccretion Rates inEstuarine Marshes

At all study sites, calculated accretion rates in low marshg&s358ryear) were higher

than current sdavel rise with abo@6+ 0.7mmyear (197852008) in the German Bight

(Wahl et al. 2011). By contrast, Tiilyh and Shhigh (1.83.1mmyear) might be
vulnerable due to insufficient deposits of fresh sediments and accordingly resulting low
accretion rate®artly, high marshkemight regress into low marshes and decrease in extent,

if landward migration of marshes is limited by artificial infrastructures like dikes.

Relative changes in $eeel rise also include lasgale glacial isostatic adjustments up to
1.6mma* (IKUS 2009) as elastic aftereffects of the last Ice Age (Vink et al. 2007).
Additionally, local small scale shallow subsidence processes (see Cahoon et al. 1995), due to,
e.g.,sediment compaction, soil shrinkage] biomasdecompositiofCahoon 2006) can

occu.

To assess influence of subsurface processes on elevation changevitientefifiod, a
combination of the sedimentatielevation table and marker horizon methods, was
proposed (Cahoon et al. 1995, Cahoon 2006). However, while high compaction and
mineraklzation rates in organogenic marshes lead to a considerable subsidence, this effect is
much smallein minerogenic marshes (French and Burningham 2003, Nolte et al. 2013a).
This is in line with other studies focusing on primarily minerogenic marsheshaoviech

only insignificant amounts of autocompaction (Allen 1990, FrenchBE3®®)ldyet al.

(2010) verified these results and showed a significant decrease of bulk density with
increasing organic carbon. These results for minerogenic marshes aableomifraour

analyses of high bulk densitiesd@0177g m® andlow TOC (487 %) of freshly deposited
sedimentsAccording to our information, no research on shallow subsidence for the Elbe
Estuary is available. However, calculated accretion rates by bulk density might be affected by
seasonal differences of soil autocompaction due tmaisture, and organic comie

Sampling of bulk densities were conducted in summer with,Jowdmpared with other
seasons, and with resulting low levels of soil water cdintamt.therefore beupposed

that bulk densities were rather overestimated than underestimaténly riashigher
calculated accretion ratdeubauer et al. (2002) identified a mineralizatierup to 306

of freshly deposited organic matter in North American. TIk&hsferred to our marshes

56



Sediment Deposition and Accretion Rates in Tidal Marshes

with a substantially low&OC than the North Americamarshe from the mentioned

study only an insignificant effeat mineralizatioron total accretion rates is expecied.
excludeshallow subsidence processes (see Cahoon et al. 1995), such as top soil sediment
compaction, biomass mineralization or drying meséblolte et al. 2013a}depth fixed

SETs or SEBs measurements could be added to near surface methods like the applied trap
measurements.

In general, increasing water tables induced Hgvekaise will change inundation
parameters in tidal marshes, which are expected to adjust toward a new equilibrium (Morris
et al. 2002) if accretion rates are able to compenskteekemeGonnert ¢ al. (2009)
specifiech sedevel rise of 0.40.80m until 2100 (appraxately4.48.9mmyear') for the

German Bight. In the Elbe Estuary, accretion rates in estuarine low marshes seem to be
sufficient to keep pace with moderate rates déwelariself storm activity increases in the

future (see IPCC 2007), this might lead to an increase of sediment deposition at the Elbe
Estuary, as these storms and storm surges were important predictors ofceplisigon

rate on our study sites, especialiyhigher elevated marshes. High amounts of the total
annual deposited sediment (TFMJ3B®%6; BM, 3@71%; and SM, BB5%; data not

shown) originated from two-Weekly sampling periods in fall 2010 and winter 2010/2011
during which storms (B5.5m aboe MHW) occurred. The frequency of two extreme
events during our Vear study period was almos®®0ower compared with the mean
number of storms per year of the last decade @9 see Appendikable3.4). This low

storm frequency might explain relatively low SDR in high marshes during our study. In
addition, no storm surge events2(d3m above MHW) occurred, which again is rather
atypical compared with the lastcade (0¥ 0.7, see AppendiXable 34). In future,
especially high marshes might benefit from an increase of storm activity, which could
attenuate the possibgressive succession of high into low marshes.

Presently, SSC seems to be higher than required to adjust the marsh surfacel tissea

at our study sites (see Kirwan et al. 2010). In addition, future increases in wind and wave
energy in winter (seBCC 2007) might cause higher erosion of sediments in tidal flats in
front of the marshes enhancing SSC above marsh platforms and increasing accretion rates at
tidal marshes. However, salt water intrusion could cause upstream shifts of marsh types in
estuaes and alter the spatial distribution of the turbidity zone in the Elbe Estuary. In
addition, TFM might be negatively affected by a reduced freshwater discharge of rivers
(Neubauer and Craft 2009). In the Elbe Estuary, the potential area of TFMtesirbgtric

dikes, the harbor of Hamburg and by a \@eierall, TFMhighwith low SDRand highest
susceptibility to increased salinity might suffer most from effects caused by climate change.

3.5 Conclusions

We demonstrated th@portanceof consideringpatial ath temporal variations in S2Rd

its predictors over the entire estuarine salinity gradient. According to our findings, SDR and
the resulting calculated accretion rates in low marshes of the Elbe Estuary seem to be
sufficient to compensataoderate levelsf sedevel rise Variation in biomass among

marsh types and marsh zones did ptay a decisive rofer SDR. Overall, multiple
regression models seem to be-sugléd to explain the variability in SDR. In future,
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multivariate models accounting for terap and spatial variation in predictor variables
should be used to predict SDR in estuarine marshes across regional and local gradients.
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3.7 Appendix

Table 3.4 Overview about annual storms and steunges from 1982011 (meatt SD for decades (198(®99; 200D

2009), sum of these extreme events as well as occurring storms and storm surges during the investigation period (Mar
201®Mar 2011), and mean water height during storms and storm surges H¥gveatd from http://www.portal

tideelbe.de for gauge Stadersand; streakm6®HW= 1.77mNHN.

