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Summary 

Tidal marshes are found along sediment-rich low-lands of coasts and estuaries and are 

highly dynamic and disturbance-driven environments. Their ecological value is of great 

importance as they provide precious ecosystem services such as carbon sequestration 

and water quality regulation as well as irreplaceable habitats for specialised organisms. 

In the face of climate change and sea-level rise, their capacity to substantially support 

coastal defence has been increasingly recognized and has led to the concept of 

ecosystem-based coastal defence. Nonetheless, areas in which marshes can survive 

naturally are increasingly threatened: storms, land-claim and sea-level rise have led to a 

worldwide loss of tidal marshes by 50 % since the 1980s. However, little is known about 

the critical thresholds of environmental variables for successful seaward expansion of 

marshes which is why further research is needed to better predict future marsh 

development.  

The aim of this thesis was to determine the critical conditions for horizontal seaward 

expansion of Scirpus maritimus-dominated marshes. The main focus is on the effects of 

wave exposure and wave period on colonization success of both the continuous pioneer 

marsh zone and individual seedlings and shoots. These aspects were investigated using 

(1) field experiments and monitoring campaigns at field sites in the Scheldt Estuary (SW 

Netherlands and N Belgium) with contrasting wave exposure (wave-sheltered and 

wave-exposed) and (2) by a wave flume experiment with contrasting wave periods 

(short waves representing wind waves and long waves as proxy for ship waves).  

Our findings show that (1) the dominant and most successful colonization strategy of 

S. maritimus is clonal expansion from the marsh edge, with average rates of more than 

1 m per year at the study sites. Wave exposure might influence the speed of this type of 

expansion as the expansion rate at the sheltered site was almost twice that of the 

exposed site. Moreover, the expansion rate was predictable at the sheltered site as it 

appeared to be linked to elevation at the marsh edge, and therefore related to 

hydroperiod. In contrast, at the more exposed site wave exposure appears to overrule 

any other limiting factors. (2) We detected that S. maritimus can follow both a stress-

tolerance and a stress-avoidance strategy. The strategy depends on life stage (with 

flexible stress-avoiding seedlings and stiffer stress-tolerating shoots) and exposure 

(with flexible and shorter stress-avoiding shoots at more exposed sites and stiffer and 

taller stress-tolerating shoots at more sheltered sites). In our flume experiments, we 

found that these respective life-stage related strategies were successful for wind-

generated waves while they failed under artificial long waves potentially caused by 

passing ships. (3) Our results further showed that important wave attenuation occurred 

over the first 12 m of the marsh and that relative wave attenuation was more important 

at the exposed site compared to the sheltered site. Although survival chances of 

transplants were generally better at the sheltered site, survival was equal within both 

marshes, emphasizing the relevance of wave sheltering capacities of marsh vegetation.  
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Overall our findings highlight that marshes create sheltered environments. In the future, 

these marshes will be exposed to increasing hydrodynamic stress due to climate change 

(potentially inducing higher storm frequencies and intensities), sea-level rise and 

increasing shipping traffic. However, we can expect that they will be able to adapt to this 

increase in exposure and sustain themselves to a certain extent: marshes have been 

shown to grow with rising sea level if sediment supply is sufficient, and the vegetation 

itself can be expected to adapt its survival strategies to changing conditions. While more 

precise thresholds of sea level and wave-induced disturbances for clonal marsh 

expansion still need to be determined, the contribution of marshes to future coastal 

protection is sure to be valuable, especially at exposed sites. 
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Samenvatting 

Schorren bevinden zich langs sedimentrijke rivieren en kusten en zijn zeer dynamische 

gebieden die vaak verstoord worden. Schorren zijn ecologisch zeer waardevol, ze 

leveren belangrijke ecosysteemdiensten zoals koolstofopslag, het regelen van de 

waterkwaliteit en ze zijn onvervangbare leefgebieden voor gespecialiseerde 

organismen. Door de vergrote aandacht voor klimaatsverandering en zeespiegelstijging 

worden schorren meer en meer aanzien als een belangrijk onderdeel van de 

kustbescherming. Dit leidde tot het nieuwe concept “ecosystem-based coastal defense” 

(ecosysteem-gebaseerde kustbescherming), waarbij natuurlijke habitats worden ingezet 

als kustbescherming. De gebieden waar schorren natuurlijk voorkomen worden echter 

steeds meer bedreigd: stormen, inpolderingen en zeespiegelstijging leidden reeds tot 

een verlies van 50 % van de mondiale schorrenoppervlakte sinds de jaren 1980. Er is 

echter zeer weinig geweten over de omgevingsfactoren die zeewaartse uitbreiding van 

bestaande schorren bepalen. Meer onderzoek is dus nodig om de evolutie van schorren 

te kunnen voorspellen. 

Het doel van deze doctoraatsthesis was om de belangrijkste omgevingsfactoren te 

onderzoeken die de horizontale, zeewaartse expansie van Scirpus maritimus-schorren 

bepalen. Hierbij werd vooral de focus gelegd op de blootstelling aan golven en het effect 

van golfperiode op het kolonisatiesucces van aaneengesloten schorvegetatie (de 

pionierszone), individuele zaailingen en individuele scheuten. Deze aspecten werden 

onderzocht door middel van (1) veldexperimenten en monitoring op veldsites in het 

Schelde-estuarium (ZW-Nederland en N-België) met een verschillende blootstelling aan 

golven (beschut en onbeschut) en (2) door een golfgootexperiment met verschillende 

golfperiodes (korte en lange golfperiodes werden gebruikt als benadering voor 

respectievelijk windgolven en scheepsgolven).  

Onze bevindingen tonen aan dat (1) de belangrijkste en meest succesvolle 

kolonisatiestrategie van S. maritimus klonale expansie vanuit de bestaande schorrand is, 

dit met gemiddelde snelheden hoger dan 1 m per jaar op de veldsites. De blootstelling 

aan golfen kan mogelijks de snelheid van deze expansie beïnvloeden, de snelheid was 

immers dubbel zo hoog op de beschutte veldsite in vergelijking met de onbeschutte 

veldsite. De expansiesnelheid was zelfs voorspelbaar op de beschutte site aangezien het 

gelinkt kon worden aan de hoogteligging van de schorrand en dus aan de 

overstromingsduur. Op de onbeschutte site was de blootstelling aan golven de 

bepalende factor, die meteen ook alle andere factoren overstemde. (2) We observeerden 

dat S. maritimus twee overlevingsstrategieën kan hebben om met stress om te gaan: de 

planten kunnen de stress tolereren ofwel ontwijken. Dit is afhankelijk van de levensfase 

(flexibele, stressontwijkende zaailingen versus stijvere, stress-tolererende volwassen 

planten) en golfblootstelling (flexibele, korte planten op de onbeschutte site en grotere, 

stijvere, stress-tolererende scheuten op de beschutte sites). Uit het golfgootexperiment 

kunnen we besluiten dat deze strategieën succesvol zijn om windgolven te weerstaan, 

maar de strategieën faalden bij scheepsgolven. (3) Onze resultaten toonden verder aan 

dat een aanzienlijke golfdemping optrad over de eerste 12 m vanaf de schorrand en dat 
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relatieve golfdemping belangrijker was op de onbeschutte locatie in vergelijking met de 

beschutte locatie. Hoewel de overlevingskansen tijdens een transplantatie-experiment 

doorgaans groter waren op de beschutte locatie, was de overleving gelijk binnenin de 

beide schorrenvegetaties, wat duidt op het belang van golfdemping door de 

schorrenvegetatie. 

Globaal gezien benadrukken onze resultaten dat schorren beschutte habitats creëren. 

Bovendien kan S. maritimus zich in bepaalde mate aanpassen aan de lokale 

(golf)condities door een bepaalde overlevingsstrategie te kiezen. Hierdoor verwachten 

we dat deze schorren zich in bepaalde mate kunnen aanpassen aan 

klimaatsverandering, zeespiegelstijging en toenemend scheepvaartverkeer. Hoewel de 

grenzen van zeespiegelstijging en golfverstoringen voor klonale expansie nog preciezer 

moeten onderzocht worden, is het nu al duidelijk dat de bijdrage van schorren aan 

kustbescherming waardevol is, vooral in de onbeschutte gebieden.  
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1.1 Tidal marshes – an introduction 

Tidal marshes occur in the transition zone between the terrestrial and the marine 

environment in artic to temperate climates. In subtropical to tropical regions, these 

transition zones are mainly covered by mangroves. Marshes are found along sediment-

rich low-lands of coasts and estuaries. Due to regular tidal inundations and currents, 

waves and occasional storm surges that they are exposed to, they are highly dynamic 

and disturbance-driven environments. Depending on the local tidal amplitude, elevation 

of the landscape relative to mean high water plays a crucial part in defining the possible 

extent of marshes: at the landward edge, the natural transition zone towards terrestrial 

or freshwater plants is determined by the decreasing tidal inundation frequency with 

increasing elevation. At the seaward edge, in contrast, the transition towards a bare tidal 

flat is set by increasing hydroperiod and inundation depth with decreasing elevation. 

This means that the tidal marsh, and especially its pioneer zone at the most seaward 

extent, represents a last outpost of terrestrial vegetation that advances onto the marine 

environment (Fig. 1.1).  

Figure 1.1: Marsh-mudflat transition 
zone of a Scirpus maritimus pioneer 
marsh. Here: at Groot Buitenschoor, 
Scheldt Estuary (N Belgium and SW 
Netherlands), in June 2014. 

 

 

 

 

 

 

 

Tidal marshes are extreme habitats due to strong variations of parameters such as 

hydroperiod, currents and salinity (in the case of brackish and salt marshes) on different 

time scales (daily tides; monthly neap-spring tidal cycles; occasional storm surges). This 

is why the vegetation found in these areas is usually highly specialized and restricted to 

these ecosystems (e.g. Friess et al., 2012). In addition to the specialized plant species, 

there are also many bird and invertebrate species that are unique to tidal marshes, 

which is why many of them, in Europe but also world-wide, have been put under high 

protection status (e.g. by EU Habitat and Bird directives). Apart from other ecological 

functions such as carbon sequestration and water quality regulation (Barbier et al., 

2011), they are also important for flood and wave attenuation (Callaghan et al., 2010; 

Möller et al., 2014), and there is increasing awareness of their sustainable contribution 

to coastal defence in the face of climate change and sea-level rise (Borsje et al., 2011; 

Temmerman and Kirwan, 2015; Temmerman et al., 2013) (see 1.2).    
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Tidal marshes appear under different forms typically distinguished by the location of 

occurrence. Most common marsh types are open-coast marshes (mainland marshes, e.g. 

along the open coasts of Schleswig-Holstein and North Norfolk (e.g. Allen, 2000; Pye and 

French, 1993)), back-barrier marshes (e.g. the marshes occurring on the land-ward side 

of coastal barrier islands, e.g. along the Wadden Sea coast (Lozán et al., 1994; Streif, 

1990)) and marshes within estuaries (fringing marshes that can reach as far as into the 

fresh water zone (e.g. Meire et al., 2005 for the Scheldt Estuary)). Seaward marsh edges, 

i.e. the transition from vegetated marsh to bare tidal flat, are typically located at 

elevations lying between the local mean high water levels of neap and spring tides. 

These seaward marsh edges are formed either by horizontally expanding marshes with 

a gently sloping marsh-mudflat transition zone or by eroding cliffs. 

Over time spans in the order of decades to centuries, an intrinsic cyclicity of seaward 

marsh expansion and landward erosion along these marsh edges has been suggested 

(e.g. Allen, 2000 and references therein; Chauhan, 2009; Van der Wal et al., 2008). The 

cyclicity is thought to be triggered once a marsh has reached its seaward limit of marsh 

extension while vertical growth prevails (e.g. Chauhan, 2009 and references therein). 

Differential accretion within the marsh and on the tidal flat (see 1.3.1) then leads to a 

stronger increase of elevation within the marsh than on the tidal flat, leading to steeper 

sloping marsh-mudflat transition zones. This, in turn, leads eventually to cliff formation 

and landward marsh retreat. Once the marsh has retreated over a sufficient distance, 

allowing new tidal flat surface to emerge, new marsh vegetation can establish in front of 

the retreating cliff, protecting the cliff, which is now abandoned. This newly established 

marsh will expand seaward and grow vertically until the point is reached again when 

landward cliff erosion sets in (Allen, 2000; Chauhan, 2009; van de Koppel et al., 2005). 

The two opponents – the marshes on the one hand and the tidal flats on the other hand – 

are connected by tidal channels that reach from the subtidal environment into the 

intertidal marshes. They are the main flow paths for water, sediment and nutrients that 

can in this way reach more landward locations of the tidal marsh platform than by 

inundation from the marsh edge boundary alone (e.g. Friedrichs and Perry, 2001; 

Temmerman et al., 2007; Vandenbruwaene et al., 2012). 

Due to natural disturbances such as storms on the one hand, and direct or indirect 

human impacts such as land-claim or sea-level rise on the other hand, areas in which 

marshes can survive or expand are increasingly threatened (Kirwan and Megonigal, 

2013). A 50 % worldwide loss or degradation of salt marshes has occurred since the 

1980s (Barbier et al., 2008), mainly due to competing economical land use forms for 

which marshes were embanked and thus lost. Also dams have been shown to cause 

downstream marshes to drown due to their major impact on sediment transport 

towards the estuarine or delta part of the rivers. For instance, the Yangtze River delta 

marshes had expanded over more than 1000 years despite increasing sea level, but are 

retreating since the 1960s when massive dam construction on the Yangtze and its 

tributaries began (Kirwan and Megonigal, 2013; Yang et al., 2005). A better 

understanding of mechanisms promoting horizontal marsh expansion or retreat is still 

necessary, as little is known on critical thresholds of environmental variables for 
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successful establishment of different marsh species. Further research is needed in order 

to better predict future marsh development and to detect major natural or human 

induced disturbances responsible for marsh expansion or retreat.  

1.2 Ecosystem-based coastal defence 

The concept of ecosystem-based coastal defence is inspired by the mechanisms 

occurring in natural tidal systems: tidal marshes exert friction on incoming waves, tides 

and storm surges. In this way they slow down the landward flow and attenuate the 

height of incoming waves within the marsh vegetation (see 1.3.1). As a result, they 

reduce tidal and storm surge flood propagation to upstream areas along the main tidal 

channels of an estuary. Marshes also benefit from sediment supply during tidal and 

storm surge inundation events, during which the flow is reduced and suspended 

sediments are captured within the vegetation. If sediment supply is sufficient, marshes 

are able to build up vertically with sea-level rise (Kirwan and Megonigal, 2013). These 

natural mechanisms that maintain a dynamic balance between surface elevation and sea 

level stand in contrast to conventional coastal defence approaches where hard 

engineering structures such as dikes and dams interfere in the natural dynamics: once 

disconnected from the tidal system, the embanked marshes are cut off from sediment 

supply, preventing further vertical growth with sea-level rise. Combined with soil 

compaction surface elevation relative to sea level decreases further (Allen, 2000; Dixon 

et al., 2008). Nonetheless, engineering solutions have the advantage that critical 

environmental variables such as local currents, bathymetry and expected wave 

exposure during a storm surge can be included in the risk assessment when designing 

the defence structure. Furthermore, they have a small spatial footprint while ecosystem-

based coastal defence requires more space and healthy ecosystems if their effect on 

wave attenuation should be efficient. Especially in densely populated and urbanized 

areas such as Tokyo or New York, only conventional engineering structures will provide 

reliable flood protection (Temmerman et al., 2013). Also, wave attenuation over a 

marsh, for instance, will decrease with increasing water level, typical of storms, which 

limits their effectiveness in these extreme conditions when their sheltering effect is 

most needed (Spalding et al., 2014).  

In the face of climate change and future sea-level rise, however, the limitations of 

conventional engineering structures need to be considered, given the high vulnerability 

of embanked areas in the case of a dike breach and costly maintenance of the dikes. 

Ecosystem-based coastal defence solutions such as managed realignment, i.e. returning 

embanked areas to the tidal influence, can restore former tidal marshes. These can then 

resume their natural vertical growth through trapping of sediments and reduce 

upstream tidal or storm surge propagation. Controlled breaching of dikes, permanently 

or temporarily, can also help to re-establish a higher surface elevation of formerly 

embanked land which will reduce the risk of flooding in case of a storm surge 

(Temmerman and Kirwan, 2015). The best solution for the future might be a case-

specific and strategic combination of conventional and ecosystem-based coastal defence 

by marsh vegetation.  
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Although these concepts on ecosystem-based coastal defence are increasingly proposed 

in literature, practical implementations are still very limited, which is partly due to 

limitations in scientific knowledge on the establishment and early development of tidal 

marshes. In this respect, research on the conditions for seaward expansion of tidal 

marshes, as will be presented in this PhD thesis, is one of the critical gaps in present 

knowledge. 

1.3 Mutual wave-plant interactions 

1.3.1 Effects of vegetation on waves and sediment… 

It has been shown in many studies that marsh vegetation can attenuate waves 

effectively over a short distance in the order of meters into the marsh (e.g. Bouma et al., 

2005; Koch et al., 2009; Möller et al., 2014; Ysebaert et al., 2011 and Chapter 6). 

Furthermore, even under extreme conditions during storm surges, up to 60 % of wave 

height reduction could be attributed to marsh vegetation alone (Möller et al., 2014). This 

wave height reduction results from the fact that the aboveground marsh canopy exerts 

friction on the incoming water (waves and flow). Relative wave reduction by a given 

marsh canopy will decrease with increasing water depth. At equal water level, in 

contrast, plant properties are relevant: for example, tiller stiffness and standing biomass 

have been shown to influence the wave mitigating capacity of the vegetation, as stiffer 

shoots and high standing biomass will attenuate waves more than flexible plants or a 

low standing biomass (Bouma et al., 2013, 2010; Ysebaert et al., 2011). As the vegetation 

mitigates waves and flow, sediment deposition is promoted and sediment erosion is 

prevented within the vegetation. As a consequence, sediment surface elevation increases 

within the vegetation, which leads to more favourable conditions for further vegetation 

establishment and growth. This, in turn, then leads to more effective wave and flow 

attenuation, promoting further sedimentation etc. This self-reinforcing cycle between 

vegetation and vegetation-induced sedimentation processes has been referred to as 

positive bio-geomorphic feedbacks (e.g. Bouma et al., 2013; Da Lio et al., 2013; Wang 

and Temmerman, 2013).  

It has been shown that the wave-attenuating capacity of marshes is also influenced by 

the marsh edge morphology (e.g. Möller and Spencer, 2002): wave energy dissipation at 

a cliffed marsh edge was found to be twice as high as at a non-cliffed, gently sloping 

marsh edge. However, cliffs lead through reflection of incoming waves to an increase in 

wave height in front of the cliff, which then reinforces cliff erosion. This implies that for 

sustainable coastal protection purposes non-cliffed marsh edges are preferable. 