. . Mean maximum
Number of storm Mean maximum Mean maximum . . .
. . .. Number of storm Total number inundation height
events (water inundation height

table 1.62.5m  above MHW (cm surge (water tabte L EHTU S of extreme above MHW (cm’
year i L

above MHW (cm) .
above MHW) during storm CRUEOTAY during storm surge events CMITY S EE

event

1990 13 180 5 303 18 214
1991 7 185 0 7 185
1992 4 167 0 4 167
1993 13 201 1 339 14 211
1994 6 202 1 375 7 227
1995 7 184 1 364 8 207
1996 3 189 0 3 189
1997 4 182 0 4 182
1998 8 169 0 8 169
1999 4 171 3 325 7 237
2000 4 202 1 299 5 221
2001 1 170 0 1 170
2002 5 184 1 297 6 203
2003 2 168 0 2 168
2004 6 168 1 253 7 180
2005 8 177 0 8 177
2006 4 161 1 250 5 178
2007 8 175 2 300 10 200
2008 2 171 1 267 & 203
2009 2 179 0 2 179
2010 1 209 0 1 209
2011 7 182 0 7 182
15 Mar 2010

2 207 0 2 207
14 Mar 2011
Annual 199®1999 6.9+ 3.6 183+ 12 1.1+1.7 341+ 29 8.0+ 4.7 198+ 24
means
for 200@-2009 4.2+ 2.5 175+ 11 0.7 £0.7 277+ 23 49+29 187 + 17
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Chapter 4

4.1 Introduction

Acceleratedestlevel rise is threateniogastal wetlanagorldwide(Craft et al. 2009, Morris

et al. 2002, Neubauer and Craft 2009, Stralberg et alT20EL) mar shds abi | it
positive stface elevation in relation to 4@zl depends on sediméeposition rates

(SDR). Sediment deposition includes grbaggd surface processes of organic and
inorganic particle deposition during inundations (Allen 2000, Temmerman et al. 2005a,
Bartholon& et al. 2009, Nolte et al. 201Bajaddition,subsurfaceccumulation of dead
biomass (Brickédrso et al. 1989ocal shallow subsidence proceg3aisoon et al. 1995),

as well as large scale glacial isostatic adjustments of thégesMicek etal. 2007)affect

marsh surface elevation

Sediment deposition in tidal marshes is not a continuous process (Reed 1989), but highly
variable in space and time. This hggtial and temporal variabilgyaffected by various
interacting factorsincluding distance to the sediment source (Esselink et al. 1998,
Temmerman et al. 2003a), variability of suspsedadent concentration (Fettweis et al.

1998, Butzeck et al. 2014), inundation time, height and frequency (Cahoon et al. 1995,
Leonard 1997, Allen amiliffy 1998), seasonal dependency of water levels (van Proosdij et
al. 2006a), and alterations of flow hydrodynamics by aboveground plant biomass (Leonard
and Luther 1995).

Sedimenteposition rates and resulting rates of surface elevation change ah seaes

level rise (SLR) have recently been investigated in large number of stgdiean (
Koningsveld et al. 2008, Craft et al. 2009, Kirwan and MegonigabRBd3gh using a

wide variety of methodBhese methods differ for example in termsunfysperiod; some
methods cover single tidal events, while others encompassegpiraycles to months,
seasons, or sampling periods up to several centuries. A detailed review of sediment
deposition and accretion measuring methods for different temqubisgladial scales was
recently conducted by Nolte et al. (2013a). This review also discusses several studies
comparing the efficiency of different sediment traps to measure sediment deposition.
However, most of these studies were conducted with regddR tm Shallow lakes or

rivers (Bloesch and Burns 1980, Kozerski and Leuschner 1999) so there is still a lack of
knowledge concerning therformance of different sediment traged in intertidal areas.

The hydrodynamicef intertidal systems, whidreatly affect sediment trap efficiency
(Swart and Zimmerman 2008)ight not be comparable to river systems. Therefore,
trapping efficiency of different trap designs need to be evaluated for intertidal systems.
Trapping efficiency could differ betweempdrabecause ram, for examplegan prevent

natural ateral relocation processes (Temmerman et al. 2003a). Alternatively, a sediment trap
with a surface that is completely level with the soll, fia. tilg might be vulnerable to
washout of sedimenybeavy rain eventSteiger et al. 2003).

The aim of this studywasto compare the trapping efficiencyfrefquently usedediment

traps under controlled experimental conditions in a flume. All trap types studied here are
primarily used for sheterm (tidal to biweekly) investigations. In our experiment, we
measured the trapping efficiency of four different sedirapripes during simulated tidal
inundations. Results were additionally analyzed with respect toritbe thsiae sediment
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source, anddifferent suspendeskdiment concentrations of the flooding water

4.2 Materials and Methods

Measurements wereonducted at the Department of Environmental Science and
Technology University of Maryland (College Park, MD, USA). We uselficartained
glass sided tilting-o&rculating flume (Armfield LtdRingwood, UK Fig.). The flume
consists of a 3.m long, 0.3 m wide, and 0.45 m high rectangular channéatTheer
bottomof the flume was completely covered agbft and flexible artificigtasgloor mat
(The New England Turf Stor€anton, MA, USAstem length: 48m) to simulate the
friction of a moderatelyrazedidal marsh vegetation. The floor mat \attachedo the
flume bottom with waterprooielcra® tape. Small patches were cutafuhe matat the
sampling points for the measuring equipment. We tested four differenttsdejiosition
measuring methodsgth sedimentraps (ST)includingtwo different flat surface methods,
namelyceramic tilese(g. Pasternack and Brush 19@8cular AstroTurf® floor matg.Q,
Lamberg and Walling 198&hd two different sefps of circular traps with and without a
floatabldid (Temmerman et al. 2003a, Butzeck et al. 2044g.4.2, Table4.1).

Fig. 4.1View of the flume.

4.2.1 Setup and TestProcedure

We installedhe ST in a distance of 0.5, 2.0 andr6f@om theinlet openingf the flume
(Fig.4.3). The circular traps and floor mats were attaghlbd/elcrd® tape to the flume
bottom to prevent sediment -ispensianin addition, we measured thespended
sedimentconcentration (SS@y taking water samplas two locations(0.5 and 6.&n)
directlybehindthe ST. These samplesre taken 3 cm abmthe flume surfaceith plastic
bottles (adapted from Temmerman et al. 2808zeck et al. 2014) with a tube of 30 mm,
an inlet opening of 5 mm, an aittletand a volume of 580 ml (inflow rate: 0.5 Fjnik
SSCGdummybottle waplacedbehind the middle ST to attain identical conditiegerding
potential turbulences and velocity disturbances in sedimentatiors fattalinsampling
points Fig.4.3). The SS&@ummy was not replaced or emptied during the experiment.
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Fig. 4.2 (a) Types of sediment traps used to measure sedigpodition rate and plastic bottles used to measure
suspadedsediment concentration ($%& SSGac) placed on the flume bottoifh) Flume bottom covered with an
artificial floor mat, arrangement of $®@le (left) and circular sediment trap with pole and lid (right).

Table 4.1Area [cm?], size and specific features of the different sediment trap types.

Trap type Surface Area [cm?]  size specific feature

Circular trap (with lid)  280.55 18.9 cm (inside diameter) 3 cm high rim

Circular trap (plain) 280.55 18.9 cm (inside diameter) 3 cm high rim

Floor mat 314.16 20.0 cm (diameter) at bottom level, stem length:rith
Ceramic tile 232.26 15.24 x 15.24 cm at bottom level

Table 4.2 Class fractions tfie sediment samples used in the flume study.

ASTM . Class The sediment used for this study consadtesler 9%4 of clay

Sieve No [um] _fraction [%] and fine siltTable4.2) andwas collectetom an oligohaline

40 425 <001 marsh at the Nanticoke estu@arylad, USA) Sediment was
50 300 0.04 prefiltered with 1.18m (ASTM No. 16) and 425 pm (ASTM

B 280 IR No. 40) sieves to remove large organic particles. A high
e DL (SSChigh~100 mg h and a low sediment supply scenario

100 150 002 (SSAow~65 mg ) were simulated. We mixed the harvested

140 106 0.06

sediment witha defined quantity ofater in a bucket&and

wy T 917 installed an ajpump, which was connected to an air pipe, on
270 =3 1143 the bottom of the buckefThe pumpprovidel a constant
Pan < 53 88.21

movement of the sedimemater mixtureto prevent the
sediment from settling inside the buckéte added the
sedimentvater mixturgo the flume viaa pipe at thenlet openingof the flumeusing
Bernoulli'principleThe outlet of the flume wasclosedduring the entire experiment to
simulateinundation heights of Xsn abovesurface. Inundation heights wereasured at
Trap 1 (sedrig. 4.3). The timing of the tidal infleeimulation was diween 8 and
11minutes Water samples (SQ{ were taken directly after the inundating water
submerged the inlet opening of the SSC bafdahen stopped the inflow of the water and
the discharge of the sediment watetture after reaching the inundation peak point at

64



SedimentTrapping Performance

15cm. Simultaneously, the two Sfe@les were replaced to obtain two additionat SSC
samples (SS¢) from the outflowingvater. The outflow of the water (ebb) occurred over

the inlet opening of the flume, comparable to natural systems. Total inundation time of one
run of our tidal simulation lasted betweent 2min (short inundation runs) and

61+ 2min (long inundationuns). Simulations of long inundation runs &iB@&ow and

short inundation witSCGhighwere performed, using one trap type perTram.runs with

each of the four trap types of ®88Gowand theSSChigtsimulations were conductétie
sequences with SSGow and SSCGhigh in which the trap types were tested, were
randomized.

Table 4.3 F andp values resulting from the thifaetorial ANOVA for effects of trap types (circular trap with pole and
lid, circular trap without lid, floor mat, and ceramic tile), distance to the origin of the flume (0.5, 2.0, and 6.0 m), sediment
supply (low and high) on sediméaposition rate.

Sediment After each runwe rinsed the sediment
deposition rate K Lo .
- _ | from the ST with distilled water into

Factor F p . .
aluminum boxes and dritte sampleat
Trap type 61.5  *x* .
. 105°C until they reached aonstant
Distance 2127 . )
AT 9733 weight Values Wgrmgn convgrted ito
_ SDR [gm?] per tidal inundationSSG
Trap typeX Distance 04 ns. .
samples wereshaken before talg a
PSEEA SELmE TR 1380 = subsample of 200 ml, whiss vacuum
Trap typeX Sediment supply 13 ns filtrated through preveighed 0.430m
Trap typeX DistanceX Sediment supply 02 ns glass fiber filters (Whatsrﬁ‘é)n
n.snot significant, *f< 0.001 Afterward, SSGamples were dried at

60°C for 4h until a constant weight was
reached tadetermine SSC in milligrams per liter.

.

\»

B Sediment source

/ Sediment distribution pipe
0.5m 2.0m Distance to the origin of the flume

6.0m
/ @ Dummy @ 2

— Tidal inflow-simulation Experimental

Tidal outflow-simulation design

0.3m

Fig. 4.3 Drawing of flume channel and arrangement of sediment traps and suspended sedinettieéSE) view)

and flow direction during tidal simulations. We placed a dumnbot88®ehind the middle sedim&ap to attain
identical conditions regardingtgntial turbulences and velocity disturbances in sedimentation pattern for all sampling
points.
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4.2.2 Statistical Analysis

Data met the assumptions of normality and homogeneity of var@aoealyze differences

in SDR between Sypes we used a thiiaetoral ANOVA including SType,distance to

the inlet of the flume, and sediment suppyAowWSSChigh as factors. If a significant
effect was detected, we performed pairwise comparisons using Bonferimd [esis.
Additionally, spatial and temporatiations in SDR were explored using a series of simple
linear regression analysis. We analyzed the relationships ®8yg@mdSDR between
SSG, and SDR and between SSG and SSE.. These regression analyses were
performed separatdty the two distances to the origin of the fluAlestatistical analyses
were done with STATISTICA 10 (StatSoft Inc. 2010).

4.3 Results

4.3.1 Differences inSedimentDeposition RatesBetweenSedimentTrap Types

Mean SDR significantly differed betweettyf&sused in our studyig 4.4 Table4.3). We

found the highest SDR in circular traps. SDR in circular traps with a floatable lid were
slightly, but not significantly lex(7%) than SDR in circular traps without a floatable lid.