1.3.2 … and vice versa: effects of waves on vegetation and sediment 

Waves have two main effects on plants: (1) they exert drag forces on the aboveground 

plant material (Bouma et al., 2005; Denny, 1994; Henry and Myrhaug, 2013) and (2) 

they produce local sediment erosion (scouring) around individual stems or patches, 

which can, in the worst case, lead to uprooting (Bouma et al., 2009; Friess et al., 2012). 

There is evidence that these two effects, separately or combined, are the main physical 
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causes for plant failure and responsible for limiting the colonization on bare tidal flats 

by plants (Balke et al., 2011; Bouma et al., 2009).  

The strength of drag forces acting on plants depends on hydrodynamic conditions as 

well as on plant properties: for instance, drag forces will increase with increasing wave-

induced horizontal velocities. The extent of this increase, however, will also depend on 

plant properties such as stiffness and plant frontal area exposed to the wave-induced 

flow. The stiffer the plant and the bigger the exposed frontal area the higher the 

experienced drag forces (Henry and Myrhaug, 2013; Sand-Jensen, 2003). Scour around 

cylindrical obstacles such as shoot stems, on the other hand, is correlated to wave 

period, to wave-induced velocity and to the basal stem diameter of the obstacle (Sumer 

et al., 2001; Umeda, 2011 and Chapter 4). Plant properties might influence the extent of 

scour as it has been shown that highly flexible species such as seagrass (Zostera noltii) 

experience less scour than stiffer species (Bouma et al., 2009). 

1.4  Adaptation of marsh plants to stress 

1.4.1 Avoidance and tolerance strategies 

Aquatic macrophytes typically follow either an avoidance or a tolerance strategy (e.g. 

Coops et al., 1994; Puijalon et al., 2011): higher flexibility of stems and leaves is a typical 

stress-avoidance strategy as it enables the plants to bend when exposed to water flow or 

waves and to reduce drag forces through a reduction of exposed frontal area (Bal et al., 

2011; Puijalon et al., 2011; Pujol and Nepf, 2012; Schoelynck et al., 2013 and Chapter 3). 

This phenomenon is called reconfiguration (Albayrak et al., 2013; Bal et al., 2011; Miler 

et al., 2014; Nepf, 2012; Pujol and Nepf, 2012; Sand-Jensen, 2003). A higher rigidity, in 

contrast, allows the plants to tolerate hydrodynamic stress in the sense that it can resist 

the enhanced drag forces it experiences through more break resistant tissue (Coops and 

Van der Velde, 1996; Puijalon et al., 2011). In the case of aquatic macrophytes it has 

been suggested that there is an avoidance-tolerance trade-off between highly flexible 

plants (i.e., low flexural rigidity) on the one hand, and high tensile strength (i.e., high 

breaking force), on the other hand (Puijalon et al., 2011).  

Stress-avoidance and -tolerance strategies of plants depend mainly on their 

biomechanical properties. These, in turn, are influenced by morphological parameters as 

well as by tissue composition in terms of strength molecules such as lignin, cellulose and 

biogenic silica (Mullarney and Henderson, 2010; Rupprecht et al., 2015; Schoelynck et 

al., 2012). Because a stress-avoidance or stress-tolerance strategy can result in the 

development of different plant morphological properties, the capacity of the plants to 

attenuate flow and waves will be affected, too (see 1.3.1).  
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1.4.2 Clonal integration 

Apart of a few exceptions such as Salicornia europaea which is an annual plant, most 

marsh plant species such as Spartina anglica, Scirpus maritimus and Phragmites australis 

form perennial clonal stands. Although they usually have an abundant seed production, 

the success of establishment through seedlings is often limited and depends on 

particular, favourable conditions, usually referred to as “windows of opportunity” 

(Alvarez et al., 2005; Balke et al., 2014). In contrast, survival as a clonal stand or 

colonization of the bare tidal flat through clonal expansion can take place under 

conditions at which individual seedlings would fail: shoots with a clonal connection to 

the marsh or sufficiently large patches benefit from clonal integration (Amsberry et al., 

2000; Bertness and Hacker, 1994; Burdick and Konisky, 2003) as clonally connected 

shoots can avoid local physical and biochemical stresses by accessing distant resources 

that are redistributed through the clone (Burdick and Konisky, 2003; Charpentier and 

Stuefer, 1999). This means that shoots can establish and survive through clonal 

integration in conditions (e.g. critical inundation depth, sulphide or salinity stress) in 

which individual shoots or seedlings – which do not benefit from clonal integration and 

depend on local conditions – cannot survive (Bart and Hartman, 2002; Burdick and 

Konisky, 2003). Furthermore, clonal connectivity to other shoots and to a deep rooting 

clonal rhizome network also generates a good anchorage protecting the most exposed 

marsh edge shoots against uprooting. 

1.5  Wave climate in estuaries 

Many European estuaries – such as the Scheldt (The Netherlands and Belgium), the 

Humber (UK) and the Elbe (Germany) – are heavily shipped due to the presence of 

international ports along their shores. Consequently, the marshes in these estuaries are 

exposed to contrasting wave conditions resulting from a mixed wave climate generated 

from wind waves and ship waves. While wind waves will vary with weather conditions 

and seasons, occurrence of ship-generated waves – linked to the passage of ships – will 

remain fairly regular. 

 

Figure 1.2: Example of a ship 
wave event measured in the 
Scheldt Estuary. The recordings 
show the typical sequence of long 
primary ship waves (front and 
stern wave) that are initiated 
with a characteristic drawdown 
of the water level and that have 
periods in the order of 1 minute, 
followed by a train of short 
secondary waves with a period in 
the order of seconds. (Source: 
Stefan van Damme, unpublished 
data) 
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Figure 1.3: Top view of a ship with a 
ship-generated wave field (detail of a 
false-colour aerial orthophoto, 2011, 
provided by Rijkswaterstaat). 
Overlaying wave fields will reach the 
shore as distinct primary and secondary 
ship waves. For more details, see 
Schiereck (2001). 

 

 

 

 

In contrast to the open sea, estuaries represent environments where wind-fetch (i.e., the 

distance over which wind can blow over a continuous water surface) is naturally limited 

as distances to the closest shore typically do not exceed a kilometre. In this kind of 

conditions, the influence of ship-generated waves potentially exceeds the one of wind 

waves (Curtiss et al., 2009; McConchie and Toleman, 2003; Rapaglia et al., 2011). While 

wind wave characteristics for a given shore morphology depend on wind climate and 

fetch length, ship wave characteristics depend on the size and shape of the shipping 

channel but also on ship parameters such as relative speed, load, draft and direction of 

travel of the ship (Chwang and Chen, 2003; Houser, 2010; Schroevers et al., 2011; 

Verney et al., 2007).  

Wind and ship waves produce contrasting wave fields: in fair-weather conditions wind-

generated waves in estuaries usually have short wave periods in the order of 1-2 s 

(Augustin et al., 2009). As they depend on wind conditions, their characteristics typically 

vary over longer time scales in the order of hours to days. Ship-generated waves, in 

contrast, appear as events of several minutes only (Chwang and Chen, 2003; Houser, 

2010) and occur in two phases (Fig. 1.2): first, a long period primary wave (with a wave 

period in the order of 20-120 s) reaches the shore. It is the result of a front wave, a 

drawdown and a stern wave. The wave length is usually in the order of the length of the 

ship. A train of short secondary waves then follows this long primary wave. These have 

wave periods that are related to the speed of the ship and which are typically in the 

order of 2-7 s. They progress at an approximate angle of 35° to the sailing line (Fig. 1.3) 

(Schroevers et al., 2011; Verney et al., 2007). 

1.6  The Scheldt Estuary: general overview and field sites  

1.6.1 The Scheldt from the source to the sea 

The river Scheldt has its source in Saint-Quentin in northern France, 355 km from its 

mouth at Vlissingen at the Dutch North Sea coast. The estuarine part, i.e. the part of the 

river that is under tidal influence, stretches over 160 km from Vlissingen at the coast to 

Ghent at its landward extremity (Fig. 1.4) and covers the full salinity gradient from 

upstream freshwater tidal marshes to downstream salt marshes (Meire et al., 2005). The 
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estuary covers a surface of around 350 km2 of which around 40 km2 lie in the Belgian 

part of the estuary (the Zeeschelde) and 310 km2 lie in the Dutch part (the 

Westerschelde). Tides in the estuary follow the semi-diurnal tidal rhythm of the 

North Sea. With a maximum tidal amplitude of around 5.2 m upstream of Antwerp, this 

estuary can be classified as macrotidal (Meire et al., 2005). The intense embankment 

and dredging history has led to a tidal amplification resulting in an increase in tidal 

amplitude of 1.3 m since the 1930s, which is around five times more than expected from 

sea-level rise alone (Temmerman et al., 2013).  

 

Figure 1.4: (a) Location of the Scheldt 
Estuary in the border region of The 
Netherlands and Belgium indicated by 
the black box. (b) Overview of the 
Scheldt Estuary, reaching from Ghent to 
Vlissingen. Zones with freshwater, 
brackish and salt marshes are 
indicated. (c) Location and extent of our 
study sites, Groot Buitenschoor on the 
Belgian side of the border, and Rilland 
on the Dutch side of the border. The 
main shipping channel and the 
breakwater sheltering Groot 
Buitenschoor are indicated. 

 

 

 

 

 

 

 

 

 

1.6.2 Field sites 

The field experiments and monitoring presented in Chapters 2, 5 and 6 (Fig. 1.6) were 

performed at two neighbouring marshes in the brackish part of the Scheldt Estuary (Fig. 

1.4): in order to compare sites with different wave exposure under similar tidal 

conditions, we selected Groot Buitenschoor (Belgium) as wave-sheltered site and the 

marsh of Rilland (The Netherlands) as wave-exposed site. At both sites, average tidal 

range is around 5 m and the marsh edges of both sites are around 3.5 km long. The 

opposing conditions arise from two compounding effects: (1) the wind fetch of 

dominant South-western winds is less than 2 km at the sheltered site but approximately 
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8 km at the exposed site. (2) A breakwater protects the sheltered site from direct wave 

impact from both ship and wind waves, while at the exposed site, in contrast, the 

shipping channel passes closely by the seaward limit of the tidal flat (Fig. 1.4). In 

accordance with this difference in wave exposure, sediment composition at both sites is 

also contrasting with mainly fine-grained, silty sediment (typically > 65 % of silt in the 

top 5 cm sediment layer, own measurements) at the sheltered site and coarse-grained, 

sandy sediment (typically > 85 % of sand in the top 5 cm sediment layer, own 

measurements) at the exposed site.  

The area that today is Zeeland used to be coastal peat land since the last Ice Age, forming 

loosely connected islands until the Middle Ages. Diking history in this area and along the 

banks of the Belgian Zeeschelde goes back as far as the 12th century. Between the 12th 

and the 20th century, the history of embanking, dike breaching and re-embankment is 

very complex (e.g. Jongepier et al., 2015 and references therein). On the Dutch side, 

modern diking was initiated by the Deltaplan from 1963 onwards, setting standards for 

the national coastal defence structures. On the Belgian side, the Sigmaplan coordinates 

national coastal protection efforts since 1977. Today’s dike lines at Rilland and Groot 

Buitenschoor date from the end of the 19th century and the 1960s, respectively. 

While it has been reported that the marshes in the Scheldt Estuary experienced 

alternating phases of expansion and retreat over the last century (e.g. Cox et al., 2003; 

Van der Wal et al., 2008), a continuous clonal expansion of the two studied marshes onto 

the tidal flats has been observed over wide stretches during the period of 2006-2014 

(personal communication by Hug van Beek and own observations since 2010; 

Chapter 5). At both sites, Scirpus maritimus L. Palla (also known as Bolboschoenus 

maritimus) is the dominant marsh pioneer species forming a gently sloping marsh-

mudflat transition zone over wide stretches of both marshes (Fig. 1.1). S. maritimus is a 

typical pioneer plant of brackish marshes in European estuaries. It forms monospecific 

clonal stands, which produce aboveground shoots with a triangular stem cross-section. 

At the peak of the growing season, i.e. in July and August, its shoots can reach heights of 

up to 2 m (personal observation in the field, Chapters 5 and 6). Despite the fact that 

S. maritimus produces vast amounts of viable seeds and the occurrence of one localised 

episodic event of seedling establishment at both sites between 2010 and 2014, no long-

term survival and establishment was observed. Clonal expansion by a general advance 

of the marsh edge onto the mudflat, in contrast, was observed and monitored (Chapter 

5). This species grows clonally by producing several underground rhizomes per shoot 

from which new shoots can grow and advance onto the adjacent bare tidal flat 

(Charpentier and Stuefer, 1999; Charpentier et al., 2000). During the growing season, 

tubers are formed which ensure the survival of the clonal, belowground plant in winter, 

and the regrowth of new shoots in spring, typically by the end of March in the Scheldt 

Estuary. From September onwards, the aboveground biomass dries and dies off. In this 

way, short dead stem stumps that are only several tens of centimetres high are all that 

remains by the end of winter, when the appearance of new shoots growing from the 

tubers of the previous year begins (Fig. 1.5).  



General introduction 

11 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: A Scirpus maritimus pioneer zone at Schor van Rilland and monitoring set-up for Chapter 6 in 
November (left) and June (right) 2014, illustrating the seasonal cycle of aboveground shoot growth from 
March to August and decay from September onwards. 

1.7  Thesis outline 

In this thesis we pursued the general aim of determining critical abiotic and biotic 

conditions for seaward marsh expansion beyond the seaward edge of Scirpus maritimus-

dominated marshes. The main focus lies on the effects of wave exposure (by comparing 

a wave-sheltered and a wave-exposed field site, see 1.6.2) and the effects of wave period 

(by comparing short and long waves – representing wind-generated and ship-generated 

waves – in the flume experiments) (Fig. 1.6). Both relevant colonization strategies were 

considered, i.e. (1) establishment of individual seedlings and individual rhizome-grown 

shoots both within the marsh and on the bare tidal flat (Chapters 2, 3 & 4) and (2) 

clonal seaward expansion by the entire marsh edge (Chapter 5). Finally, we also studied 

the mutual responses of waves and plants along a wave exposure gradient, i.e. the 

response of properties of S. maritimus pioneer shoots to waves on the one hand, and the 

effect of these adaptations on wave attenuating capacities of the pioneer marsh zone on 

the other hand (Chapter 6).  

We explored the following more specific aspects: 

In Chapter 2, we examined critical conditions for the successful colonization of the bare 

tidal flat by S. maritimus: is there a threshold in life stage (through biomass) and 

elevation (through hydroperiod) beyond which establishment is successful? Do 

sediment dynamics and wave exposure influence survival chances of individual plants? 

This was approached by a field transplantation experiment during the growing season 

of 2011 at both the wave-sheltered and the wave-exposed site. We monitored survival of 

transplanted individual seedlings, individual rhizome-grown shoots and clonal patches 

of connected shoots over an elevation gradient ranging from the bare mudflat into the 

pioneer marsh zone. Survival, hydroperiod and sediment dynamics were monitored. 
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Fig. 1.6: Schematic overview of the thesis chapters: field work chapters (in green, left column) and flume 
experiment chapters (in blue, right column) are grouped by overarching topics (wave-plant interactions 
and survival (1) at the scale of individual seedlings and shoots (light blue background) and (2) at the scale 
of the whole clonally connected marsh pioneer zone (purple background)).  

 

In a next step, we consider the particular wave-climate in shipped estuaries where wind 

waves and ship waves typically coexist (see 1.5 and Chapters 3 & 4): does wave period 

(in terms of short wind waves versus long ship waves) influence survival chances of 

individual plants? Does life stage of these plants – seedlings and rhizome-grown shoots – 

impact survival chances? Can measured drag forces and scour resulting from these 

contrasting conditions be estimated based on established (engineering) formulae? In 

order to address these questions, we performed a controlled full-scale flume 

experiment. In Chapter 3, we assessed survival chances of seedlings and shoots under 

these contrasting wave conditions by quantifying drag and scour as well as overall 

performance of the seedlings and shoots. In Chapter 4, we explored the applicability of 

formulae for the quantification of drag forces and scour under these contrasting waves. 

This was a first approach towards a habitat suitability assessment based on wave 

exposure in an estuary. 

As we observed clonal expansion of the S. maritimus marsh edge rather than the 

establishment by individuals in the field, we also investigated the following questions 

(Chapter 5): can clonal marsh expansion rates be related to wave exposure (wave-

exposed versus wave-sheltered) and simple geomorphological parameters such as 

elevation along the marsh edge or local slope? Do seasonal variations in the life-cycle of 

S. maritimus influence near marsh-edge sediment dynamics? How steep is the sediment 

dynamic gradient between tidal flat and marsh close by the marsh edge? In order to 
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address these questions, we performed a “long-term” (two years, 2011-2013) monthly 

field monitoring of sediment surface elevation change and vegetation properties along 

small-scale cross-shore transects with high spatial resolution. Clonal marsh expansion 

along both marshes was traced at the end of the growing seasons of 2011 and 2013 and 

treated in a GIS analysis in order to detect possible correlations with elevation and 

slope, deduced from a digital elevation model. 

In Chapter 6, we consider the possible mutual feedback loop between the effects of 

waves and vegetation properties: does wave exposure affect the morphology, 

biochemical and biomechanical properties of S. maritimus shoots? And do these possible 

adaptations, in turn, influence the capacity of the marsh pioneer zone to attenuate 

waves? In order to answer these questions, we monitored waves as well as plant 

properties along a small-scale transect at both marshes during the growing season of 

2014. In this way, wave exposure and plant properties between sites (exposed vs. 

sheltered) and along an exposure gradient from the marsh edge into the marsh along 

both transects (decreasing wave impact with increasing distance from the marsh edge) 

could be assessed. 