ST made of floor mats differed significantly from both tiles and circular traps, but not from
circular traps with a lidri§ 4.4. The lowest SDR were found on tiles, which significantly
differedfrom all other STypes. In total, the SDR of tiles werd@lbwer than the SDR of

floor mats, and 4® 47% lower than the SDR of circular traps with lid and plain circular
traps, respectively.

4.3.2 Spatial and Temporal Variation in SDR

Resultsrevealed strong effects of distance to

ab a the inlet of the flumeF{g.4.5, Table4.3), and
{1 sediment supplyFig. 45a compared td-ig.

b 4.5b, Table4.3) on SDR. All STypes showed

1 a highly significant decrease in SDR with

I ] increasing distance from the inlet of the flume

'y e -
N N (o]

m™2 tidal simulation™"]

-
o

(Fig. 45, Table 4.3), although the reduction

1 was greater under high than under low
| sediment supply rates (significant
distancex sedment supply ratdable4.3).

o]

(o2}

i

| A higher sediment supp&3GhighFig. 4.5b)
resulted in a significantly higher SDR,
compared to th&SGowscenarioTable4.3).

N =60 N =60 N =60 n=e0  The effect of sediment supply was not

Circular Circular Floormat  Tile . . . L .
with lid  (plain) uniform, but it varied significantly with

Fig. 44 Means (+SE) of sedimedeépositon raw distance. During higher sediment supply, the

[gm2] of different sediment traps. Small letters d i i
Statistical  differences  betweon  sedimant type percent decreases of SDR with distance were

(p< 0.05). Runs with different trap types were coec - Slightly higher. No significant interaction
In a randomized sequence. between trap types and distance faasd.

\S]

Sediment-deposition rate [g

o
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SSGiiaWes slightly higher th&8G,,.(seeTable4.4.), but did not significantly diffefgble

45). SDR was significantly correlated &8¢, and SSE. . (Table4.5). We observed a

clear decrease in SSC with increasing distance from the inlet of the flume. However,
correlations ©SSC and SDR were more pronounced close to the origin of the flume at
0.5m (SSG,.. R?2= 0.51, SSE.; R2=0.56), than in a distance of ®.0(SS,.:
R2=0.16, SSG . R?= 0.1,Table4.5).

.26 - 26
524t peanee at b {24
S22 @20m 1F {22
Eo0| O60m {20
s18} {18
;; 16} -I 116
> " 14
o 12
©

< -:[_ 1t E[_ 5 {10
3‘§ i1t {8
g 1t ] {6
.= o

< 1t 14
[3]

£ ﬂr—&' - 12
©

& 0

Circular  Circular Floor mat Tile Circular Circular Floor mat Tile
with lid (plain) with lid (plain)

Fig. 4.5Means (#SE) of sedimerdeposition rates [g-#of different sediment traps, depending on distance to the origin
of the flume, diing (a) low suspendesediment concentrations aft) high suspendeskdiment concentrations. Each
bar represents 10 measurements.

Table 4.4 Means £SE, minimum and maximum values of suspesettithenttoncentrations [mgil measured in a
distance of 0.5 and 6rDfrom the origin of the flume, at the beginning (&9Cand end (SSfc) of the inflow flood
simulations.

SSGiitial SSGiack
Distance [m N Meant SE Min Max Meant SE Min Max
0.5 83 75+ 4 28 148 72+ 4 30 155
6.0 83 49+ 2 23 93 44+ 2 21 129

4.4 Discussion

4.4.1 Trapping Efficiency of Different Sediment Traps

A range of commonly used sediment trap designs differed significantly in their trapping
efficiencyThe strongdifferences between circular sediment {ragk efficiencyand both

flat surface STlow efficiencynethodsfound in this studyvere remarkabl&@herefore,

studies using different types ofr&dy not bealirectly comparable.
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Table 4.5 Results of linear regression analysis between seatbpasition rate (SDR), suspensediment concentration
at the beginning of the inundation (S&{; and end of the inflow tidal simulation &Sdn a distancef 0.5 and 6.0 m
from the inlet of the flume

Regression Analysis During our study deposited sediment in both
RZ  p circularST-types was arourzD %higher than the
0.5m deposited sediment found on the floor mat ST, and
SDRX SSGia 0.51 ** around45 % higher when comparing circular- ST

types with tiles. This difference between the circular

SDRX SSGiack 0.56 *** _ . :

ST (with a rim) and the flat surface ST might
. indicate re-suspension and/or lateral sediment

transport processes. This might occur on different
SDRX SSGitial 0.16 *** . .

scales depending on-fpe. Some studies have
SDRX SSGiack 0.10 * found that ollected sediment trapped It
SSGitar X SSGack 0.76 *** surfacdrapsis sendive to wasimg off by rain and
**p< 0,01, *p< 0.001 partly by tides (Gardnei98Q Kozerski and

Leuschnefi999).However during ashallow water

study coducted by Mansikkaniemi (1986
significant differences between smooth flat STamihwithoutattached floor matseie
found. Contrastingl\steiger et al. (2003) suggested the usage of floor mat ST for riparian
sedimentation studies, due to the benefit of a rough surface simulating surrounding
vegetation, and providing an easy handling during collecting and prét®ssiray,tican
be expectethat the rim of the circular ST prewdmapped sediment from lateral dispersal
to the surrounding surfaffdeubauer et al. 200But also prevesa relocatin of sediment
from the surrounding surface into thistgie.Both Reed et al. (1999) and Temmerman et
al. (2008 found no or only a marginal amount ofsiespension of fresh deposited
sedimenfrom circular STBloesch and Burns (19&@Bated that besides flow velocity and
viscosity, the exact geometry of circulafr&ib of heightto diameteraffects theamount
of resuspensior-urthermoreourresultsshowthat circular STeaturechigher deposition
rates than flat tilegyhich mightbe causd by reduced bottom shear stress (Kozerski and
Leuschner 1999), while sitaneously the rinof the circulartrap induced local flow
acceleratiowhich increases deposition régesButman et al. 1986).

As might be expected, no significant difference between Sitwigth and without a lid
was found. In field studies during low tideoatable lid protextrapped sediment from
splashing out by heavy rain events (Temmerman28034&). We can assume et
slightly higher SDR found in circular ST witladiat, might be partly explaithby sediment
adhered belothe lid or at the pelhich is holding the lid.