We then give a general conclusion of our findings, management advice and an outlook 

on potential future research in the Synthesis chapter (Chapter 7). 
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Abstract  

The alternative stable states theory is increasingly applied to tidal marsh shorelines, 

where the two opposing stable states – a dense vegetated state on the one hand and a 

bare tidal flat on the other hand – can coexist in time but differ in space. The shift from 

the bare to vegetated state by the establishment of individual plants (seedlings, 

rhizome-grown shoots) on the bare tidal flat is known to be triggered by the occurrence 

of windows of opportunity. These are periods when species- and life stage-dependent 

thresholds, such as sediment dynamics or wave impact, are not exceeded. One of the 

controlling environmental parameters in intertidal wetlands is elevation as many 

important stressors for plants – such as hydroperiod, sediment dynamics and wave 

properties (wave period and wave height) – are typically correlated to it. Disentangling 

the respective impact of these correlated stressors remains challenging. In this paper, 

we present the results of a transplantation experiment where the establishment of three 

different life stages (seedlings, rhizome-grown shoots and patches) of the brackish 

pioneer Scirpus maritimus was tested over an elevation gradient at two locations of 

contrasting wave exposure. This gradient reached from the bare tidal flat into the marsh 

and covered an elevation range at which continuous S. maritimus-dominated pioneer 

marsh is known to occur. We found that erosion stress influences seedling survival on 

tidal flats while drought stress seems to limit long-term establishment of individual 

shoots and seedlings in the marsh. Furthermore, survival of transplants was more 

successful on the tidal flat of the sheltered site compared to the tidal flat of the exposed 

site whereas survival time within the marsh did not differ between sites. This highlights 

the attenuation of waves and currents in exposed marshes. However, no long-term 

establishment occurred on the tidal flat, emphasizing the importance of clonal 

integration for tidal flat colonization.  
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2.1 Introduction 

Tidal marshes are habitats providing various ecosystem services to coastal and 

estuarine societies such as enhancing coastal protection through wave attenuation, 

carbon sequestration and nursery areas for fish (e.g. Barbier et al., 2011; Möller et al., 

2014; Temmerman et al., 2013). This is why it is important to preserve and restore 

them. In this regard, lateral shoreline dynamics (i.e. the processes controlling expansion 

and contraction of the marshes) are highly relevant. In the past, many studies have been 

conducted on the risk of vertical drowning of marshes by sea-level rise, but recent 

studies highlight that many marshes are more vulnerable to lateral erosion (Fagherazzi 

et al., 2013; Mariotti and Fagherazzi, 2010; van de Koppel et al., 2005). Nevertheless, 

field studies on the threshold conditions for lateral landward erosion or seaward 

expansion remain relatively scarce. 

In the past decade, the concept of alternative stable states, originally developed to 

explain drastic shifts in the states of entire ecosystems (Scheffer et al., 2001), has been 

increasingly applied to tidal marshes (Marani et al., 2010; van Wesenbeeck et al., 2008; 

Wang and Temmerman, 2013). In these bio-geomorphic environments, two alternative 

stable states – i.e. continuous marshes or vegetation patches on the one hand, and bare 

tidal flats on the other hand – may coexist simultaneously. This means that the 

alternative states are not only distinguished in time, but also in space, with sharp 

transition zones from high vegetation densities to bare tidal flat (van Wesenbeeck et al., 

2008). The temporal shift from one state to the other may either be induced through 

gradual change of environmental conditions or by episodic events, in both cases causing 

a critical threshold in environmental conditions to be exceeded (Scheffer et al., 2001; 

Balke et al. 2014). Those shifts will, over a relatively short time span (months, years), 

convert bare tidal flat into densely vegetated marsh or vice versa.  

The stability of both alternative stable states is the result of positive feedbacks. For 

example, vegetation that established on a bare tidal flat and passes a critical density or 

biomass enhances sedimentation and decreases erosion due to its flow-attenuating 

effect. This will in turn lead to increased elevation, which facilitates further plant 

establishment and growth and thus sediment trapping (Bouma et al., 2009; Temmerman 

et al., 2007). Such positive feedbacks will lead to the further development of established 

vegetation and enhance the long-term stability, as the disturbance threshold required to 

convert the expanding vegetation back into a low bare tidal flat increases with the 

amount of sediment trapped. After some time, the disturbance threshold might only be 

exceeded during extreme events such as during a storm, or through other mechanisms 

such as cliff erosion. Unvegetated tidal flats, in contrast, are more prone to alternating 

phases of disturbance through hydrodynamics and stabilization of the sediment, e.g. 

through benthos (van Wesenbeeck et al., 2007) and biofilms (e.g. Le Hir et al., 2007), 

which then hampers vegetation establishment.  

Given that the positive feedback loop between vegetation and sediment accretion in 

marsh formation only works once a critical biomass has been obtained (Bouma et al. 
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2009), the most important process in colonizing a bare tidal flat is the initial survival 

success of pioneer plants that are still too small to benefit from such feedback. For most 

marsh species, colonization can typically occur either through seedlings or through 

propagules, i.e. parts of rhizomes of various extents that have detached from an existing 

mature plant or marsh, and from which new shoots can grow. There are many different 

kinds of regular environmental stressors (e.g. cyclic tidal inundation stress, currents and 

waves, sediment dynamics) and episodic disturbances (events such as storm surges), 

which may counteract plant establishment or expansion. Given this, plant establishment 

can only succeed in periods during which no critical, generally species- and life stage-

dependent thresholds of these stressors are exceeded. This concept of requiring short 

periods with favourable conditions has been introduced as “windows of opportunity” 

(Balke et al., 2014, 2011; Mateos-Naranjo et al., 2008).  

In highly dynamic environments such as the intertidal areas of marshes or mangroves 

(Dijkema et al., 1990), windows of opportunity result from regular and stochastic 

variations in hydrodynamic conditions (Balke et al., 2014; Hu et al., 2015). An example 

of this might be an unusually long windless phase (reducing wave forcing) or the 

absence of a winter storm in one particular year (absence of an extreme event that could 

uproot and wash away freshly established vegetation). Typically a succession of events, 

such as dispersal followed by a disturbance-free period sufficient in length for 

germination and establishment (Balke et al., 2014, 2011), is required. An additional 

constraint is that this succession of events needs to occur in the time of the year during 

which seeds are available (Zhu et al., 2014). 

Different types of thresholds for successful establishment or expansion of marshes have 

been suggested in previous experimental and modelling studies. Firstly, the plants 

themselves have specific thresholds, such as (i) a threshold in aboveground biomass of 

individual plants in order to survive (e.g. Angelini and Silliman, 2012; van Wesenbeeck 

et al., 2008), but which can differ either due to different life stages (seedlings, shoots) or 

different sizes of clonal rhizomes (number of shoots) and (ii) the belowground root 

length of individual plants (Balke et al., 2011). Secondly, the environment can represent 

abiotic thresholds such as (i) elevation within the tidal frame which determines 

hydroperiod (Fagherazzi et al., 2012; Kirwan et al., 2010; Marani et al., 2010; Wang and 

Temmerman, 2013); (ii) sediment erosion and accretion rates that will highly affect the 

survival chances of seedlings (Balke et al., 2011); (iii) currents and waves (Callaghan et 

al., 2010; Hu et al., 2015; Mariotti and Fagherazzi, 2010) as they induce sediment 

dynamics and mechanical stress that can lead to uprooting or limit growth and, more 

specifically, (iv) wave period (Chapter 3). For most perennial marsh plants, colonization 

of the bare tidal flat by individual seedlings or shoots is complementary to colonization 

by clonal expansion from the marsh edge. Contrary to the colonization by individuals 

that need to survive on their own, clonal shoots growing from the marsh edge benefit 

from clonal integration (Amsberry et al., 2000; Bertness and Hacker, 1994; Burdick and 

Konisky, 2003). This means that shoots that are clonally connected to each other can 

alleviate local physical and biochemical stress by accessing distant resources that are 
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redistributed through the clone (Burdick and Konisky, 2003; Charpentier and Stuefer, 

1999).  

As elevation relative to mean sea level typically combines the effect of a series of 

environmental variables (such as increasing hydroperiod and duration of wave 

exposure with decreasing elevation) the effects of distinct variables are typically tested 

separately in lab experiments or in numerical models. In nature, however, they overlap 

and disentangling their respective impacts on plant establishment remains challenging 

due to their high covariance. Despite these constraints, field experiments offer the 

opportunity to look at patch-size effects and actual thresholds, which would be 

impossible or impractical to mimic in the laboratory.  

While previous similar studies used Spartina-species or Phragmites australis (e.g. 

Amsberry et al., 2000; Burdick and Konisky, 2003; Mateos-Naranjo et al., 2008; van 

Wesenbeeck et al., 2008), we conducted a full-scale field experiment in the brackish part 

of the macro-tidal Scheldt Estuary (Belgium and the Netherlands, Fig. 2.1) with the local 

dominant pioneer species: Scirpus maritimus. Three biomass classes, i.e. life stages 

(seedlings, individual rhizome-grown shoots and clonal patches), were transplanted to 

five levels along an elevation gradient from the tidal flat into the pioneer S. maritimus 

marsh zone at two sites of contrasting wave exposure. These levels covered an elevation 

range at which continuous S. maritimus-dominated pioneer marsh existed and expanded 

at other locations along both marshes. Hydroperiod and sediment dynamics were 

monitored in parallel to survival of transplants. We hypothesized a life-stage (or 

biomass) threshold as well as an elevation threshold for successful establishment. We 

compared the survival of transplants of S. maritimus to the reported survival of Spartina-

species. Finally, we explored the importance of clonal integration for colonization by 

S. maritimus as clonal marsh expansion had occurred within the range of elevations at 

which the transplantation experiment was performed. 

2.2 Materials and Methods 

2.2.1 Site description 

We selected two sites along the Scheldt Estuary (Groot Buitenschoor, Belgium 

(51°21.78’ N, 4°14.88 E), and Rilland, The Netherlands (51° 24.05’ N, 4° 10.65’ E), 

Fig. 2.1) where the pioneer marsh zone consists entirely of Scirpus maritimus L. Palla. 

The seaward marsh edge was located at both sites at approximately -0.70 m relative to 

local mean high water (MHW) at the beginning of the experiment, i.e. in March 2011. 

The marsh edge is at both locations a gently sloping marsh-mudflat transition zone with 

slopes of around 3 % (personal observation). The transition from tidal flat (no plants) to 

dense marsh (> 200 shoots m-2) occurs over a distance of a few meters only. No 

vegetation patches precede the continuous marsh. Elevation along both complete marsh 

edges (~ 3.5 km each) ranged from around -1.4 m MHW to around -0.2 m MHW. These 

elevations had been recorded during a high precision GPS survey (real time kinematics 

GPS, with ± 1 cm accuracy) along both marshes in August 2011, tracing the marsh edge 
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position at intervals of 5 to 10 m. Due to their geographic proximity both marshes have 

similar tidal influence: they both experience two tidal high waters per day, with an 

average tidal range of 5.0 m. Spring tides reach up to 0.5 m MHW and neap tides up 

to -0.6 m MWH. Yearly salinity is 9.2 ppt ± 0.17 SE and suspended sediment content is 

0.062 g L-1 ± 0.0043 SE (Maris et al., 2013). However, the two sites experience 

contrasting hydrodynamic conditions as the Belgian site is sheltered by a breakwater 

from ship and wind waves (hereafter referred to as “sheltered site”), whereas the Dutch 

site is highly exposed through a long wind fetch and the proximity of the shipping 

channel (hereafter referred to as “exposed site”) (Fig. 2.1). In the Scheldt, the impact of 

waves on the tidal flats and marshes can exceed the impact of tidal currents (Callaghan 

et al., 2010). Waves monitored at the marsh edges of both sites during the growing 

season of 2014 confirm the contrasting wave exposure of these two marshes: significant 

wave heights (H1/3) were of 2.8 cm and 5.7 cm for sheltered and exposed site, 

respectively, and the mean of the highest percentile (H1/100) was of 9.7 cm and 20.3 cm, 

respectively (see 2.2.6 for methods). Furthermore, silt dominated the top 5 cm sediment 

layer at the sheltered site (68.1 % ± 3.0 SE) with 8.0 % ± 0.6 SE organic matter contents 

and 0.73 g cm-3 ± 0.05 SE dry bulk density, whereas sand dominated at the exposed site 

(86.8 % ± 1.3 SE) with 1.4 % ± 0.1 SE of organic matter contents and a dry bulk density 

of 1.45 g cm-3 ± 0.01 SE (see 2.2.4 for methods). 

 

Figure 2.1: (a) Position of the Scheldt 
Estuary in the Dutch-Belgian border 
region (indicated by the black square). 
(b) Overview of the Scheldt Estuary with 
its tidal flats and marshes downstream 
of Antwerp to its mouth near Vlissingen. 
(c) Overview of the location of both 
transplantation transects (black stars) at 
both tidal marshes, Groot Buitenshoor 
and Rilland, with indication of the 
breakwater and the shipping channel. 
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2.2.2 Experimental set-up 

At those two selected locations (Fig. 2.1c), a transect of five levels of elevation was set up 

(Fig. 2.2): two levels were within the marsh, at approximately -0.40 and at -0.65 m MHW 

and three levels were on the tidal flat, at -1.0, -1.30 and -1.60 m MHW. Tidal 

characteristics were similar for equal levels at both sites and inundation frequency 

decreased from 100 % at the tidal flat levels to less than 85 % at the highest level 

(Tab. 2.1). Each of those levels was divided into three replicate plots. At each plot, we 

transplanted 10 seedlings and 8 shoots of S. maritimus as well as one vegetation patch of 

S. maritimus shoots taken from the adjacent pioneer marsh zone (approximately 30 x 30 

x 30 cm of roots and sediment), i.e. 30 seedlings, 24 shoots and three patches per level. 

Transplantation to both sites took place within five days at the end of April 2011.  

In order to avoid direct competition with established roots and shoots at the plots 

within the marsh, original marsh vegetation was removed prior to the experiment by 

digging trenches of 2 m length, 40 cm width and 40 cm depth, spreading root cloth along 

the bottom and along the walls and refilling these trenches with sediment from the 

nearby tidal flat.   

Water level at both sites was monitored by one pressure sensor per site (Fig. 2.2, see 

2.2.5 for details). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Schematic sketch of the experimental set-up. The transplantation was performed at five 
distinct elevations, of which two were in the marsh vegetation and three on the tidal flat. Three replicate 
plots were installed per level. Sediment dynamics were monitored with Sedimentation-Erosion-Bars 
(SEB), water level by a diver on the tidal flat and a baro-diver on the dike for the correction of the 
atmospheric air pressure. 
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Table 2.1: Overview of tidal characteristics for the monitoring period (April-November 2011) along the 
elevation gradient of the transplantation transects at both sites obtained from continuous water level 
measurements. 

 

2.2.3 Plant material 

The plant species used in this experiment was Scirpus maritimus L. Palla, which is a 

typical pioneer plant of brackish marshes in European estuaries. It is the dominant plant 

species at the seaward fringe of both marshes. It forms monospecific clonal stands with 

shoot densities of up to 400 stems m-2 (personal observation). This species grows 

clonally by producing several underground rhizomes from which new shoots start to 

grow, hence connecting different shoots to each other (Charpentier and Stuefer, 1999; 

Charpentier et al., 2000). During the growing season (March-September), tubers are 

formed which ensure the survival of the clonal, belowground plant in winter, and the 

regrowth of new shoots in spring, typically by the end of March in the Scheldt Estuary. 

From September onwards, the aboveground biomass dries and dies off. This species 

produces vast amounts of viable seeds every autumn and one episodic and local event of 

natural seedling recruitment occurred in the period of 2010-2014 at both sites. 

However, no successful long-term survival of these seedlings was observed in this 

period. Clonal expansion of the marsh edge, in contrast, was observed over wide 

stretches of both marshes during that same period (Chapter 5). 

Seedlings 

Seedlings were germinated from seeds that had been collected in the field close to our 

study sites in September 2009 and stored in wet, cool and dark conditions until 

February 2011 when germination was initiated. The germinated seedlings were 

transplanted into sandy Scheldt sediment (d50=320 μm), mixed with osmocote fertilizer, 

and raised in a mesocosm, where night-day and inundation cycles with brackish water 

(with a salinity of 6 ppt) were simulated. After two weeks we placed the seedlings in 

sheltered, outdoor conditions close to the Scheldt and we continued to water them daily 

with brackish water in order to acclimate them to the field conditions. At 

transplantation to the field at the end of April 2011, the seedlings used in the 

 

Site 

Level 

(m MHW) 

 

Tidal characteristics 

  Inundation 

frequency (%) 

Mean inundation 

depth (cm) 

Mean inundation 

time (min) 

Mean dry 

time (min) 

Maximum dry 

time (min) 

Sheltered -0.40 84 42 87 635 6782 

 -0.65 96 67 124 606 3006 

 -1.00 100 99 159 571 1406 

 -1.30 100 129 190 539 644 

 -1.60 100 159 221 508 589 

       

Exposed -0.40 83 42 88 637 7478 

 -0.65 96 69 126 603 5212 

 -1.00 100 99 162 567 1406 

 -1.30 100 129 195 535 640 

 -1.60 100 159 226 503 600 
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experiment had an average size of 22.2 cm ± 0.2 SE and were selected randomly from 

the prepared plant material.  

Shoots 

The shoots were grown from tubers extracted from the field end of March 2011 and 

transplanted into the same natural Scheldt sediment as the seedlings. They were placed 

next to the seedlings in the sheltered outdoor conditions close to the Scheldt where they 

were watered with the same brackish water as the seedlings. At transplantation to the 

field at the end of April 2011, the rhizome-grown shoots used in the experiment had an 

average size of 36.8 cm ± 0.6 SE and were selected randomly from the prepared plant 

material. 

Patches 

The patches of S. maritimus were taken from the pioneer zone of the adjacent marsh on 

the day of transplantation to the field: with a spade we cut blocks of sediment and roots 

of approximately 30 x 30 x 30 cm out of the marsh and transplanted them directly to the 

plots. On the day of transplantation, shoot density of the 30 patches was on average 

121.5 shoots m-2 ± 8.2 SE (i.e. 10.9 shoots per patch ± 0.7 SE). 

Transplantation and monitoring  

At each level, transplants were planted in three replicate plots in a row parallel to 

elevation contours (Fig. 2.2). Each plot consisted of 10 seedlings and 8 shoots 

transplanted at 10 cm interval, followed by one patch. Given the distance between each 

transplant, no mutual influence, e.g. through local scour around the stems or through 

shading, was observed during the experiment. Plant survival and sedimentation were 

monitored weekly during two months, until early July 2011, then bi-weekly until end of 

August 2011, and then monthly until the end of November when the experiment ended 

due to the natural seasonal decay of S. maritimus. In order to avoid disturbance of the 

plots when approaching them during field visits, we followed the same paths at each 

monitoring date and kept a minimum distance of around 50 cm from the transplants. 

During the monitoring, each plant and patch was observed individually: survival of each 

individual transplant (seedling, shoot and patch) was noted and clonally grown shoots 

counted. Survival could fail either through decay of the aboveground plant material or 

through uprooting and loss of the entire transplant. Regarding the patches, clonal 

expansion was monitored by counting the total number of live tillers at each field visit.  

2.2.4 Sediment properties and sediment dynamics 

For characterizing the field locations (see 2.2.1), dry bulk density, organic matter 

content and granulometry of the sediment surface were assessed with three replicate 

samples for all levels taken in June 2011 (sampled with a Kopecky-Ring (4.6 cm 

diameter and 5.2 cm height)). In order to determine dry bulk density, the sediment 

volume was weighed after drying during 72 h at 105 °C. Organic matter content was 

determined through ashing of the sample at 550 °C during 6 hours. Granulometry was 
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measured with a Mastersizer 2000 (Malvern) after a combined HCl and H2O2 treatment 

of the sediment samples (main results given in 2.2.1).  

Next to each plot, a Sedimentation-Erosion-Bar (SEB, Cahoon et al., 2002; see Nolte et al., 

2013 for review) was installed, i.e. three SEBs per transplantation level (see Fig. 2.2). 

They were monitored at the same moments as plant survival. Our SEB consisted of a 2 m 

long perforated bar that was positioned horizontally onto two vertical 1.5 m long poles 

of which more than 1 m reached into the ground and that were considered stable. In this 

way measurements could be repeated at exact same spots. We quantified elevation 

change with a regular folding ruler at ten points of each 2 m long SEB with an estimated 

accuracy of ± 1 mm. By using the measure of the day of transplantation as reference, the 

subsequent measurements showed if net erosion or sedimentation had occurred at the 

different plots.  

2.2.5 Tidal characteristics 

The water level was monitored at a frequency of 2 min with one pressure sensor (Cera-

diver, Schlumberger) per site that was installed at the lowest level of each site. As these 

sensors measure total pressure (i.e. water pressure and air pressure), these 

measurements were corrected for air pressure with data from a pressure sensor that 

had been positioned on the dike (Baro-diver), measuring simultaneously to the other 

divers (Fig. 2.2). Tidal characteristics (inundation frequency, inundation time and depth, 

dry time) were quantified per level and per considered time step (i.e. once for the entire 

period, but also for each time period between field measurements) with the Tides-

package in R (Cox, 2014). (See Tab. 2.1 and 2.2.1 for results.) 

2.2.6 Wave measurements 

In order to quantify and compare wave exposure of both sites, wave data was collected 

using submerged stand-alone PDCR 1830 pressure transducers (GE Sensing) at a 

frequency of 16 Hz. As this data is only used for site description, we show results from 

data collected at the marsh edges of both sites during the growing season of 2014. Wave 

data was converted from pressure to surface elevation and subsequently analyzed using 

a LabView script developed by the Department of Civil Engineering of UGent (Versluys 

and Troch, 2010). We then calculated, per site, significant wave height (H1/3, i.e. the 

mean of the highest 1/3 of waves recorded) and the mean of the highest percentile as 

indicator for the maximum wave height for the entire period (see 2.2.1 for results). 

2.2.7 Statistical analysis 

All analyses were performed in R, versions 3.1.1 (R Core Team, 2014).  

Survival analysis 

We used the Survival-package from R (Therneau, 2014) in order to fit Cox Proportional-

Hazard models (CoxPH) on our dataset. We tested for elevation effect and life stage 

effect, as well as for site effects (wave-exposed versus -sheltered). Furthermore, we 

introduced inundation time and elevation change as time-dependent co-variates in 
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order to be able to gain insights into the mechanisms interfering with survival. First 

analyses with time-depending co-variates showed opposing effects along the elevation 

gradient for tidal flat plots and marsh plots. This is why we recoded the initial elevation 

variable with five levels into a variable with two levels, “tidal flat” and “marsh”, grouping 

the three tidal flat levels and the two marsh levels, respectively. We report two different 

parameters quantifying survival: (1) the hazard ratio that results from the CoxPH 

analyses indicates hazard of dying relative to a reference group. A hazard ratio < 1 

indicates less hazard of dying (= better chances of surviving), a hazard ratio > 1 indicates 

a higher hazard of dying (= less chances of surviving) than for the reference group. (2) In 

order to report a parameter that is not dependent on survival of a reference group and 

that can be better compared between sites, levels and life stages, we estimated the loss 

rate, ε (day-1), assuming an exponential decay function, as: ε =
1

𝑛
∑  (𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑡𝑖𝑚𝑒)𝑖

𝑛 . 

Here, ε is the relative loss of transplants per day. The smaller the loss rates the longer 

the survival. 

Clonal outgrowth 

We compared clonal outgrowth as a proxy for plant performance at both sites. For 

shoots and seedlings, relative clonal outgrowth was assessed by dividing all new, 

clonally generated shoots of one plot by the initial number of transplants (i.e. per 10 

seedlings and 8 shoots). For patches, relative clonal outgrowth was calculated by 

dividing the total number of live shoots by the initial number of live shoots per patch. As 

a summary value for relative clonal outgrowth over time, we used the area under the 

curve (AUC) that shows relative clonal outgrowth per plot and life stage as function of 

time: in this way clonal success in terms of number of new shoots (high relative 

expansion) and in terms of time during which this expansion lasted are considered. AUC 

values were calculated for each life stage and replicate plot. Differences in AUC between 

sites were tested for significance with a one-way-ANOVA, both for site overall, and for 

tidal flat and marsh depending on site. AUC values were calculated using the pracma-

package in R (Borchers, 2014). 

Further statistical analyses 

Other analyses, e.g. when comparing sedimentation rates between levels, were 

performed with ANOVAs: one-way-ANOVAs when only site was tested, and two-way-

ANOVAs when both, levels and site, were tested. 

2.3  Results 

2.3.1 Sediment dynamics 

Sedimentation dominated within the marsh plots whereas erosion prevailed at the tidal 

flat plots (Fig. 2.3). These overall tendencies were, however, variable in time. A two-way-

ANOVA showed that there was a significant difference in elevation change between 

levels (p<0.01), but not between sites (p=0.25).  
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Figure 2.3: Overview of sediment dynamics at the two sites. (a) and (b): mean sedimentation (positive) or 
erosion (negative) rate (cm d-1 ± SE) per level for sheltered and exposed site, respectively; (c) and (d): net 
sedimentation (positive) or erosion (negative) per level (cm ± SE) over time for sheltered and exposed 
site, respectively. Legend of (c) and (d): plots within the marsh are indicated by a *. 

 

2.3.2 Survival analysis 

2.3.2.1 Cox Proportional-Hazard Analysis 

Survival per life stage  

Median survival time, i.e. the time required until half of the transplants were lost, 

decreased from 147 to 70 to 35 days for patches, adult rhizome-grown shoots and 

seedlings, respectively. CoxPH analysis showed that rhizome-grown shoots had a hazard 

ratio of only 0.22 compared to the seedlings, ceteris paribus (i.e. 22 % the hazard of 

dying of seedlings, p<0.001; Fig. 2.4). Compared to the patches, in contrast, rhizome-

grown shoots had an increased hazard of dying, with a hazard ratio of 2.6 compared to 

the patches and seedlings had a hazard ratio of 11.8 compared to the patches (p<0.001 

for both). This indicates a gradient of decreasing survival chances from patches, to 

rhizome-grown shoots, to seedlings, i.e., a decreasing survival chance with overall size.  
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Figure 2.4: Kaplan-Meier-Survival-Curves of the three transplanted life stages, all levels and both sites 
combined, day 0 being the day of transplantation to the field. 

 

Figure 2.5: Kaplan-Meier-Survival-Curves for the three life stages, divided into both sites (sheltered and 
exposed) and five levels each (first and second column). The third column shows survival depending on 
site and environment (tidal flat or marsh) for the three life stages. 
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Survival per site 

When comparing marsh and tidal flat plots between sites (Fig. 2.5, 3rd column), results 

for the seedlings and shoots grown from rhizomes showed that survival in the marsh 

was not site-dependent (no significant site effect for the upper two levels). However, on 

the tidal flat, significant site effects occurred: seedlings on the exposed tidal flat had a 

hazard ratio of 0.63 compared to the seedlings on the sheltered tidal flat (p<0.01). For 

the rhizome-grown shoots, in contrast, the significant site-effect on the tidal flat showed 

a decreased survival at the exposed site compared to the sheltered site (hazard ratio 

1.54, p<0.05). For patches, no significant differences could be detected. 

Survival per level 

Survival times for shoots and seedlings were longest on the second highest level, 

at -0.65 m MHW (hazard ratios of 0.2 to 0.6 compared to the highest level, depending on 

the subset selected, and with the lowest ε-values for the respective transect, Tab. 2.2 and 

Fig. 2.5), indicating an optimum for survival for seedlings and rhizome-grown shoots at 

the second highest level. Patches showed equal chances of survival on the upper three 

levels, and then an increase in hazard for the lower two tidal flat levels (Fig. 2.5).  

Time-dependent co-variates 

The analysis with time-dependent co-variates was carried out for each observed time 

step for which the respective sedimentation rates and inundation times have been 

included in the model. The results show a significant positive correlation between 

inundation time and hazard for seedlings and patches on the tidal flat, while the 

correlation is negative for rhizome-grown shoots and seedlings in the marsh (Tab. 2.3 & 

Fig. 2.6). In other words, there is a decrease in survival with increasing inundation time 

on the tidal flat (i.e. indicative of inundation stress), but an increased survival with 

inundation time in the marsh (i.e. possibly indicating drought stress). Dry seedlings and 

shoots had indeed been observed at the marsh plots, especially at the highest level. 

Regarding elevation change, the only significant correlation was found for seedlings on 

the tidal flat, with a negative coefficient, indicating that seedlings experienced erosion 

stress.  
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Table 2.2: Results of Cox Proportional-Hazard Models (hazard ratios, CoxPH) and ε (day-1) on survival of 
plants per level. The highest level (-0.40 m MHW) represents the base hazard in the models: values < 1 for 
the other levels indicate decreased hazard (longer survival) at the respective level compared to the 
reference level while values > 1 indicate enhanced hazard (shorter survival) at the respective level 
compared to the reference level. ε indicates average rate of dying per day. p gives level of significance, ns = 
not significant (p>0.05). 

 

Table 2.3: Results from the Cox Proportional-Hazard Models with time-dependent co-variates 
(inundation time and sedimentation rate). CoxPH indicates the hazard ratio, Coeff indicates if the 
respective significant correlation is positive (+) or negative (-). p gives level of significance, ns = not 
significant (p>0.05). Conc gives value of concordance of the model, i.e. the part that is explained by the 
model. Concordance varies from 0 to 1, 0 signifying no explanation and 1 signifying full explanation of 
observations by the tested model. 

 

 

 

 

 

 

 

 

  -0.40 m MHW -0.65 m MHW -1.00 m MHW -1.30 m MHW -1.60 m MHW 

  CoxPH ε CoxPH ε CoxPH ε CoxPH ε CoxPH ε 

Seedlings Total 1 0.029 0.58, 

p<0.01 

0.023 ns 0.027 ns 0.034 ns 0.035 

 Sheltered 1 0.029 ns 0.023 ns 0.027 2.2495, 

p<0.01 

0.044 2.1998, 

p<0.01 

0.043 

 Exposed 1 0.030 0.42, 

p<0.01 

0.022 0.55, 

p<0.05 

0.026 ns 0.028 ns 0.029 

Shoots Total 1 0.011 0.32, 

p<0.001 

0.007 1.57, 

p<0.05 

0.014 1.66, 

p<0.05 

0.015 2.13, 

p<0.001 

0.018 

 Sheltered 1 0.012 0.23, 

p<0.001 

0.007 ns 0.011 ns 0.015 1.79, 

p=0.05 (ns) 

0.018 

 Exposed 1 0.010 0.40, 

p<0.01 

0.008 4.65, 

p<0.001 

0.021 2.27, 

p<0.01 

0.016 3.02, 

p<0.01 

0.017 

Patches Total 1 0.006 ns 0.006 ns 0.006 9.55, 

p<0.01 

0.009 6.40, 

p<0.05 

0.009 

 Sheltered 1 0.006 ns 0.006 ns 0.007 11.68, 

p<0.05 

0.008 10.47, 

p<0.05 

0.008 

 Exposed 1 0.006 ns 0.006 ns 0.006 11.21, 

p<0.05 

0.010 ns 0.010 

 
Marsh  Tidal flat  

 
Coeff CoxPH p Conc Coeff CoxPH p Conc 

 Inundation time 

Seedlings - 0.99 <0.05 0.57 + 1.01 <0.01 0.60 

Shoots - 0.98 <0.01 0.61 
  

ns  

Patches 
  

ns  + 1.02 <0.05 0.74 

 Sedimentation rate 

Seedlings   ns  - 0.02 <0.001 0.61 

Shoots    ns    ns  

Patches   ns    ns  
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Figure 2.6: Conceptual graph of main results. Survival, expressed as the chance of survival relative to the 
highest level (-0.40 m MHW) for seedlings (dotted line), shoots (dashed line) and patches (continuous 
line) are indicated per level. Clonal expansion is shown as relative expansion, i.e. clonal reproduction 
relative to original number of tillers per level. If survival was correlated to (i) drought stress, 
(ii) inundation stress, (iii) erosion stress and (iv) wave exposure is indicated for marsh vs. tidal flat. 
Concerned plant life stages are mentioned in the respective boxes. (-) and (+) indicate whether chance of 
survival increased (+) or decreased (-) in the presence of the stressors. 
 

Figure 2.7: Plots of clonal expansion of the rhizome-grown shoots (new shoots observed on average per 
original shoot), for both sites (rows) and the five levels (columns). Expansion for each of the three 
replicate transplantation plots per level is shown by a separate colour. Statistical tests for differences 
between sites were done based on the surface area calculated under these curves (AUC, see 2.2.7). 
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2.3.2.2 Clonal outgrowth 

Clonal outgrowth for seedlings was observed, but was very limited in both number and 

time, given the low survival rate of seedlings (with a maximum of 0.5 new shoots per 

original seedling for one plot). When comparing sites, levels and grouping for marsh and 

tidal flats, there were no significant differences in clonal outgrowth (tested with an 

ANOVA, p>0.05). Similar to the seedlings, patches did not show any significant 

differences in outgrowth between sites, levels or grouped marsh and tidal flat plots. 

Rhizome-grown shoots, on the other hand, showed more pronounced clonal outgrowth 

(Fig. 2.6 and 2.7). The maximum clonal outgrowth was of 2.9 new shoots per original 

shoot for one plot. Differences between sites were not significant. However, when tested 

for marsh and tidal flats, respectively, significant differences between sites were found 

for the tidal flat (p<0.05), with significantly more clonal outgrowth at the sheltered site. 

2.4  Discussion 

In order for establishment of individual plants to succeed, windows of opportunity 

(Balke et al., 2011; Mateos-Naranjo et al., 2008) are necessary in the form of periods 

during which species- or life stage-dependent thresholds of abiotic factors are not 

exceeded during the subsequent phases of colonization (i.e. initial establishment; 

survival and growth; patch formation). While elevation within the tidal frame has been 

recognized as a threshold-imposing variable setting a clear limit between (potentially) 

vegetated and bare areas (Fagherazzi et al., 2012; Kirwan et al., 2010; Marani et al., 

2010; Wang and Temmerman, 2013), disentangling the underlying controlling factors 

such as tidal inundation stress and disturbance by waves and sediment dynamics 

remains challenging (Hu et al., 2015).  

The results from our field experiment show that individual seedlings and shoots as well 

as transplanted patches of S. maritimus could not establish in the long-term on the tidal 

flat at elevations at which continuous marsh vegetation of the same species occurs along 

the same marsh. We did, however, observe a life stage-dependent increase in survival 

time. This points to a threshold in biomass beyond which establishment might have 

been successful during periods corresponding to a window of opportunity. Furthermore, 

we see that effects of wave exposure on survival and clonal expansion of transplants 

might have been negligible within the marsh vegetation, while they might have been 

important on the tidal flat. With regard to the effects of tidal inundation, our results 

suggest an inundation stress gradient on the tidal flat but a possible drought stress 

gradient within the pioneer marsh. Finally, effects of sediment dynamics showed 

significant erosion stress for seedlings on the tidal flat.  

In line with the findings of van Wesenbeeck et al. (2008) for Spartina anglica, our results 

emphasize that establishment chances increase with life stage or biomass, as the patches 

performed best and the success of seedlings was poorest. Similarly, a size-threshold of 

patches of Spartina alterniflora for recovery and recolonization is known to exist 

(Angelini and Silliman, 2012). However, as we could not observe any long-term 

establishment on the tidal flats, the transplants seem to not have exceeded the required 
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species-specific biomass threshold for successful long-term establishment under the 

prevailing abiotic conditions. This contrasts with other similar transplantation 

experiments with Spartina species, where survival of around 85 % of transplanted 

seedlings was observed (e.g. Xiao et al., 2010 for S. alterniflora tested in the Yangtze 

Estuary). Thresholds for establishment of S. maritimus seem to be considerably higher 

which could be the result of species-specific differences such as rhizome spacing and the 

annual cycle of massive aboveground biomass decay for S. maritimus in winter. Both 

these characteristics lead to reduced bio-geomorphic feedbacks between vegetation and 

sedimentation compared to the denser Spartina vegetation cover with a less pronounced 

annual canopy cycle. The fact that Spartina species are among the most efficient 

sediment trappers (e.g. Sanchez et al., 2001 and references therein) generally leads 

quickly to considerable increase in elevation within a patch, given sufficient sediment 

supply. Increased surface elevation favours then the production of new clonal modules 

which was shown to have more influence on survival than changes in inundation stress 

(Fragoso and Spencer, 2008): the renewal of clonal modules, made possible through 

sediment deposition, is essential for long-term survival (and expansion) of the clonal 

plant as they typically do not outlive a two-year period, leading to marsh die-back when 

renewal is hampered e.g. through prevailing sediment erosion. This effect was shown for 

Spartina (Fragoso and Spencer, 2008) but might also apply for other perennial species 

such as S. maritimus. Given that the latter is a relatively poor sediment trapper, this 

would then require a relatively big minimum patch size in order to assure sufficient 

sedimentation and thus long-term survival. This also indicates that in the case of our two 

study sites, establishment of S. maritimus on the bare tidal flat might not be limited by 

germination or availability of live rhizomes, but by events occurring after initial 

establishment (Mateos-Naranjo et al., 2008). Furthermore, colonization by seedlings and 

patch formation are episodic events as they depend on stochastic windows of 

opportunity which were probably not realized during our experiment (Feist and 

Simenstad, 2000).  

In terms of differing wave exposure between sites, the importance of marsh vegetation 

in creating a sheltered environment through wave and current attenuation (Möller et al., 

2014; Temmerman et al., 2012; Yang et al., 2012) was shown by our results as there was 

no site effect for either survival or clonal outgrowth of transplants within the marsh. In 

contrast, on the tidal flat, the differing wave exposure was important for survival as the 

rhizome-grown shoots had a significantly shorter survival time and were less successful 

at clonal outgrowth on the tidal flat of the wave-exposed site. That seedlings survived 

better on the tidal flat of the exposed site might result from the differing sediment 

properties at both sites: the sandy, well drained sediment of the exposed site might 

create more favourable conditions for the seedlings than the silty, rather water-logged 

sediment of the sheltered site. Thus, while wave-exposure should be more favourable 

for survival at the sheltered site, the local soil conditions might have counteracted this 

advantage and may have led to a faster die-off. 