4.4.2 Spatial Features in SDRBetween &diment Trap-Types andSediment Supply

Significantly decreases of SDR with increasing distance to the inflow of the flume and in
dependence of sediment supply was found for-aip8&3. In field studies, spatial effects of
distance to the sediment source, like nealgd and nearest creek on SE§ Esselink et

al. 1998, Temmerman et al. 2003a, Butzeck et 3J.a820Wll as the relationship between
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variations in sediment suppiich are caused bgasomndsalinity zonee(g, Fettweis et
al. 1998, Temmermaet al. 2003a, Butzeck et al. 20ias been described by several
authors.

We expectedhat wave reflectioat the end of the flumeould promote turbulence of the
suspended sedimeautd thus lower SDR. Woalculated an initial mean flow velocity of
approxmately 0.2n s*. This meanflow velocity wasimilar tothat used in flume studieg
Bouma et al. (20Q0/Mut about twice as higisflow velocity measureoly Leonard and
Luther (1999 within the marsh canopy, anda flume studypy Kozerski and Leusobr
(1999. Changes dhorizontal¥low velocitiesluring the experimentith increasing ater
level were not measureable with the available equipment.

The reflections at the end of the flume might explain the higher decrease in SDR of flat
surface in coparison to the circular $fjpes measured at this part of the flume, in
particular for the tile ST by wadfh of sediment. Kleiss (1996) used flat surface ST with a
rough upper surface to minimizesuspension of deposited sediments, whereas Steiger et
d. (2003) did not find significant differences between flat surface ST with varying roughness.
In addition, the smooth and low friction surface of tile ST increases the probability of losing
sediment during collection (Gardner 1980, Kozerski and Leus2d@er

4.5 Conclusions

Differences in trapping efficiency impede the comparability of commonly used sediment
trap types. Thus, @aasdardization irquipment forsediment measuremeirsintertidal

habitats would be necessary. As a next step, we recommend field studies to compare
different sediment trap types simultaneously under different inundation regimes, flow
velocities, as well as different marsh types (mineral and organigrriBhogasurements

of sedimentleposition rates with sedimentation traps like those compared in this study are
especially useful for analyzing sgatigporal variation in SDR and in their predictors.
When calculating estimates of accretion rates fromtiERulkdensity of the soil (see
Butzeck et al. 2014)ust also be analyzed. More reliable methods for estimating longer
term accretion rates in intertidal habitats include saléaegion tables (Boumans and Day
1993), rod surfaedevation tables (R@on et al. 2002), marker horizons (French and
Spencer 1993) or sedimentatoosion bars (van Wijnen and Bakker 2001).
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Chapter 5

5.1 Key Findings

This thesis studied spatial and temporal seditepasition and vegetation patterns along
elevational and salinity gradients, as well as the underlying envirdantestdhat

influence marsh developmeitihe thesis combined investigations of (i) the-teng
(198@2010) successionadtterns of estuarine tidal marshes alongs&re@drskm long

stretch with (ii) shoterm (springheap cycle) sedimedgposition patterns in tidal
freshwater, brackish and salrshes of a high temporal and spatial resolution within the
Elbe Estuary. To increase the global comparability of studies on sediment deposition
patterns in estuarine marshes, an experiment on the trapping efficiency of different sediment
traps in a flumeas also included in the thesis. Thdikdygs of the study include:

1) Tidal marsh area within the Elbe Estuary increased by 2 % from 1980 to 2010,
but changes were unequally distributed between elevational and salinity zones.
Salt and brackish high ntees increased by @ad 4%, respectively, whereas
tidal freshwater high marshes decreasedhyl.dw marshes decreased in all
salinity zones between 4 and@0

2) Tidal flats and high marshes showed a high persistence of 82 bet9ken
1980 and 201@vhereas only 19 to 28 of low marshes of 1980 persisted in
2010. In salt and brackish marshes more thaihinge of low marshes
expanded into high marshes (progressive succession), while in tidal freshwater
low marshes, almost half of the 1980 low reardgleveloped into tidal flats
(regressive succession).

3) Distance to the navigation channel was the major factor determining succession
in salt and brackish marshes; the closer the distance to the channel, the higher
the risk of regressive succession. dial tfreshwater marshes, river bank
situation, changes of mean high water, and distance to the navigation channel
were identified as main factors for marsh succession.

4) In the zone of tidal freshwater marshes, anthropogenic impacts by channel
engineeringawsed strong decreases of mean low water and increases of mean
high water between 1980 and 2010. It is quite likely that these interferences
negatively modified marsh distribution, increased regressive succession, and thus,
limited the quality of tidal 8lewater marshes.

5) Bi-weekly sedimeileposition rates differed between tidal freshwater, brackish
and salt marshes and were significantly higld@d@% in low marshes than in
high marshes. Sedimelefposition rates were highest in brackish low marshes
and between 51 and %d lower in the low tidal freshwater and the salt marsh,
respectively.
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6) Highest suspendegdiment concentrations and longest inundations were found
during fall and winter. Flooding duration and frequency was highest in tidal
freshwateand lowest in salt marshes.

7) Decreasing sedimesgposition rates with increasing distances from the
sedimentation source were recorded in all three marsh types.

8) Multiple regression models were able to explain between 71 %ndf 79
variation in sediméxdeposition patterns in tidal freshwater, brackish, and salt
marshes. Suspenesstliiment concentration was found to be the most
important model predictor factor.

9) Assessing the possible stability of tidal marshes under projected accelerated sea
level rie and predicting future tidal marsh development needs to be based on
results obtained for different spatial and temporal scales-teBhort
investigations of sedimefgposition rates, which were conducted infibow
sections, showed that sedirmgpodion rates in tidal low marshes of the Elbe
Estuary generally seem to be sufficient to compensate moderate rategabf sea
rise. High marshes might be vulnerable due to insufficient input of sediment, and
may regress into low marshes. The investigatiolongterm dynamics of
estuarine intertidal habitats in contrast showed a decrease of tidal low marshes.