Inundation stress increases with decreasing elevation on the tidal flat, and our results 

indicate that it significantly hampers survival. In the marsh, however, it might be 
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drought stress that limits survival of individual shoots and seedlings once inundation 

frequency falls below a threshold, probably of around 90 % (see Tab. 2.1). Indeed, dry 

shoots and seedlings were observed at the marsh plots, which was not the case at the 

tidal flat plots. This seems odd given the fact that established marsh vegetation does 

grow and thrive at the exact same spot. However, the established marsh vegetation 

benefits from clonal integration (Amsberry et al., 2000; Bertness and Hacker, 1994; 

Burdick and Konisky, 2003) and probably has deeper roots than the transplanted plants. 

This implies that the latter are more dependent on local abiotic conditions such as water 

supply than the neighbouring established marsh vegetation which can also access 

distant resources (Burdick and Konisky, 2003; Charpentier and Stuefer, 1999), possibly 

buffering the local effects of drought stress. When looking at survival and clonal 

expansion per level, we find an optimum at the second highest level (Fig. 2.5 & 2.6, 

Tab. 2.2). This may result from an overlapping effect of facilitation of survival through 

the shelter provided by the marsh vegetation on the one hand (making the marsh a safer 

environment protected from waves, currents and erosion events), and potentially 

increased drought stress higher up in the marsh on the other hand, leading overall to the 

most favourable conditions for establishment in the lower part of the marsh. 

Regarding erosion stress, sediment dynamics have been suggested to be the bottleneck 

for seedling establishment (Balke et al., 2013; Han et al., 2012; Hu et al., 2015; Zhu et al., 

2014). While Balke et al. (2013) also found a negative impact of accretion on seedling 

survival, we were only able to prove statistically an impact of erosion, although burial 

was observed within the marsh. However, contrary to our field experiment, Balke’s 

experiment was done in a mesocosm on mangrove species with controlled erosion and 

sedimentation rates per seedling. In agreement with the present findings, their results 

also showed a more severe impact through erosion than through accretion. As our 

results show only significant effects for seedlings, this implies further that erosion rates 

during our observation period reached a life stage-dependent threshold for seedlings on 

the tidal flat. In contrast, rhizome-grown shoots and patches, which root deeper than 

seedlings (c. 15 cm and 30 cm for shoots and patches, respectively, vs. c. 5 cm for 

seedlings on the day of transplantation, personal observation in the field), did not 

appear to be significantly influenced by this. This is in agreement with the “windows of 

opportunity” concept, which describes that disturbance thresholds gradually increase 

with plant size (Balke et al., 2014, 2011; Hu et al., 2015). However, we did also observe 

local scour around transplants of all three life stages that might have had a stronger 

control on uprooting than large-scale erosion of the tidal flat.  

Finally, it is noteworthy that none of our transplants on the tidal flat survived in the long 

term, meaning that colonization of the tidal flat did not exceed the end of the growing 

season of 2011. This outcome contrasts with transplantation experiments using species 

such as Spartina anglica or alterniflora (e.g. van Wesenbeeck et al., 2008; Xiao et al., 

2010) which are generally successful and have high survival rates even for seedlings. In 

the marsh, we can expect the patches to have survived in the long term, and possibly 

also certain rhizome-grown shoots. This was not followed up in the following growing 

season as it had become impossible to distinguish transplants from surrounding marsh 
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vegetation that had grown into our plots despite the root cloth. As loss rate ε was shown 

to be life stage-dependent, we can nonetheless presume the existence of biomass 

thresholds for successful establishment of S. maritimus on bare tidal flats. The fact that 

no transplants survived on the tidal flats in the long term despite the fact that these 

elevations covered the elevation range at which successful clonal expansion of the 

marsh was observed, relates to the mechanisms of clonal integration and, possibly, of 

alternative stable states. 

2.5  Conclusions 

Our results show that contrary to successful transplantation experiments with other 

intertidal plant species such as Spartina anglica, S. alterniflora and S. densiflora, biomass 

thresholds for successful Scirpus maritimus establishment seem to be higher and were 

not reached during the experiment resulting in no survival at the end of the growing 

season. However, a life stage-dependent increase of survival time from seedlings to 

patches was observed. The actual bottleneck for establishment might not be initial 

colonization, mimicked by the transplantation, but disturbances and limiting 

environmental conditions occurring after initial establishment. The effect of clonal 

integration might be a key parameter in the colonization of tidal flats by S. maritimus 

given that a general clonal expansion of the marsh edge was observed at elevations at 

which survival of transplants on the tidal flat did not succeed. Furthermore, the 

sheltering effect of the marsh compensated the differing exposure of sites as survival 

and clonal expansion within the marsh did not differ for any of the life stages while 

significant differences were found on the tidal flat.  
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Abstract  

Recent research indicates that many ecosystems, including intertidal marshes, follow 

the alternative stable states theory. This theory implies that thresholds of environmental 

factors can mark a limit between two opposing stable ecosystem states, e.g. vegetated 

marshes and bare mudflats. While elevation relative to mean sea level is considered as 

the overall threshold condition for colonization of mudflats by vegetation, little is known 

about the individual driving mechanisms, in particular the impact of waves, and more 

specifically of wave period. We studied the impact of different wave regimes on plants in 

a full scale flume experiment. Seedlings and adult shoots of the pioneer Scirpus 

maritimus were subjected to two wave periods at two water levels. Drag forces acting 

on, and sediment scouring occurring around the plants were quantified, as these are the 

two main mechanisms determining plant establishment and survival. Depending on life 

stage, two distinct survival strategies emerge: seedlings present a stress-avoidance 

strategy by being extremely flexible, thus limiting the drag forces and thereby the risk of 

breaking. Adult shoots present a stress-tolerance strategy by having stiffer stems, which 

gives them a higher resistance to breaking. These strategies work well under natural, 

short period wind wave conditions. For long period waves, however, caused e.g. by 

ships, these survival strategies have a high chance to fail as the flexibility of seedlings 

and stiffness of adults lead to plant tissue failure and extreme drag forces, respectively. 

This results in both cases in strongly bent plant stems, potentially limiting their survival. 
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3.1 Introduction 

Intertidal marshes provide many important ecosystem services. Apart from ecological 

functions such as carbon sequestration, water quality regulation, contribution to fishery 

and providing irreplaceable habitats for specialized organisms (Barbier et al., 2011) 

they are also important for flood and wave attenuation (Callaghan et al., 2010; Möller, 

2006; Temmerman et al., 2012) which is why they play a crucial role in coastal defence 

(Temmerman et al., 2013). However, due to natural disturbances such as storms on the 

one hand, and direct or indirect human impacts such as land reclamation or human-

induced sea-level rise on the other hand, areas in which marshes can survive or expand 

naturally are increasingly threatened (Kirwan and Megonigal, 2013). A 50 % worldwide 

loss or degradation of salt marshes has occurred over the last two to three decades 

(Barbier et al., 2008), mainly due to competing economical land use forms for which 

marshes are embanked and thus lost.  

In recent years there has been increasing evidence that seaward marsh expansion by 

colonization of marsh vegetation onto bare mudflats can be explained by the alternative 

stable states theory (Da Lio et al., 2013; Friess et al., 2012; Marani et al., 2010, 2007; van 

de Koppel et al., 2005; Wang and Temmerman, 2013). According to this theory, 

relatively rapid shifts from one stable state to another one (here low-lying bare mudflat 

to high-elevated vegetated marsh or vice versa) will occur when a critical threshold 

condition is exceeded, while intermediate states are only transient and unstable. The 

driving mechanisms for the alternative stable state behaviour in tidal flats and marshes 

are the local positive feedbacks between sediment elevation and vegetation growth. 

When – as a result of sedimentation – a tidal flat reaches a threshold elevation where 

vegetation can establish, this vegetation will subsequently reduce waves and currents 

and thereby accelerate sedimentation and increase elevation. This will in turn further 

stimulate vegetation growth leading to enhanced sedimentation etc. until a high 

vegetated marsh state is reached (Balke et al., 2014; Bouma et al., 2009b). 

Friess et al. (2012) point out that shifts from bare to vegetated states of intertidal flats 

depend on critical thresholds that need to be passed. Critical thresholds, meaning “a 

limit beyond which a state change is ensured” (Friess et al., 2012), can be for example 

the biomass of plants as it has been stated that seedlings have to reach a threshold 

biomass enabling their survival on an intertidal flat (Balke et al., 2011; Friess et al., 

2012; van Wesenbeeck et al., 2008). Elevation relative to mean sea level has been 

suggested as an important threshold condition for intertidal vegetation establishment 

based on field data (Wang and Temmerman, 2013) and in various models (Fagherazzi et 

al., 2012; Kirwan et al., 2010; Marani et al., 2010). However, elevation only affects 

vegetation growth indirectly because it combines the effects of several more directly 

affecting variables including tidal inundation depth and duration, hydrodynamic forces 

from tidal currents and waves, and sediment bed dynamics, which are typically 

correlated to elevation relative to mean sea level. The role of such direct mechanisms in 

determining threshold conditions for vegetation establishment are only starting to be 

elucidated by modelling and experimental studies: models indicate that critical 
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thresholds in hydrodynamic conditions, i.e. currents and waves, can determine whether 

marshes laterally expand or whether marshes erode (Callaghan et al., 2010; Mariotti and 

Fagherazzi, 2010; van de Koppel et al., 2005). Experimental work has demonstrated that 

critical thresholds exist in sediment erosion rates (driven by currents and waves) 

beyond which established vegetation is uprooted (Balke et al., 2011). Successful 

establishment, i.e. a sudden regime shift from bare to vegetated states, occurs when 

external forcing does not exceed a critical threshold for a certain duration. The mainly 

species-dependent minimum duration of non-disturbance has been defined as “window 

of opportunity” and their occurrence in disturbance-driven ecosystems such as 

intertidal marshes depends on the stochastic variability in external forcing, e.g. on a 

windless period just after seed or rhizome dispersal (Balke et al., 2014, 2011). 

When looking into the limiting hydrodynamic forces acting on individual plants and 

marsh edges, waves may be expected to cause critical threshold conditions for pioneer 

marsh establishment. Waves in estuaries are either wind- or ship-generated. As 

estuaries usually represent fetch-restricted environments, ship-generated waves can 

have an important contribution to the overall wave climate (Curtiss et al., 2009; 

McConchie and Toleman, 2003). Wind waves in estuaries have short wave periods of 

1-2 s, but can be of long duration (hours to weeks). Ship waves on the other hand will 

reach the shores as outstanding events with one long period primary wave, followed by 

a train of shorter secondary waves. Their characteristics depend among others on 

relative speed, load and direction of travel of the ship as well as on local bathymetry 

(Houser, 2010): while Curtiss, Osborne, & Horner-Devine (2009) found vessel wake 

periods of 3-6 s for car ferries for their study site, Houser (2010) reports a range of 

wave periods of 6-17 s. Even longer primary wave periods of up to 90 s, generated by 

container-vessels, have been observed on the shores of the Scheldt Estuary. The 

duration of such a ship-generated wave event, i.e. primary and subsequent secondary 

waves, is in the order of several minutes. 

Potential consequences of incoming waves for pioneer plants are (i) drag forces which 

the plants will have to resist and that will affect the aboveground plant material (Denny, 

2006; Henry and Myrhaug, 2013) and (ii) sediment scouring around the stems, which 

can in the worst case lead to uprooting (Bouma et al., 2009a; Friess et al., 2012). These 

are the two prime mechanisms that have been recognized to cause plant failure or to 

limit seedling establishment (Balke et al., 2011; Bouma et al., 2009a). Plants can present 

adaptation to their environment reducing damage risk by following either an avoidance 

or a tolerance strategy (Puijalon et al., 2011). Plants will, for example, either avoid drag 

forces by being highly flexible which allows them to reconfigure under incoming waves, 

or they will tolerate the forces by having very strong stems highly resistant to breakage.  

These wave-induced impacts on plants have typically been linked to parameters as wave 

height or flow velocities. To our knowledge, no experimental study has so far quantified 

the effect of different wave periods on pioneer marsh vegetation. The question of wave 

period becomes highly important when looking to intertidal marshes that are affected 

by heavy shipping due to the presence of a port. The Elbe Estuary (NW Germany) and 



Flume I 

43 
 

the Scheldt Estuary (SW Netherlands) are good examples as they harbour the second 

and third largest ports of Europe with a shipping traffic of around 600 passages per 

week through the estuaries. The intertidal marshes that lie downstream of the harbours 

are thus regularly affected by the high energy long period primary ship wave events 

accompanying each ship passage. 

In a full scale wave flume experiment conducted with seedlings and adult shoots of a 

plant species colonizing these systems, Scirpus maritimus, we addressed the following 

research questions: (i) How does life stage of plants (adult shoots vs. seedlings) 

influence the resistance of individual plants to wave impact? (ii) What is the importance 

of water level at wave impact? (iii) How does the wave period – natural wind-generated 

waves (short waves) vs. ship-generated primary waves (long waves) – influence the 

survival chances of individual seedlings and adult plants? 

3.2  Materials and methods 

3.2.1 Wave flume and experimental design  

The experiments were conducted in the wave flume facility at the Department of Civil 

Engineering at Ghent University (Belgium). The wave tank has a length of 30 m, a width 

of 1 m and a height of 1.2 m. The physical model (Fig. 3.1) consisted of a transition slope 

of 1/20 of 6.8 m length which led to the actual test section with a slope of 1/50 over 

12 m. The latter slope is representative for natural marsh-mudflat transition zones in 

S. maritimus dominated pioneer vegetation in the Scheldt Estuary (Belgium, SW 

Netherlands). A section of 7 m of this gentle slope was occupied by a sand box of 0.3 m 

depth and filled with sand from the Scheldt Estuary (d50 = 320 μm). A pebble stone 

absorption beach was placed and maintained at the rear end of the flume in order to 

avoid wave reflection into the test section. 

 

For each test run, the surface of the sand slope was first brought back into the initial 

slope of 1/50. Two plants – either two adults or two seedlings – were then transplanted 

next to each other into the sediment box at marked locations. Wave height at the paddle 

was set to 17 cm but due to transformation on the slope preceding the plants, the actual 

wave heights at the plants differed from one hydrodynamic condition to the other (see 

Tab. 3.1). Two wave periods were tested: a 2 s wave period as proxy for natural 

estuarine near shore wind waves (Augustin et al., 2009), and a 10 s wave period as an 

artificially generated long period wave, mimicking primary ship waves. A longer wave 

period was not possible due to technical paddle limitations. Although 10 s waves might 

not be fully representative for the ship-induced waves observed along the Scheldt 

Estuary, the comparison of 2 s and 10 s waves in the flume enables us to assess the 

impact of wave period on the plants. Additionally, two water levels were chosen (5 cm 

and 20 cm relative to the location of the plants) in order to simulate wave impact at 

different moments in the tidal cycle or, alternatively, different elevation on the mudflat. 

Altogether we had four different hydrodynamic conditions (combination of two wave 

periods and two water levels) for which the two life stages were tested. The test runs 
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consisted of 200 waves each and were repeated five times per condition, i.e. with ten 

plant replicas for each of the conditions: we considered each plant to be a true replicate 

as the potential mutual influence of two adjacent plants tested simultaneously can be 

neglected compared to the forces acting on them from the respective test conditions. 

Actual wave heights at the paddle and on the test section with plants were measured for 

each of the tests with resistance wave gauges (sampling frequency 40 Hz). Mean wave 

heights were calculated (Tab. 3.1).  
 

 

Figure 3.1: Sketch of physical model in the wave flume. Top: side view; bottom: top view. The position of 
plants is indicated by the schematic plant on the top panel and by two light grey circles in the bottom 
panel. The light grey bodies are the 1/20 transition slope and the 1/50 slope of the test section which 
were built of smooth concrete plates. The sediment box (hatched part of the test section) was filled with 
natural sediment from the Scheldt Estuary (SW Netherlands). The absorption beach (left end of the flume) 
was built of pebble stones. The horizontal grey dashed lines (top) represent the two tested water levels 
(5 and 20 cm water depth at plant position). The black arrows (bottom) represent the direction of 
propagation of waves produced at the wave paddle (black structure on the right end of the flume).  

 

 

Table 3.1: Details of the four tested wave conditions. Measured mean wave heights and calculated mean 
wave energy per wave are reported. 

 

 

 

 

 

 

 

Water level 

(cm) 

Wave period 

(s) 

Mean wave heights  

(cm ± SE) 

Mean wave energy  

(J m-2 ± SE) 

at plants   at plants at plants 

5  2  1.9 ± 0.02 0.443 ± 0.000 

5  10  3.2 ± 0.48 1.256 ± 0.028 

20  2  8.8 ± 0.06  9.496 ± 0.000 

20  10  14.4 ± 0.42 25.428 ± 0.022 
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3.2.2 Plant material 

Forty adult shoots and 40 seedlings of S. maritimus were used in this experiment. The 

adult shoots were collected from the brackish marshes in the Scheldt Estuary 

(51°21’47 N, 4°14’53 E) in April 2012 at the beginning of the growing season. The 

seedlings were grown from seeds that had been collected in September 2010 at the 

same location and that had been stored in dry, dark and cool conditions. The plant 

material was transplanted into PVC tubes of 25 cm height and 12 cm diameter that were 

lined with plastic bags and filled with the same natural sediment that was used in the 

flume. Adults and seedlings were grown under equal natural outdoor conditions close to 

the Scheldt Estuary. They were watered with brackish water (5 g NaCl L-1) 

representative of their natural habitat until they were brought to the flume, where the 

experiments started end of June 2012.  

Our pot-system enabled us to transplant the plants into the flume with their anchored 

root system contained in the plastic bags without creating any edge effects: this was 

achieved by removing the bags from the PVC tubes and inserting them into the sediment 

of the flume where the bags were then folded downward and buried. We then measured 

the height of the stems and the stem diameter at 3 cm above the sediment. In a later 

step, plant material from our flume experiment was sampled and analysed for 

biomechanical traits (Puijalon et al., 2011, see below) in order to better understand the 

different behaviours of the two life stages in the different hydrodynamic conditions.  

3.2.3 Biomechanical plant traits  

We measured biomechanical traits through tensile and bending tests on 20 replicas for 

each life stage using a universal testing machine (Instron 5942, Canton, MA, USA). For 

each test, the stem fragments were 10 cm long for adult plants and 5 cm for seedlings. 

For each sample, we measured the dimensions of the cross-section using a digital 

calliper ( 0.02 mm) at three different points along the sample. 

Tensile tests 

The sample was clamped into the jaws of the machine and a constant extension rate of 

5 mm min-1 was applied until it broke. We then calculated: 

 the breaking force (in N) which is defined as the maximum force that the sample can 

bear without suffering mechanical failure; 

 the tensile strength (in N m-2) which is calculated as the breaking force per cross-

sectional area. 

Bending tests 

We performed 3-point bending tests, consisting of a force applied at a constant rate of 

10 mm min-1 to the midpoint of a sample. We then derived (Hamann and Puijalon, 

2013): 

 the Young’s modulus (E in Pa) which quantifies the material stiffness;   

 the second moment of area (I in m4) which quantifies the distribution of material 

around the axis of bending;  
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 the flexural stiffness (EI in Nm2) which quantifies the stiffness of the fragment and 

was calculated by multiplying the obtained E and I.  

3.2.4 Self-scour 

In order to measure the scouring depth, surface and volume produced around the plant 

stems, we cut off the plant stems close to the sediment bed after each test. The sediment 

surface was then scanned with a laser scanner (EProfiler from Hydraulic & Coastal 

Engineering Group, Aalborg University, Denmark) with a horizontal resolution of 5 mm 

x 5 mm and elevation precision of 1 mm. The scans covered a surface of 0.2 m x 0.2 m 

around each stem. Reference surfaces next to the plants, hence outside the influence of 

the stems, were also scanned after each test in order to determine the general 

deformation of the sediment bed without interference with the plants. Five scans of the 

initial slope that was flattened to a 1/50 profile before each new test run served for 

comparison of sheet erosion, i.e. overall sediment erosion independent of local scour. 

 

These data were imported into ArcMap 10.1 (ESRI ArcGIS) where we quantified the 

scour around each plant. We corrected the scour extent for general slope deformation 

and wave ripples that modified the slope surface without interference of stems. This was 

done based on the reference surfaces mentioned above. Calculations on depth, surface 

and volume were carried out on the corrected data, where we considered the 95-

percentile for the maximum scour depth. Furthermore, sheet erosion, i.e. overall erosion 

of the sediment bed, could be observed and needed to be considered as it might have 

limited the comparability of the different conditions. In order to determine this type of 

erosion we compared the reference surfaces resulting from the different wave 

treatments with the average elevation of the same pieces of the initial slope scans.   

3.2.5 Drag force 

We measured drag force on plants under the different hydraulic conditions by attaching 

the basal part of the cut off plants to strain gauges, calibrated for measurements in N, 

which were then planted into the sediment bed at the same location where the plants 

had initially been. The respective test conditions were then run on these replanted 

plants and the experienced drag forces measured during approximately 2 minutes. 

Afterwards, we extracted peak drag forces, which coincide with the passage of wave 

crests, with a LabView program and averaged them for each of the plants. We also 

considered drag force per frontal area of plants in order to correct the measured forces 

for the size differences of adults and seedlings. Frontal area was constructed based on 

our plant property measurements and respective effective water levels (water level + 

average wave amplitude) for each of the tests.  

3.2.6 Bending angle 

The angle of the plant stem with the sediment bed was measured before and after each 

test and lateral photographs were taken (Fig. 3.2). Based on these measurements the 

wave-induced change of the stem angle could be calculated (Fig. 3.2C). The final bending 

angles are considered as an indicator for overall plant survival or failure as higher 
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bending angles indicate higher damage to the plant material and less potential for long-

term survival. This is founded on the indication that toppling limits survival chances of 

seedlings (Balke et al., 2013a; Balke et al., 2013b), and that bending can be considered as 

the mechanism leading to toppling. Field observations from a field transplantation 

experiment with S. maritimus shoots and seedlings (Chapter 2) confirm these 

assumptions. The more a plant is bent, the closer it is to final toppling, i.e. a bending 

angle of 90 °. Furthermore, once the plants lie flat on the sediment bed, they are likely to 

be covered by sediment, meaning that possibility for photosynthesis will be diminished. 

Also, the aboveground plant material might start to decompose due to permanent 

contact with the moist sediment surface and its exposition to benthic activities.  

 

 
Fig. 3.2: Plant material and definition of bending angle. Seedling (A) and adult shoot (B) of S. maritimus 
before the wave impact. The horizontal dashed lines indicate the size of the seedling relative to the adult. 
C illustrates how the bending angle (indicated by the black arrow) of the plants was calculated. Vertical 
white dashed line: stem position before the test; black dashed line: bending of stem after the test. 

 

3.2.7 Statistical analysis 

All results were tested in R (R Core Team, 2014) with ANOVAs followed by a post-hoc 

Tukey’s HSD. For the plant properties, i.e. for plant size, stem diameter and 

biomechanical properties, one-way-ANOVAs (parameter ~ life stage) were considered. 

For all other flume related analyses, i.e. scour, drag force and bending angle, three-way-

ANOVAs (parameter ~ life stage*water level*wave period) were used. In regards to 

significance, only comparable conditions, e.g. between life stages under equal conditions, 

or within one life stage for conditions of equal water level or wave period, were 

considered as it is not relevant to compare, for example, adult shoots under short wave 

periods with seedlings under long wave periods. 



Chapter 3 

48 
 

3.3  Results 

3.3.1 Plant properties 

At the moment of transplantation into the flume, the average stem length and diameter 

of seedlings was significantly smaller than for adults (Fig. 3.3A) (p<0.001). The 

measurements on tensile and bending strength show that adults are significantly stiffer 

than seedlings as well as significantly more resistant to tensile stress (p<0.001 for all 

cases) (Fig. 3.3B & C). 
 

 

Fig. 3.3: Averages and SE of measured plant 
traits. A: Morphological plant properties as 
measured at the moment of transplantation to the 
flume on 40 adults and 40 seedlings; B & C: 
Biomechanical traits of stem tissue (B: Tensile 
properties; C: Bending properties) as determined 
on 20 stems per life stage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Self-scour 

A three-way-ANOVA showed that there were no significant differences in sheet erosion 

between experiments with different life stages, water levels and wave periods nor 

between all possible combinations of these conditions which means that results of self-

scour can be compared for all conditions. Results on scouring depth (95-percentile), 

surface and volume all show the same patterns (Fig. 3.4): there is no significant 

difference between life stages. Notably, only one condition (water level-wave period 

combination = 20cm-10s) shows significantly more scouring depth, volume and surface 

for both life stages.  
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Fig. 3.4: Averages and SE of measured self-scour 
around plant stems. A: Maximum scouring depth 
(mm, 95-percentile); B: Scouring surface (cm²); C: 
Scouring volume (cm³). Significant differences as 
resulting from a three-way-ANOVA followed by a 
post-hoc Tukey’s HSD are indicated by different 
letters. 
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Fig. 3.5: A: Average peak drag forces (N); B: 
Drag forces per frontal plant surface area 
(Nm-2). Significant differences as resulting 
from a three-way-ANOVA followed by a post-
hoc Tukey’s HSD are indicated by different 
letters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6: Averages and SE of measured final 
bending angles of plant stems (°). Significant 
differences as resulting from a three-way-
ANOVA followed by a post-hoc Tukey’s HSD 
are indicated by different letters. 
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3.3.3 Drag force 

Results of peak drag forces (Fig. 3.5A) show that seedlings experience very little drag 

force under all conditions (< 0.25 N, p=1 for all combinations of water level and wave 

period). Adults on the other hand experience significantly more drag force than 

seedlings at the high water conditions (p<0.001) for which adults are affected by 

significantly more drag force from the 10 s waves than from the 2 s waves (p<0.001). In 

regards to drag forces per frontal surface area (Fig. 3.5B) where the size differences 

between adults and seedlings are considered (Fig. 3.3A), similar patterns as for average 

peak drag forces can be observed, except that adults experience significantly more drag 

force than seedlings for the 5cm-10s condition.  

3.3.4 Bending angle 

The bending angles of the stems which we measured after the respective tests 

demonstrate that the 2 s wave conditions at both water levels do not lead to any severe 

bending (angles of less than 10 ° on average) for any of the two life stages (Fig. 3.6). 

However, when we look at the bending angles for the long wave period, we see that 

especially the seedlings are strongly affected with bending angles of more than 60 ° on 

average at the low water condition and of more than 50 ° on average at the high water 

condition. The adults have small bending angles at low water (less than 10 ° on average) 

but suffer increasingly at high water (more than 30 ° on average). Significant differences 

between life stages for equal conditions only occur for the 5cm-10s condition (p< 0.001). 

Within one life stage, significant differences occur when the wave period is increased at 

equal water level (seedlings: 5cm-2s to 5cm-10s, p<0.001; seedlings and adults: 20cm-

2s to 20cm-10s, p<0.001 and p=0.03 respectively). For the long wave period, the adults 

also show significantly more bending at the higher water level as compared to the low 

water level (5cm-10s to 20cm-10s, p=0.01). 

3.4  Discussion  

Elevation relative to mean sea level is considered as an indirect lumped threshold 

variable for shifts from bare to vegetated states of intertidal flats (Da Lio et al., 2013; 

Friess et al., 2012; Marani et al., 2010, 2007; van de Koppel et al., 2005; Wang and 

Temmerman, 2013). However, the role of direct mechanisms that limit or allow 

vegetation establishment are only starting to be elucidated by experimental studies 

(Bouma et al., 2013; Francalanci et al., 2013; Sand-Jensen, 2003). Here we focused on 

drag forces, sediment scouring and bending that individual plants experience under 

wave exposure, showing that both wave period of incoming waves and life stages of 

plants can act as thresholds for individual marsh plant establishment on the bare 

mudflat. While the final plant bending angle and experienced drag forces are clearly 

period and life stage related, no significant differences in self-scour could be observed. 

 

Our results demonstrate that ship-generated waves, mimicked by 10 s waves in our 

experiment, cause severe bending of the plants while wind waves, mimicked by 2 s 

waves in our experiment, do not cause any significant bending, neither to the seedlings, 
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nor to the adults, and at neither of the two water levels (Fig. 3.6). The ship waves lead to 

strong bending of both adults and seedlings at the higher water level, but at the low 

water level, only the seedlings are affected. This implies that life stage and water level, 

although not relevant for wind waves, become a critical thresholds under ship waves.   

 

Regarding self-scour, it was found both in engineering literature (Umeda, 2011) as well 

as in ecological plant studies (Bouma et al., 2009a, 2009b) that the wave- or flow-

induced scour increases with the basal diameter of the obstacle or of the stem in case of 

plants. Interestingly, our results do not confirm this expectation as the scour is not 

significantly different for any of the conditions between the two life stages (Fig. 3.4), 

although the stem diameters of adults are significantly thicker than the ones of seedlings 

(Fig. 3.3A). However, it is possible that the scouring of the seedlings is increased by two 

parameters: (i) seedlings are more flexible than adults (see Fig. 3.3C) which leads to 

bigger movements of the basal parts of the plants when they reconfigure under the 

incoming waves which could induce additional scour; (ii) the lowest leaves of a seedling 

are closer to the sediment bed than the ones of adults where only the stem interacts 

with the sediment (Fig. 3.2). Overall, the flexible stems of the seedlings and their leaves 

together might act as a larger obstacle, which results in more scouring than expected 

from their stem diameter alone.  

 

In terms of drag force, adults experience higher forces than seedlings for the higher 

water level (Fig. 3.5A) also when corrected for frontal surface area of the plants 

(Fig. 3.5B). This shows that it is not plant surface but plant stiffness that determines the 

experienced drag (Fig. 3.3C): flexible plants such as the seedlings experience less drag 

forces because they can reconfigure depending on external forcing. Reconfiguration has 

been demonstrated to be one of the traits plants may develop as avoidance strategy of 

mechanical stresses (Bal et al., 2011; Bouma et al., 2005; Miler et al., 2014; Puijalon et al., 

2011; Pujol and Nepf, 2012; Sand-Jensen, 2003). Furthermore, the plant tissue and stem 

diameters of adult plants provide high breaking forces which implies a tolerance 

strategy (Fig. 3.3C). In the case of freshwater aquatic plants, a trade-off arrangement 

where both strategies are negatively correlated has been suggested (Puijalon et al., 

2011). Interestingly, we found indications for avoidance versus tolerance strategies 

within one species between life stages, while the previous studies compare different 

species (Bouma et al., 2005; Miler et al., 2014; Puijalon et al., 2011): adults, who have a 

tolerance strategy, experience high drag forces because of their stiffness, but under the 

natural wind wave conditions their strategy may protect from suffering mechanical 

damage. Seedlings, on the other hand, have an avoidance strategy by being extremely 

flexible and thus by reducing the drag forces through reconfiguration.  

 

Potential limitations of our experiment, putting our findings into perspective, are related 

to how well natural conditions were reproduced in the lab experiment, both in terms of 

the used plant material and the simulated wave conditions. For example, adaptation of 

plants to non-lethal stresses has been observed in experiments where plants have been 

grown under stressful conditions (Balke et al., 2013b). Contrary to plants grown in the 
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natural ecosystem, where plant morphology and tissue properties might have adapted 

to such non-lethal stresses by waves and currents (Chapter 6), the plants for this 

experiment have been grown in sheltered conditions and might therefore have 

responded differently to the wave-induced stresses during the experiments than field 

plants would have. Another potential limitation is that we applied 200 waves in the lab 

experiments. While wind waves can indeed reach the shores continuously and thus act 

on plants and sediments as long as the water level is high enough, long-period primary 

ship waves only occur at the passage of ships. However, 200 waves do represent the 

forcing that may be experienced in one week on an estuary with intensive shipping 

traffic due to an international port such as in the Scheldt Estuary. 

 

This study highlights the importance of wave period for the colonization of bare 

mudflats by individual seedlings or rhizomes. Adults and seedlings of S. maritimus 

appear to be relatively well adapted through their respective package of plant 

properties for surviving and establishing under natural wind wave conditions at shallow 

and higher water levels. However, as soon as ship-generated, long period waves are 

present, both survival strategies reach their limits, especially for seedlings, which have a 

lower chance of survival as strong plant bending is observed even at the lowest water 

level. This implies that even at the highest parts of the mudflat, seedling establishment 

may be limited if long period waves interfere. From a broader, evolutionary perspective, 

our findings underline the fact that the plants and their survival strategies have 

developed under natural wind wave conditions which is why they are best adapted to 

resist their impact. This can also be applied to other plant species which either follow 

the tolerance or avoidance strategy. As their properties have not been adapted to the 

passage of ships, marsh plants may be less prepared to sustain this kind of stress and 

their respective wind wave based survival strategy will fail. In the same way, the 

required window of opportunity for marsh restoration and colonization of the mudflat 

by individual shoots or seedlings will be hard to achieve: while favourable stochastic 

deviations from natural perturbations (e.g. windless days) do occur and thus would give 

a chance for the marsh plants to expand onto the mudflat, the passage of ships cause a 

more regular distribution of disturbance and therefore a window of opportunity that is 

long enough for establishment is less likely to occur in the presence of regular ship 

traffic.  

 

Our results suggest that the establishment of individual shoots and especially seedlings 

on mudflats may be limited in the presence of long period waves such as typically 

produced by ships. In estuaries where the management aims at preservation, 

restoration or expansion of intertidal marshes, this potential impact of ship traffic 

should be taken into account by taking measures, e.g. as (temporary) protections against 

waves, modifying shipping routes, setting speed limits or limiting ship traffic to periods 

where the tidal water level lies lower than the restoration area. These measures will 

have to be adapted to site-specific conditions. 



Chapter 3 

54 
 

Acknowledgements 

This project was financed by the Research Foundation Flanders (FWO, PhD grant to A. Silinski, 

grant-number 11E0914N), the Antwerp Port Authority and by the research programme KLIWAS 

(Impacts of climate change on waterways and navigation - Searching for options of adaptation) 

of the German Federal Ministry of Transport and Digital Infrastructure (BMVI). The project was 

further supported by the FWO scientific research community (WOG) on “The functioning of river 

ecosystems through plant-flow-soil interactions” (grant-number WO.027.11N). We would like to 

thank Natuurpunt for granting permission to extract rhizomes and to collect seeds from Groot 

Buitenschoor in the Scheldt Estuary; B. Koutstaal from NIOZ-Yerseke for growing the plants; 

T. Versluys and H. van der Elst from Ghent University for their technical support at the flume; 

O. Beauchard for his support with the statistical analysis; A.J. Rebelo for proof-reading the 

manuscript; our master thesis student S. Dauwe and three job students for their help and efforts 

during the flume experiment. 