10)Trapping performanc# different sedimeritap types differed significantly in a
flume study under controlled conditions. Highest seddaposibn rates were
found for circular trap types, which were 20 t#%4bgher compared to floor
mat and tile sedimetrap types.

5.2 Sediment Depositiond A Matter of Scale and Measuring Methods

The results of this study demonstrate the importance of conssieatial and temporal
factors for sedimeiuteposition rates along estuarine salinity and elevation gradients. | can
clearly showhtatin estuarine marshebanges in sedimesfgposition ratesn a shorterm
periodand resulting successional pathways over-getamgeriod are strongly connected

with various factorsAnthropogenic disturbances on different scales may alter hydro
dynamic patterns and mbstconsidereduring data interpretation.

The results of the field study on short term sedidepusition rates presented in
chapter3 show that in study sites with comparable conditions (e.g., locatedflatvslow
sections, range of distances to nearest creek and marsh edge, and cregkiei=e)nvar
suspendedediment concentration, inundations, and distance to the sediment source (marsh
edge, creek) could be used to predict seddapaosition rates in estuarine marshes.
Variation insuspendedediment concentratias related tdnighly vaiablephysicafactors
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such adreshwater discharge, tidal characteristics, wind regime, and water tenggerature,
well agiological activity and-seispension processeshatinarsh or tidal flats surfgeqy.,

Leonard et al. 199%ettweis et al. 199&llen 2000 Ruhl and Schoellhamer 2004
Temmerman et al. 200Bartholomé et al. 200Highest sedimeftteposition rates in
brackish marshes were related to the location of the estuarine turbidity maximum of the
Elbe (see Kappenberg and Grabemann B¥ijemani2005). Furthermore, suspended
sediment concentrations and sedirdepbsition rates were higher in low than in high
marsh zonesThis patternindicate continuous settling of sediment particles during
oupmar s hdé waldwerrsedimentiegositeomrates with increasing distance from

the sediment source, shorter inundation durations, lesser inundation frequencies, and lower
inundation heightéFrench and Spencer 19€93ristiansen et al. @@ van Wijnen and

Bakker 2001 he higher inundatmofrequencies and heights in low marsh zones compared
with high marshes ardearlyrelated to elevation and have been previously shown by
Chmura et al. (2001) and Temmerman et al.a(Z00&dal marshesBesides differences
between elevational and resji zones, strong seasonal differences were found. Highest
suspendedediment concentrations during fall and winter may be correlated with increasing
inundation parameters, higstarm activitfvan Proosdij et al. 2006a&)d lower sediment

stability oftidal flatsdue to a decrease of benthic diatoms abundance with decreasing
temperatures (Underwood and Paterson 1993, Austen et al. 1999). In addition, several
authors identified biomass as a factor affecting sedieparsition and/or accretion rates

in tidal marshes by belowground organic enrichment, particle capture by stems and leafs,
and enhanced settling due to turbulent kinetic energy reduction (e.g., Leonard and Croft
2006, Neumeier and Amos 2006, Mudd et al. 2009, 2010). FurtHewsosglinit stress

under freshwater compared with saline conditions leads to higher productivity of the
vegetation (Gough et al. 1984ldwin and Mendelssohn 199&) might further increase
sedimenteposition rates. However, no correlation between seasonal biomass and
sedimenteposition rates were found in our study, which might be due to a higher relevance
of other factors mentioned before.

In contrast to the gt-term investigationclapter3), the bngterm investigtion
conductedn chapter2 allowed a comprehensive overview of the historical development of
intertidal habitats of the Elbe Estuary between 1980 and 2010. The use and comparison of
different vegation maps allowed indirect conclusions on seddeposition rates from

changes of elevational zones (progressive or regressive sué¢tessiamonsequence of

the large scale and lelegm approachvarying environmental factors without a high
tenporal variability have to be used to explain successional pathways. To determine changes
and to identify the direction of succession, more or less constant factors such as the distance
to the navigation channel, as well as variable factors like changas &@w and mean

high water levels between the periods were consiQeszdll, tidal marshed the Elbe
Estuaryincreased by % from 1980 to 2010, which indicates that sediment input exceeded
export. Increases of sediment deposition can be indrentijuded from vegetation
changes. Progressive and regressive succession was uneipuady dstween elevational

and salinity zone&nalyses showelde major importance of distance to navigation channel

for marshsuccession in salt and brackish Imeatslere,physical forcesuch asigher flow
velocitiegLeonard and Croft 200@nd wave activififfemmerman et al. 200@apmote
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regressive succession much stronger in areas situated closer to the navigation channel. These
forces are more pronounceder tidal flats and decrease landwards from the vegetated
marsh edgéTemmerman et al. 2005). Progressive succession in salt and brackish marshes
prevailed in areas further away from the navigation channel. In tidal freshwater marshes,
regressive successpredominated over all elevational zones, which might be explained by
the generally loweatistance to the navigation chaneeimpared to salt and brackish
marshesTidal marshesf the Elbe Estuary were notably affected by channel emgineer

which caised a decrease aheanlow water andn increasen meanhigh watebetween
1980and2010.This change of tidal amplitude was especially pronounced in tidal freshwater
marsheswhich nay have negatively modified the distribution and quality of marshes
contrast to salt and brackish high marshes, decreases of tidal freshwater high marshes might
be due to the interplay between shorter distances to the navigation channel and increasing
tidal amplitude.

Chapter2 and chapter3 illustratethe strong spatitemporal dependence between the
variation in environmental factors and anthropogenic impacts versus successional pathways
and sedimerdeposition rates. Results of the starh field study on sedimedgposition

rates at the Elbe Estugohapter3) show hat especially tidaigh marsheseemo have
adequate sedime¢position rateso compensate mderate rates of sésvel rise (see
chaptes.3. In contrast, investigations of the kergn dynamics of intertidal habitats of

the Elbe Estuary between @98nd 2010chapter2) show a increased riskf the
development fronlow marshe#to tidal flats with decreasing distancéhéonavigation
channel. Therefore, it midbe difficult to extrapolate the results from a ssoalé study to

an entire areaf hydromorphologic variations, which are a characteristic feature for
estuarine environments, were not fully covered (e.g., slow flow versus high flow velocity
sections, natural elevated marsh edge versus marsh edge with enrockments, estuarine
marshes wit and without (grazing) managemelnt)addition, everwhen comparing
sedimenteposition rates on the same temporal and spatial scale, results significantly
differed between different trap tygelsapter4). Disparities between different sediment

trap tygs might be caused by trap geomé&igeschand Burnsl1980) differences in

bottom shear stress (Kozerski and Leuschner 1999), trap dependent acceldoaabns of
waterflows (Butman et al. 1986), different amounts of |lats@drsabf trappedsediment

to the surrounding surfafldeubauer et al. 2002y washing off by rawor tides (Gardner

1980 Kozerski and Leuschné@©99).Therefore,sediment deposition rates obtained in
studies using differertap types might not be directly comparalethe future, a
standardization of measuring equipment would largely increase the possibility of comparing
results of different studies.