3.5  References

Augustin, L.N., Irish, J.L., Lynett, P., 2009. Laboratory and 
numerical studies of wave damping by emergent and 
near-emergent wetland vegetation. Coast. Eng. 56, 
332–340. doi:10.1016/j.coastaleng.2008.09.004 

Bal, K.D., Bouma, T.J., Buis, K., Struyf, E., Jonas, S., Backx, H., 
Meire, P., 2011. Trade-off between drag reduction and 
light interception of macrophytes: comparing five 
aquatic plants with contrasting morphology. Funct. 
Ecol. 25, 1197–1205. doi:10.1111/j.1365-
2435.2011.01909.x 

Balke, T., Bouma, T., Horstman, E., Webb, E., Erftemeijer, P., 
Herman, P., 2011. Windows of opportunity: 
thresholds to mangrove seedling establishment on 
tidal flats. Mar. Ecol. Prog. Ser. 440, 1–9. 
doi:10.3354/meps09364 

Balke, T., Bouma, T.J., Herman, P.M.J., Horstman, E.M., 
Sudtongkong, C., Webb, E.L., 2013. Cross-shore 
gradients of physical disturbance in mangroves: 
implications for seedling establishment. 
Biogeosciences 10, 5411–5419. doi:10.5194/bg-10-
5411-2013 

Balke, T., Herman, P.M.J., Bouma, T.J., 2014. Critical 
transitions in disturbance-driven ecosystems: 
identifying Windows of Opportunity for recovery. J. 
Ecol. doi:10.1111/1365-2745.12241 

Balke, T., Webb, E.L., van den Elzen, E., Galli, D., Herman, 
P.M.J., Bouma, T.J., 2013. Seedling establishment in a 
dynamic sedimentary environment: a conceptual 
framework using mangroves. J. Appl. Ecol. 50, 740–
747. doi:10.1111/1365-2664.12067 

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., 
Silliman, B.R., 2011. The value of estuarine and coastal 
ecosystem services. Ecol. Monogr. 81, 169–193. 
doi:10.1890/10-1510.1 

Barbier, E.B., Koch, E.W., Silliman, B.R., Hacker, S.D., 
Wolanski, E., Primavera, J., Granek, E.F., Polasky, S., 
Aswani, S., Cramer, L.A., Stoms, D.M., Kennedy, C.J., 
Bael, D., Kappel, C. V, Perillo, G.M.E., Reed, D.J., 2008. 
Coastal ecosystem-based management with nonlinear 
ecological functions and values. Science 319, 321–3. 
doi:10.1126/science.1150349 

Bouma, T.J., De Vries, M.B., Low, E., Peralta, G., Tanczos, I., van 
de Koppel, J., Herman, P.M.J., 2005. Trade-offs related 

to ecosystem engineering: A case study on stiffness of 
emerging macrophytes. Ecology 86, 2187–2199. 
doi:10.1890/04-1588 

Bouma, T.J., Friedrichs, M., Klaassen, P., van Wesenbeeck, 
B.K., Brun, F.G., Temmerman, S., van Katwijk, M.M., 
Graf, G., Herman, P.M.J., 2009a. Effects of shoot 
stiffness, shoot size and current velocity on scouring 
sediment from around seedlings and propagules. Mar. 
Ecol. Ser. 388, 293–297. doi:10.3354/meps08130 

Bouma, T.J., Friedrichs, M., van Wesenbeeck, B.K., 
Temmerman, S., Graf, G., Herman, P.M.J., 2009b. 
Density-dependent linkage of scale-dependent 
feedbacks: a flume study on the intertidal macrophyte 
Spartina anglica. Oikos 118, 260–268. 
doi:10.1111/j.1600-0706.2008.16892.x 

Bouma, T.J., Temmerman, S., van Duren, L.A., Martini, E., 
Vandenbruwaene, W., Callaghan, D.P., Balke, T., 
Biermans, G., Klaassen, P.C., van Steeg, P., Dekker, F., 
van de Koppel, J., de Vries, M.B., Herman, P.M.J., 2013. 
Organism traits determine the strength of scale-
dependent bio-geomorphic feedbacks: A flume study 
on three intertidal plant species. Geomorphology 180-
181, 57–65. doi:10.1016/j.geomorph.2012.09.005 

Callaghan, D.P., Bouma, T.J., Klaassen, P., van der Wal, D., 
Stive, M.J.F., Herman, P.M.J., 2010. Hydrodynamic 
forcing on salt-marsh development: Distinguishing 
the relative importance of waves and tidal flows. 
Estuar. Coast. Shelf Sci. 89, 73–88. 
doi:10.1016/j.ecss.2010.05.013 

Curtiss, G.M., Osborne, P.D., Horner-Devine, A.R., 2009. 
Seasonal patterns of coarse sediment transport on a 
mixed sand and gravel beach due to vessel wakes, 
wind waves, and tidal currents. Mar. Geol. 259, 73–85. 
doi:10.1016/j.margeo.2008.12.009 

Da Lio, C., Alpaos, A.D., Marani, M., 2013. The secret 
gardener: vegetation and the emergence of 
biogeomorphic patterns in tidal environments. Philos. 
Trans. R. Soc. doi:dx.doi.org/10.1098/rsta.2012.0367 

Denny, M.W., 2006. Ocean waves, nearshore ecology, and 
natural selection. Aquat. Ecol. 40, 439–461. 
doi:10.1007/s10452-004-5409-8 

Fagherazzi, S., Kirwan, M.L., Mudd, S.M., Guntenspergen, G.R., 
Temmerman, S., Alpaos, A.D., Koppel, J. Van De, 



Flume I 

55 
 

Rybczyk, J.M., 2012. Numerical models of salt marsh 
evolution: Ecological, geomorphic, and climate 
factors. Rev. Geophys. 50. 
doi:10.1029/2011RG000359 

Francalanci, S., Bendoni, M., Rinaldi, M., Solari, L., 2013. 
Ecomorphodynamic evolution of salt marshes: 
Experimental observations of bank retreat processes. 
Geomorphology 195, 53–65. 
doi:10.1016/j.geomorph.2013.04.026 

Friess, D.A., Krauss, K.W., Horstman, E.M., Balke, T., Bouma, 
T.J., Galli, D., Webb, E.L., 2012. Are all intertidal 
wetlands naturally created equal? Bottlenecks, 
thresholds and knowledge gaps to mangrove and 
saltmarsh ecosystems. Biol. Rev. Camb. Philos. Soc. 87, 
346–66. doi:10.1111/j.1469-185X.2011.00198.x 

Hamann, E., Puijalon, S., 2013. Biomechanical responses of 
aquatic plants to aerial conditions. Ann. Bot. 112, 
1869–78. doi:10.1093/aob/mct221 

Henry, P.-Y., Myrhaug, D., 2013. Wave-induced drag force on 
vegetation under shoaling random waves. Coast. Eng. 
78, 13–20. doi:10.1016/j.coastaleng.2013.03.004 

Houser, C., 2010. Relative importance of vessel-generated 
and wind waves to salt marsh erosion in a restricted 
fetch environment. J. Coast. Res. 262, 230–240. 
doi:10.2112/08-1084.1 

Kirwan, M.L., Guntenspergen, G.R., D’Alpaos, A., Morris, J.T., 
Mudd, S.M., Temmerman, S., 2010. Limits on the 
adaptability of coastal marshes to rising sea level. 
Geophys. Res. Lett. 37. doi:10.1029/2010GL045489 

Kirwan, M.L., Megonigal, J.P., 2013. Tidal wetland stability in 
the face of human impacts and sea-level rise. Nature 
504, 53–60. doi:10.1038/nature12856 

Marani, M., Alpaos, A.D., Lanzoni, S., Carniello, L., Rinaldo, A., 
2007. Biologically-controlled multiple equilibria of 
tidal landforms and the fate of the Venice lagoon. 
Geophys. Res. Lett. 34, 1–5. 
doi:10.1029/2007GL030178 

Marani, M., Alpaos, A.D., Lanzoni, S., Carniello, L., Rinaldo, A., 
2010. The importance of being coupled: Stable states 
and catastrophic shifts in tidal biomorphodynamics. J. 
Geophys. Res. 115, 1–15. doi:10.1029/2009JF001600 

Mariotti, G., Fagherazzi, S., 2010. A numerical model for the 
coupled long-term evolution of salt marshes and tidal 
flats. J. Geophys. Res. 115, 1–15. 
doi:10.1029/2009JF001326 

McConchie, J.A., Toleman, I.E.J., 2003. Boat wakes as a cause 
of riverbank erosion: a case study from the Waikato 
River, New Zealand. J. Hydrol. 42, 163–179. 

Miler, O., Albayrak, I., Nikora, V., O’Hare, M., 2014. 
Biomechanical properties and morphological 
characteristics of lake and river plants: implications 
for adaptations to flow conditions. Aquat. Sci. 
doi:10.1007/s00027-014-0347-6 

Möller, I., 2006. Quantifying saltmarsh vegetation and its 
effect on wave height dissipation: Results from a UK 
East coast saltmarsh. Estuar. Coast. Shelf Sci. 69, 337–
351. doi:10.1016/j.ecss.2006.05.003 

Puijalon, S., Bouma, T.J., Douady, C.J., van Groenendael, J., 
Anten, N.P.R., Martel, E., Bornette, G., 2011. Plant 
resistance to mechanical stress: evidence of an 
avoidance-tolerance trade-off. New Phytol. 191, 
1141–1149. doi:10.1111/j.1469-8137.2011.03763.x 

Pujol, D., Nepf, H., 2012. Breaker-generated turbulence in 
and above a seagrass meadow. Cont. Shelf Res. 49, 1–
9. doi:10.1016/j.csr.2012.09.004 

R Core Team, 2014. R: A language and environment for 
statistical computing. Vienna, Austria. 

Sand-Jensen, K., 2003. Drag and reconfiguration of 
freshwater macrophytes. Freshw. Biol. 48, 271–283. 
doi:10.1046/j.1365-2427.2003.00998.x 

Temmerman, S., De Vries, M.B., Bouma, T.J., 2012. Coastal 
marsh die-off and reduced attenuation of coastal 
floods: A model analysis. Glob. Planet. Change 92-93, 
267–274. doi:10.1016/j.gloplacha.2012.06.001 

Temmerman, S., Meire, P., Bouma, T.J., Herman, P.M.J., 
Ysebaert, T., De Vriend, H.J., 2013. Ecosystem-based 
coastal defence in the face of global change. Nature 
504, 79–83. doi:10.1038/nature12859 

Umeda, S., 2011. Scour regime and scour depth around a pile 
in waves. J. Coast. Res. 64, 845–849. 

van de Koppel, J., van der Wal, D., Bakker, J.P., Herman, P.M.J., 
2005. Self-organization and vegetation collapse in salt 
marsh ecosystems. Am. Nat. 165, E1–E12. 
doi:10.1086/426602 

van Wesenbeeck, B.K., van de Koppel, J., Herman, P.M.J., 
Bertness, M.D., van de Wal, D., Bakker, J.P., Bouma, T.J., 
2008. Potential for sudden shifts in transient systems: 
distinguishing between local and landscape-scale 
processes. Ecosystems 11, 1133–1141. 
doi:10.1007/s10021-008-9184-6 

Wang, C., Temmerman, S., 2013. Does biogeomorphic 
feedback lead to abrupt shifts between alternative 
landscape states?: An empirical study on intertidal 
flats and marshes. J. Geophys. Res. Earth Surf. 118, 
229–240. doi:10.1029/2012JF002474

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Flume II 

57 
 

 

4 
 

Effects of contrasting wave conditions on scour 

and drag on pioneer tidal marsh plants 
 

Alexandra Silinski, Maike Heuner, Peter Troch, Sara Puijalon, Tjeerd J. Bouma,  

Jonas Schoelynck, Uwe Schröder, Elmar Fuchs, Patrick Meire and Stijn Temmerman 

 

 

Based on the accepted paper to be published in Geomorphology 

 

 

 

 



Chapter 4 

58 
 

Abstract 

Tidal marshes are increasingly valued for protecting shorelines against wave impact, but 

waves in turn may limit the initial establishment of marsh pioneer plants. In estuaries, 

the shorelines typically experience a wide range of wave periods, varying from short 

period wind waves (usually of around 1-2 s in fair weather conditions) to long ship-

generated waves, with secondary waves in the order of 2-7 s and primary waves with 

periods that can exceed 1 minute. Waves are known to create sediment scour around, as 

well as to exert drag forces on obstacles such as seedlings and adults of establishing 

pioneer plant species. In intertidal systems, these two mechanisms have been identified 

as main causes for limiting potential colonization of bare tidal flats. In this paper, we 

want to assess to which extent common quantitative formulae for predicting local scour 

and drag forces on rigid cylindrical obstacles are valid for the estimation of scour and 

drag on slightly flexible plants with contrasting morphology, and hence applicable to 

predict plant establishment and survival under contrasting wave conditions. This has 

been tested in a full-scale wave flume experiment on two pioneer species (Scirpus 

maritimus and Scirpus tabernaemontani) and two life stages (seedlings and adults of 

S. maritimus) as well as on cylindrical reference sticks, which we have put under a range 

of wave periods (2-10 s), intended to mimic natural wind waves (short period waves) 

and ship-induced waves (artificial long period waves), at three water levels (5, 20 and 

35 cm). Our findings suggest that at very shallow water depths (5 cm) particular 

hydrodynamic conditions are created that lead to drag and scour that deviate from 

predictions. For higher water levels (20 and 35 cm) scour can be well predicted for all 

wave conditions by an established formula for wave-induced scour around rigid 

cylinders. Drag forces can be relatively well predicted after introducing experimentally 

derived drag coefficients that are specific for the different plant morphologies. Best 

predictions were found for plants with a simple near-cylindrical morphology such as 

S. tabernaemontani, but are less accurate for plants of more complex structure such as 

S. maritimus, particularly for long period waves. In conclusion, our study offers valuable 

insights towards predicting/modelling the conditions under which seedlings and shoots 

of pioneer species can establish, and elucidates that long waves are more likely to 

counteract successful plant establishment than natural short waves. 
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4.1 Introduction 

Tidal marshes are valuable ecosystems providing a variety of ecosystem services such as 

coastal protection by dissipating incoming wave energy and tidal currents (Gedan et al., 

2011; Möller et al., 2014; Shepard et al., 2011; Temmerman et al., 2013), carbon 

sequestration, water purification, maintenance of fisheries, and recreation (Barbier et 

al., 2011). However, a worldwide decrease of marsh area has been observed over the 

past decades (e.g. Barbier et al., 2008): marshes are being threatened by conversion into 

human land use types from the landward side and by increasing hydrodynamic pressure 

due to rising sea level and increasing ship traffic from the seaward side, a process 

known as “coastal squeeze” (Doody, 2004; Nicholls et al., 1999). Previous empirical 

(Wang and Temmerman, 2013) and modelling studies (Fagherazzi et al., 2012; Kirwan 

and Temmerman, 2009; Kirwan et al., 2010; Schuerch et al., 2013; Temmerman et al., 

2003) on marsh vegetation establishment and survival mainly focused on the effects of 

vertical marsh elevation relative to mean sea level as a proxy determining marsh 

vegetation development. However, vertical marsh elevation combines the effects of 

several variables that more directly determine marsh vegetation growth, such as tidal 

inundation depth and duration, hydrodynamic forces from tidal currents and waves, and 

sediment dynamics, which exhibit spatial variation along the horizontal plane.  

Several studies highlighted that lateral marsh expansion or retreat is at least as 

important as vertical dynamics in determining marsh evolution (Fagherazzi et al., 2013; 

van de Koppel et al., 2005). Lateral marsh expansion or retreat are determined by waves 

and currents as they cause drag forces on plant shoots and cause sediment scour around 

shoot stems which can eventually lead to uprooting and failure of individual shoots 

(Bouma et al., 2009, 2005). Hence these hydrodynamic factors affect the lateral 

expansion of marsh vegetation either by attacking the existing marsh edge as a whole 

(e.g. Mariotti & Fagherazzi, 2010; Tonelli, Fagherazzi, & Petti, 2010) or by diminishing 

the chance of seedling or individual shoot establishment and survival on the bare 

mudflat (Balke et al., 2013, 2011; Bouma et al., 2009; Callaghan et al., 2010). 

Understanding how marsh vegetation will respond to hydrodynamic impacts such as 

those caused by waves is thus key to predicting future developments of tidal marshes. In 

this study we focus on the effect of waves on the establishment of individuals, 

comparing young seedlings and adults, and comparing species with contrasting 

mechanical and morphological characteristics that are expected to cause an altered 

interaction with hydrodynamic forcing and/or turbulence around the stem.  

At the scale of an individual plant, waves are episodic high energy events, which, in 

estuaries, can generally be separated into two groups based on their origin: (i) natural 

wind-generated waves with regular, short wave periods, typically in the order of 1-2 s in 

fair weather conditions (Augustin et al., 2009) and (ii) ship-generated waves with a long 

period primary wave (in the order of 20-120 s) followed by a train of short period 

secondary waves (in the order of 2-7 s) (Schroevers et al., 2011; Verney et al., 2007). 

While characteristics of wind-generated waves vary over a longer period of time (hours, 

days), ship waves typically arrive on the shores as intense events of several minutes 
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duration (Chwang and Chen, 2003; Houser, 2010). Wind wave characteristics for a given 

shore morphology depend on wind direction and fetch, while ship wave characteristics 

depend among others on relative speed, load and direction of travel of the ship (Chwang 

and Chen, 2003; Houser, 2010; Verney et al., 2007). This is why in areas with restricted 

fetch, e.g. in estuaries and lagoons, the wave height, period and energy of ship-generated 

waves will potentially exceed those of wind waves at the shore (Curtiss et al., 2009; 

McConchie and Toleman, 2003; Rapaglia et al., 2011), and the marsh vegetation will be 

exposed to highly contrasting wave conditions.  

Waves typically have two effects on pioneer plants, i.e. (i) sediment scouring which 

determines local erosion around the basal parts of the stems and which can, depending 

on severity, lead to uprooting (Bouma et al., 2009; Friess et al., 2012) and (ii) drag forces 

acting on the aboveground plant material (Bouma et al., 2005; Denny, 1994; Henry and 

Myrhaug, 2013). The combination of scouring and drag forces is considered as the main 

cause for plant failure, limiting the colonization of the mudflat by plants (Balke et al., 

2011; Bouma et al., 2009).  

In coastal engineering, wave period has been established as a key parameter to predict 

wave-generated scour around mono-pile structures: the Keulegan-Carpenter-number, 

KC number in the following, quantifies scour as a function of wave period, flow velocity 

and the diameter of the structure (e.g. Baglio et al., 2001; Umeda, 2011 and references 

therein). Drag forces that act on obstacles exposed to a unidirectional flow or waves, on 

the other hand, have been correlated with the squared flow velocity or squared wave-

induced horizontal velocity and wet frontal area of the obstacles, following the Morison 

equation (Henry and Myrhaug, 2013; Sand-Jensen, 2003, see 4.2.1.3). In ecology, the 

Morison equation has been adapted by introducing a variable power, β, usually referred 

to as Vogel number (e.g. Albayrak et al., 2013; Sand-Jensen, 2003) which takes the 

flexibility of plants into account that allows them to reconfigure and thus to reduce 

experienced drag with increasing flow velocity (Bal et al., 2011; Miler et al., 2014; 

Puijalon et al., 2011; Pujol and Nepf, 2012; Sand-Jensen, 2003). 

While quite a lot of flume experiments on wave impact on plant performance have been 

conducted (e.g. Augustin et al., 2009; Bouma et al., 2005; Coops et al., 1996; Francalanci 

et al., 2013), the novelty of our study is to test the applicability of existing formulae for 

calculating wave-induced scour and drag forces on plants of differing morphology and 

for two life stages for a wider range of wave periods and water levels (2-10 s wave 

periods and 5-35 cm water depths in our experiment versus ranges of maximum 1-2 s 

and of maximum 20 cm in above-mentioned studies). This has been tested in a full-scale 

wave flume experiment on two typical pioneer species (Scirpus maritimus L. Palla and 

Scirpus tabernaemontani C. C. Gmel.) and two life stages (seedlings and adults of 

S. maritimus). Additionally, wooden cylindrical sticks were tested at the same water 

levels but at more wave periods (2, 4, 6, 8 and 10 s) acting as uniform control obstacles 

to which the results for the plants could be compared. The results of these experiments 

and the identification of valid formulae give us valuable insight for the prediction of 



Flume II 

61 
 

potential habitat suitability for the establishment of intertidal marsh species under 

contrasting wave conditions.  

4.2 Materials and Methods 

4.2.1 Theory 

4.2.1.1 Hydrodynamic parameters 

In order to get an overview on the contrasting hydrodynamic conditions in our 

experiment, we first introduce hydrodynamic parameters typically used for 

classification of the governing flow processes. 