5.3 Anthropogenic Alterationsd Impacts on Tidal Marsh Dynamics

and Stability
In general, knowledge abdatgescale chamg of elevationaones allowsonclusions
aboutthe sufficiency of sedimedfeposition rates in relation to -teeel riseHowever,

regressive successmightindicate insufficient deposition rgi@ahoon and Redd95)or
erosional processéallen 2000, van Proosdij et aP006a) Deposition ratethat exceed
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increases fealevel rise promote progressive succegAltam 1990) In the Elbe Estuary,
anthropogenic activities hawghly influencedhydrodynamics for centuries, resulting in
changes ithe dynamics of tidal marshes. The construction ofsldasd approximately
1,000years ago. Dike construction restricted tidal flooding to theikexhmarshes. The
building of new dikes after the catastrophic storm surge of 1962 further redaiddhe

tidal marshes bgpproximately 65 % between the city of Hamburg and Cuxhaven (ARGE
Elbe 1984)In addition to diking, deepening amdddjing altered thaepthof the shipping
lanefrom aminimum water deptbf 4.5 min 1843 to 14.5 m below the mdaw-water

line along the Elbe Estuany 1999. Thisnduced a gradual increase of the tidal amplitude
from 1.8 to 3.6 m in Hambuayerthe past 150/earsand as a consequeragnges in

tidal currerg have occurred: Today, the flood current is fastér than the ebb current
leadingtothesoal | ed oti dal p u Bprgemand 20pRereen 2007 non ( s e
In the estuarine stretch close to the mouth wéatemarshedevelop the increases of

mean higlandmean low watgseechapter 2 correspnded fairlywell with current mean
sealevel risein the North Sea 08.6 = 0.7mmyear (seeWahl et al. 20117 similar
relatiorship would be expected further upstream in the brackish and freshwatebutone
anthropogenic alterations, espeatéiymel deepening, broadening, and straightening (see
Arbeitsgemeinschaft fur die Reinhaltung der BU8¥) changed the hyeblgnamic
conditionsIncreasem tidalamplitudeand anthropogenic impacts were previously found to

be related to regressive sucopgsitidal marshefCox et al2003) At the Elbe Estuary,
hydrologic conditions in the stretch in which tidal freshwater marshes occur were notably
altered. Here, a stromgcrease omean high water amd contrast tahe situation at the

mouth of the Btuary and in the North Seadecrease afean low watevasfound. My

results indicatea strong impadif these anthropogenic alterationgnarsh persistende.

tidal freshwater marsh@gh generally low distances to the navigation channel, desfreases
mean low water and increases of flow velocities seem to be related to regressive succession
(Kappenberg and Grabema?001) possibly athese hydrodynamic alterations enhance
erosional processes of marshes and tidal flats.

Progressive succession dngh marsh expansion of salt and brackish marshes were
correlated with increases in mean high water levels. Similar respitsigesty described

by Olff et al.(1997. Increases ahean high watgrolong inundations, which increase the
opportunity ofsuspended sedimeantthe flooding watetio deposit on the marsh surface,
resultingn anincrease ielevation.

Annual dredging amounts from the navigation chietsben Hamburg and Cuxhaven
increased from around ddillion m3 &in 1979 to 1&nillion m3 & in 2007, although mean
annual discharge rates remained cong@mroximatively 80@3s®, Hamburg Port
Authority 2008) The increase of dredging amounts might be due to both a significant
increase oduspendedediment concentratiavithin thewater column of the Elbe Estuary
and the previ opussmpmenngtad,o nbeadt ho tao fdlastitivo ncaim ar e r e
channel engineering projesisthe late 1970s and 1999/2000Gerefore, tidal marshes
indirectly benefit from these anthropogemiduc¢ed increases of susperskiment
concentration. Bpended sediments maiiginated from broad areas of tidal flats at the
mouth of Elbe, with a net export of approximately 100 million m3 of sediments recorded
within the last 39ears (Hamburg PoMuthority 2008)Future increases in wind and wave

76



Synthesis

energy(see IPCC 2007) may increase etosion of tidal flats and further enhance
suspendedediment concentrations. However, there is not an unlimited sediment supply
from tidal flats. Erosion and potential loss of tidal flats might strongly affect tidal marsh
survival with regard to skeel risen the long run. In addition, insufficient sediment supply

due to tidal flat erosion might lead to a submergence of tidal marshes (e.g., Nyman et al.
1990, Ward et al. 1998), and missing or limited tidal flats will enhance the vulnerability of
tidal marshesluring storms, causing damage to the vegetation structure, which stabilize
surface sediments and diminish lateral erosion (Allen 2000, Adam 2002, Wolters et al. 2005).
Finally, an increase tbk erosionof the marsh edgean be expected (van de Koppellet

2005). These possible impacts might reduce the storm buffering diiityntdrshes and
affectcyclic marsh development. On the other hand, increases of storm activity and storm
surge levelhurchet al 2013) were especially important for higinsh accretion rates

(see Schuerch et al. 2012). Therefore, it is difficult to determine the impact of accelerated
sedevel rise on tidal marshes and tidal flats.

In estuaries, increases oflsgal will also cause salt water intrusion upstream,wahilch
lead to ashift in the distribution of salt, brackish and tidal freshwater marshes, alter
vegetation cover and species richfigzddwin and Mendelssob®98) Simultaneously, the
turbidity zonemight also shift upstream with increasing salinityatied sediment
deposition patterns. Climatic projections for the region of Elbe gute@iot a decrease of
the amount osumme precipitationIPI-H 2006 Rechid et ak014), whichvouldreduce
freshwater dischar§@m rivers (Neubauer and Craft 20@rengthen upstream salt water
intrusion in estuaries during the peak of the vegetation periotegately affedhe
occurring species, particularly in tidal freshwater m#dskesll tidal freshwater marshes
with highest susceptibility to inased salinity ay sufferthe most from effects caused by
climate changend sedevel rise.

5.4 Future Challenges and Research Questions

The results of this study help to unravel the different $padpmral scales which are
important to understanding marstwvelopment. This study showed the benefit of using
different approaches and investigation methods to assess marsh stability. Up to now, studies
along salinity gradients, comparing sedimentation and vegetation dynamics between tidal
freshwater, brackish asdlt marshes were almost completely lacking. In the course of
climate change and acceleratedesebrise (see Church et al. 2013), substantial changes of
inundation and salinity features might occur and alter the distribution of estuarine marshes
alongthe salinity and elevational gradient. However, there is a lack of knmavieeigeng

the effects of multipland interacting factors for sedimentation and vegetation dynamics in
tidal marshes. This lack of knowledge needs to be filled by otherlsttitkefsiture, more

realistic models accounting for temporal and spatial variation in predictor factors should be
used to predict sediment deposition in estuarine marshes across regional and local gradients
(Kleiss 1996, Temmerman et al. 2003a).

Differen@s in trapping efficiency impede the comparabilitynonoaly used sediment
trap types; therefore sheetm sediment measuriequipment and methods in intertidal
habitats should b&tandardizedAdditional field studies should be condutiiecompare
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different sedimerttap types simultaneously under different inundation regimes, flow
velocities, as well as in different marsh types. Also, establishetedongeethods
measuring accretion rates like swddmation tables (Boumans and Day 1993), rod
aurfaceelevation tables (Cahoon et al. 2002), marker horizons (French and Spencer 1993) or
sedimentatiorrosion bars (van Wijnen and Bakker 2001) should be validated with the
available shoterm methods for measuring sediruEgosition rates.

Anthropogenichannel engineeriglikely to influence marsh succession and persistence
However further studies are necessary to understendnderlying mechanisiausd to
predictfuture developments. Futulergeassessments of tidal marshes of the Estuary

will fortunately not be constrashby methodological problems as the Trilateral Monitoring

and Assessment Program (TMAP) of the WaddenaSewell as the river basin
management plan of the EU Water Framework Directive (WFD) will providenmaps
common methodological basis. This will enasiearcher® identify pathways of marsh
succession at a high spatial and temporal resolution and canspsdisig problematical
developments of tidal marshparticularlyin relation tochannel egineering which is

regularly conducted in many estuaries worldaéde Cox et al. 2003, Blott et al. 2006,
Stralberg et al. 2011, Li et al. 2013). However, it must be noted that maps only present a
snapshot of the tidal marshes at any given time. Groovitlitions in tidal marshes differ

slightly between years due to variation in climate and other factors (e.g., mean temperature,
mean inundation features, disturbances during winter), which might influence the
comparability of aerial photographs and/opsnftom different periods. This becomes
especially important in the pioneer zone (low marsh), wherahimied fluctuations of
vegetation were observed during the study (see Appiecttipter 5.5).

In many estuariesgonflictsbetween environmentaldaeconomic demangsevail The

Elbe estuary working gro(@012)eleasedra0 i nt egr at ed management pl
El be e s fcln malugdedall Natufa 2000 nature conservation areasanagement

targets, measures and their implementatnoh thretss. The plan was conducted to
summarize and determine relevant environmental monitoring observations and to prepare
adaptations to estuary ecosystems in view of climate change. The IMP is the first extensive
plan for the Elbe Estuary, where various stétefso from administrations,
nongovernmentalrganizationresidents, and economy cooperate closely with each other.

The IMP serves thus as guideline for future developments, however unfortunately without

legal obligation.

The constructions of dikes foodd protection and creation of agricultural land have
dramaticallyeduced the area of estuarine marshes in NorBumegte during the last

centuries Nleire et al.2005 van Koningsveld et aP00§ Temmerman et ak012.
Nowadays, increasing-#&&el, storm surge frequencies, storm surge levels (IPCC 2007), as
well as anthropogenic impacts increase the tidal prism and the flooding risk in the upstream
areas of estuaries. To overcome these negative developments aedvéotpeesnique
ecosystem services of tidal marshes (storm and flood buffering, erosion control, nutrient
cycling, filter for pollutants, and many more, see Mitsch and Gosselink 2000, Costanza et al.
1997, Costanza and Mageau 1999, Kirwan and Megon®)ah@&dtion strategiese

required, and may include measures to increase the water storage volume to reduce the tidal
amplitude(Vandenbruwaene et 2011). In the Elbe Estuatyvo firstsmall areas of dike
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relocations (Hahnofersand, 105 firashed m 2005)were conducted and an additional

project is planned for the next years (Kreetsard, 30tended to be finished in 2016). It

must be stated, however, that these areas are comparatively small and that they would lower
the tidal amplitude by only centimeter. Therefore, additional and much larger de
embankment projects should be taken into consideration for the future.

5.5 Appendix

The appendix shows tira-annual fluctuations of the low marsh vegetation adjacent to
the tidal flatbetween April 2D and March 2011, the tidal freshwater marsh X)Aand
brackish marsh (2) at the Elbe Estuar§he arrangement of the panoramic pictures, f

the top to the bottom

A.1.Tidal freshwater marsh(Haseldorfer Binnenelbe, Germany)
April 2010, June 2018eptember 2010 89
December 2010, JanuaryR®ebruary 2Al(pp 81)

A.2:Brackish marsh(Neufeld, Germany)

April 2010, May 2010, June 2010, August 2010, Septembep 8@)0 (p
October 2010, December 2010, Januaty E8hruary 2A1(pp 83)

79



Chapter 5

abpa ysiew ‘ysrewaremysal) [epll TV xipuaddy

80



Synthesis

81



Chapter 5

abpa ysrew ysrew yspporeig 2V Xipuaddy

82





































