Reynolds number and Froude number 

Reynolds number (Re) determines whether a flow is laminar or turbulent, a value of 

2000 being the limit between the two conditions. Froude number (Fr), on the other 

hand, distinguishes subcritical and hypercritical flow, and 1 is the threshold value. They 

are defined as (U.S. Army Corps of Engineers, 2002): 

𝑅𝑒 =
𝑣𝑑𝑐ℎ𝑎𝑟𝑎𝑐

𝜈
 (eq. 1) 

𝐹𝑟 =  
𝑣

√𝑔𝑑𝑐ℎ𝑎𝑟𝑎𝑐
 (eq. 2) 

where 𝑣 is flow velocity or wave-induced velocity (m.s-1), dcharac is characteristic length 

(m), ν is kinematic viscosity which is equal to 1.004*10-6 m2.s-1 for fresh water at 20 °C 

as used in the experiment, and g is gravitational acceleration, i.e. 9.81 m.s-2.   

 

For Fr and Re, three different characteristic lengths can be considered in the formula: 

the hydraulic diameter and flow depth take into account general flow conditions in the 

flume whereas the use of the cylinder diameter in the formula indicates local flow 

conditions around the plants and sticks.  

 

Shields parameter 

This parameter quantifies the balance between stabilizing and mobilizing forces acting 

on the sediment (Baglio et al., 2001; Umeda, 2011): 

𝛩 =
𝜌𝑣²

(𝜌𝑠−𝜌)𝑔𝑑50
  (eq. 3) 

where 𝑣 is flow velocity or wave-induced velocity (m.s-1), g = 9.81 m.s-2, ρ is the water 

density (kg.m-3) = 1000 kg.m-3 for fresh water, ρs is sediment density (kg.m-3) and d50 is 

the median grain size (m).  

Iribarren number  

This parameter is commonly used as an indicator for whether or not wave breaking 

would occur on a plane slope. It is defined as (Hughes, 2004; U.S. Army Corps of 

Engineers, 2002): 
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𝜉0 =  
tan 𝛼

√𝐻0/𝐿0
 (eq. 4) 

where α is the slope (°) of our test section (1/50 ≙ 1.15 °), H0 is the wave height (m) in 

deep water (i.e. at the wave paddle) and L0 is the deep water wave length (m), defined 

as:  

𝐿0 =  
𝑔

2𝜋
𝑇2  (eq. 5) 

with g = 9.81 m.s-2 and where T is the wave period (s). 

ξ0 < 0.5 defines spilling wave conditions, whereas plunging wave conditions occur for 

0.5 < ξ0 < 3.3. Surging or collapsing waves require values of ξ0 > 3.3. 

4.2.1.2 Scour 

Self-scour around coastal structures such as piles and seawalls is one of the main causes 

for damage on those structures which is why exhaustive engineering studies have been 

done in this domain (Sumer et al., 2001). However, scour is a complex matter as it is 

determined by interactions between properties of the obstacles, hydrodynamics and 

sediment transport. Scour depends among others on Shields parameter, sediment grain 

size, sediment-to-pile size ratio and pile geometry. In engineering literature, the KC 

number has established as a reliable predictor for wave-induced scour (Baglio et al., 

2001; Sumer et al., 2001; Umeda, 2011 and references therein). 

The KC number is calculated as:  

𝐾𝐶 =  𝑇𝑣
𝐷⁄      (eq. 6) 

where T is the wave period (s), 𝑣 is the wave-induced horizontal peak forward velocity 

near the bottom (m.s-1) and D is the diameter of the obstacle (m). Typically, it is used to 

predict relative scour, i.e. 

𝑆
𝐷⁄  (eq. 7) 

where S is maximum scour depth (m) and D is the diameter of the obstacle (m). 

4.2.1.3 Drag forces 

The established formula for quantifying the drag force, F (N), exerted by unidirectional 

flow but also by waves on a rigid object is (e.g. Henry and Myrhaug, 2013): 

𝐹 =  
1

2
𝜌𝐶𝑑𝐴𝑣2

 (eq. 8) 

also known as the Morison equation, where ρ is the density of the fluid (kg.m-3) = 

1000 kg.m-3 for fresh water as used during our flume experiments, A is the wet frontal 

area of the obstacle (m²), Cd is the drag coefficient (-) and 𝑣 is the flow velocity (m.s-1) in 

the case of unidirectional flow, or the undisturbed wave-induced horizontal velocity in 

the case of waves.  
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For flexible obstacles, typically such as plants, this formula (eq. 8) is modified according 

to Vogel (1994), to: 

𝐹 =  
1

2
𝜌𝐶𝑑𝐴𝑣𝛽

 (eq. 9) 

where 0 ⪳ β ⪳ 2, depending on the flexibility of the plant. β, usually referred to as Vogel 

number, is typically determined empirically for each plant species individually. The 

higher the flexibility of the plant, the smaller β, which implies that drag forces 

experienced by flexible plants will increase less with increasing flow or wave-induced 

horizontal velocities as for rigid material such as steel piles. Following Sand-Jensen 

(2003), β can be determined using eq. 8 by quantifying the experimental drag coefficient 

that will depend on species as a function of flow velocity, following the formula: 

𝐶𝑑,𝑒𝑥𝑝 = 𝑎𝑣𝑏  (eq. 10) 

where a and b are constants that are empirically derived for each plant species and 

physical model.  

Combined, equations 8 and 10 lead to: 

𝐹 =  
1

2
𝜌𝑎𝐴𝑣2+𝑏   (eq. 11) 

where a is now the actual drag coefficient and 2+b = β. 

Cd,exp can also be derived as a function of the local obstacle-induced Reynolds number 

(ReD) (Infantes et al., 2011): 

 𝐶𝑑,𝑒𝑥𝑝 = 𝑎𝑅𝑒𝐷
𝑏 (eq. 12) 

where a and b, as in eq. 11, are constants that are empirically derived for each plant 

species and physical model.  

4.2.2 Experimental design 

The experiments were conducted in the wave flume facility at the Department of Civil 

Engineering at Ghent University, Belgium. The flume was 30 m long, 1 m wide and 1.2 m 

high. The physical model (at real scale, Fig. 4.1) consisted of a transition slope of 1/20 

over 6.8 m, which led to a 12 m long slope of 1/50. This latter slope is representative for 

natural marsh-mudflat transition zones in S. maritimus and S. tabernaemontani 

dominated pioneer vegetation, for example in the Scheldt Estuary (Belgium and 

Netherlands) and Elbe Estuary (Germany) (personal observation). A box filled with 

natural sediment from the Scheldt Estuary (d50 = 320 μm, non-cohesive) and of 0.3 m 

depth occupied a stretch of 7 m length of that gently sloping section. A pebble stone 

absorption beach at the rear end of the flume prevented waves from being reflected. 

Before each test, the surface of the sediment over the entire test section was brought 

into the initial slope of 1/50.  
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Figure 4.1: Sketch of the physical model in the wave flume. Top: Side view; bottom: Top view. The 
position of plants and sticks is indicated by the schematic plant on the top panel and by two light grey 
circles in the bottom panel. The light grey bodies are the 1/20 transition slope and the 1/50 slope of the 
test section, which were built of concrete plates. The sediment box (hatched part of the test section) was 
filled with natural sediment from the Scheldt Estuary (SW Netherlands). The absorption beach (left end of 
the flume) was built of pebble stones. The horizontal grey dashed lines (top panel) represent the three 
tested water levels (5, 20 and 35 cm water depth at plant position). The black arrows (bottom panel) 
represent the direction of propagation of waves produced at the wave paddle (black T-shaped structure 
on the right end of the flume). 

Table 4.1: Overview of hydrodynamic conditions in the flume. Conditions tested on plants and sticks are 
indicated in black letters, conditions tested only on sticks are indicated in grey letter. Hmean is the average 
wave height (SE given for replicate tests on plants); vpeak bottom is the wave-induced horizontal peak 
forward velocity measured close to the sediment bed while vpeak 1/3 gives the wave-induced horizontal 
peak forward velocity at 1/3 of the respective water column, and averaged on 20 waves each; subscript 
h = hydraulic diameter of the flume; d = flow depth; D = diameter of obstacle; FrD and ReD have been 
calculated based on the diameter of the cylindrical sticks; θ is the Shields parameter, 𝝃𝟎 the Iribarren-
number; “x” indicates for which tests the respective threshold value, given in the header, is exceeded. 

Water 

depth 

(cm) 

Wave 

period 

(s) 

Hmean 

± SE (cm) Vpeak (m/s) 
Frh 

> 1 

Frd 

> 1 

FrD 

> 1 

Reh 

> 2000 

Red 

> 2000 

ReD 

> 2000 
θ 𝜉0 

   bottom 1/3 
  

      

5 2 1.9 ± 0.02 0.03 0.11    x   < 0.5 spilling 

5 4 2.7 0.07 0.32    x x  < 5 plunging 

5 6 4.4 0.24 0.55    x x x < 50 plunging 

5 8 5.6 0.46 0.78   x x x x < 50 plunging 

5 10 3.2 ± 0.48 0.78 0.78  x x x x x > 100 plunging 

20 2 8.8 ± 0.06 0.28 0.15    x x x < 50 spilling 

20 4 5.8 0.32 0.24    x x x < 50 spilling 

20 6 12.6 0.38 0.36   x x x x < 50 spilling 

20 8 11.7 0.46 0.48   x x x x < 50 plunging 

20 10 14.4 ± 0.42 0.40 0.57   x x x x < 50 plunging 

35 2 18.1 ± 0.19 0.54 0.38   x x x x < 70 spilling 

35 4 12.0 0.57 0.46   x x x x < 70 spilling 

35 6 16.9 0.52 0.42   x x x x < 70 spilling 

35 8 17.9 0.60 0.48   x x x x < 70 spilling 

35 10 23.0 ± 0.86 0.48 0.30   x x x x < 50 plunging 
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The plants and sticks, respectively, were transplanted into this sediment box at a height 

of 0.5 m above the flume bottom. The plants, either two adults of the same species or 

two seedlings, were planted at the same locations next to each other, with a distance of 

approximately 33 cm between them and the respective flume wall. Five replicate runs 

were done for each tested condition (water depth and wave period, see Tab. 4.1; each 

unique water depth-wave period combination will be referred to as “test” in the 

following), i.e. on ten plants of the same type each. For the stick experiments, only one 

stick was tested at a time, without replicates. 

A regular wave height of 17 cm was set at the paddle for each of the tests but due to 

wave transformation on the slopes preceding the test section, the actual mean wave 

heights at the plants and stick varied between 2 and 23 cm depending on the test (see 

Tab. 4.1). Two regular wave periods were tested on the plants: a 2 s wave period as 

proxy for natural wind waves, as can be typically observed in the Scheldt and Elbe 

Estuary, and a 10 s wave period as an artificially generated long-period wave, 

representing simplified secondary ship waves. Longer wave periods as for primary ship 

waves could not be generated due to technical paddle limitations. For the sticks, a series 

of five wave periods were tested, i.e. 2, 4, 6, 8 and 10 s. Three water levels were chosen 

(5, 20 and 35 cm relative to the plant and stick position) in order to simulate wave 

impact at different moments in the tidal cycle or, alternatively, different surface 

elevation relative to mean high water on the tidal flat. Not all tests were run on all 

plants: seedlings were only tested at the two lower water levels and the adult 

S. tabernaemontani were only tested at the two higher water levels. The adult 

S. maritimus were tested at all three water levels. 

Note that the transformation of waves on the slopes results in asymmetric wave-induced 

horizontal peak forward and backward velocities, with the backward velocities reaching 

only 40 to 95 % of the forward velocities: the lower the water level and the shorter the 

waves, the more asymmetric the velocities with an excess of peak forward velocities. 

Studies on sediment transport under asymmetric oscillatory flow (e.g. Ruessink et al., 

2011; Son and Lee, 2013) predict net forward sediment transport for non-cohesive sand 

(d50 > 200 μm) which was consistent with observations in the flume. Based on field 

measurements in the Scheldt Estuary, where tidal range is of approximately 5 m, these 

relatively low inundation depths would prevail on average during around 20 to 40 min 

in the course of one tidal cycle, depending on the position along the elevation gradient. 

This is in line with the 7 min (2 s waves) and 30 min (10 s wave) test periods that we 

simulated in the flume experiments.  

The runs consisted of 200 monochromatic waves for each test. Actual wave heights at 

the paddle and close to the plants on the test section were measured for each of the tests 

with resistance wave gauges (sampling frequency 40 Hz). Mean wave heights (Hmean) 

were calculated (Tab. 4.1). Wave-induced horizontal velocities were measured with a 

laboratory Acoustic Doppler Velocimeter (Nortek Vectrino ADV; Nortek AS, Rud, 

Norway) next to the plants during one run of each test, both close to the sediment bed 

(8 mm above the sediment bed) and at 1/3 of the respective water column (Tab. 4.1). In 
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the analysis, the measured wave-induced horizontal near-bed peak forward velocities 

were considered for calculations of the scouring (eq. 6) and the wave-induced horizontal 

peak forward velocities at 1/3 of the water column for the drag forces (eq. 8 ff). 

4.2.3 Plant material  

Sixty adult shoots of Scirpus maritimus L. Palla as well as 40 adult shoots of Scirpus 

tabernaemontani C. C. Gmel. and 40 seedlings of S. maritimus were used in this 

experiment (Fig. 4.2). In April 2012, the adult S. maritimus and S. tabernaemontani 

shoots were collected from the brackish marshes of the Scheldt Estuary, Belgium 

(51.36 °N, 4.25 °E, WGS84), and of the Elbe Estuary, Germany (53.84 °N, 9.36 °E, 

WGS84), respectively. The seedlings were grown from seeds that had been collected in 

September 2010 at the Belgian location and that had been stored in dry, dark and cool 

conditions until germination was initiated in early May 2012. The plant material was 

transplanted into PVC tubes of 0.25 m height and 0.12 m diameter lined with plastic 

bags and filled with the natural Scheldt sediment that was also used in the flume. Both, 

adults since April 2012 and seedlings since May 2012, were grown under equal natural 

outdoor conditions close to the Scheldt Estuary. They were watered daily with brackish 

water (5 g NaCl.L-1) representative of the natural seasonal field conditions until they 

were brought to the flume where experiments started end of June 2012.  

For transplantation into the flume, the bags containing sediment and roots of the plants 

could be transplanted and buried into the sand box. Edge effects were avoided by folding 

the plastic bag downwards and filling up the gap between the sediment of the box and 

the transplanted root core. We then measured the plant height and the stem diameter 

3 cm above the sediment bed. In a later step, biomechanical properties of plant material 

from our flume experiment were analysed (Puijalon et al., 2011) in order to better 

understand the different behaviours of the two plant species and life stages in the 

different hydrodynamic conditions (see 4.2.4 and 4.3.2).  

Figure 4.2: Tested plants. (a): adult 
S. tabernaemontani; characteristics: 
elliptical stem, no leaves; (b): adult 
S. maritimus, characteristics: triangular 
stem, leaves; (c): seedlings of 
S. maritimus, characteristics: small, very 
flexible, leaves. 
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4.2.4 Biomechanical plant traits 

We measured biomechanical traits through tensile and bending tests on 20 replicates 

for each species and growth form using a universal testing machine (Instron 5942, 

Canton, MA, USA) (Coops and Van der Velde, 1996; Feagin et al., 2011; Möller et al., 

2014; Peralta et al., 2008; Rupprecht et al., 2015). Both tests (tensile and bending) were 

carried out on each stem: for each test, the stem fragments were 10 cm long for adult 

plants and 5 cm for seedlings. For each sample, we measured the dimensions of the stem 

cross-section using a digital calliper ( 0.02 mm) at three different points along the 

sample: height and width for triangular stem cross-sections (S. maritimus) and the 

shorter and the longer axes for elliptical stem cross-sections (S. tabernaemontani). 

 

Bending tests 

We performed three-point bending tests, consisting of a force applied at a constant rate 

of 10 mm.min-1 to the midpoint of a sample placed on a support. The following 

biomechanical traits related to bending were calculated: 

 The Young’s modulus (E in Pa) quantifies the material stiffness and is calculated 

as the slope of the stress-strain curve in the elastic deformation region.   

 The second moment of area (I in m4) quantifies the distribution of material 

around the axis of bending, accounting for the effect of the cross-sectional 

geometry of a structure on its bending stress. I was calculated using a formula, 

depending on the geometry of the cross-section (Niklas, 1992). For triangular 

cross-sections (S. maritimus), I= (xh3) / 36, where x and h are the base and height 

of the cross-section (m) and for elliptical cross-sections (S. tabernaemontani), I= 

(/4) yz3, where y and z are the shorter and longer axes of the cross-section.  

 The flexural stiffness (EI in N.m2) quantifies the stiffness of the fragment and was 

calculated by multiplying E and I.  

 
Tensile tests 

The stem fragments were clamped into the jaws of the testing machine and a constant 

extension rate of 5 mm.min-1 was applied to the upper jaw until they broke. The 

following biomechanical traits were calculated:  

 The breaking force (in N) is defined as the maximum force that the sample can 

bear without suffering mechanical failure. 

 The tensile strength (in N.m-2) is calculated as the breaking force per cross-

sectional area. 

4.2.5 Scouring 

In order to measure the maximum scouring depth produced around the plant stems at 

the different wave conditions, we cut off the stems close to the sediment bed after each 

test, and scanned the sediment surface with a laser scanner (EProfiler developed by 

Aalborg University, Hydraulic & Coastal Engineering Group, Denmark) with a horizontal 

grid resolution of 5 mm x 5 mm and with a vertical precision of 1 mm (e.g. De Vos et al., 



Chapter 4 

68 
 

2012). Reference surfaces next to the plants and sticks, hence outside the influence of 

self-scour, were also scanned after each test in order to correct the determined scour 

depth by any general deformation of the sediment bed without interference with 

obstacles. These data were imported into a GIS (Esri ArcMap 10.1) where we quantified 

the scour around each plant and stick in a raster-based analysis with a resolution of 

5 mm x 5 mm and where the 95-percentile of maximum scouring depth was considered 

in order to correct for random extreme values.  

4.2.6 Drag force 

Drag forces acting on each of the plants and on the cylindrical sticks under the different 

hydraulic conditions were measured by means of strain gauges, calibrated for 

measurements in N, to which we attached the basal part of the cut-off stems and of the 

cylindrical stick. They were then replanted into the sediment bed at the same location 

where the plants or sticks had been for the previous run and the respective test was 

applied once more during approximately 2 minutes. We then extracted 10 peak drag 

forces from 30 s into the test onwards and averaged them. Wet plant frontal area was 

determined based on plant morphometric measurements and respective effective water 

levels (still water level + mean wave amplitude) for the different tests. Based on the 

Morison equation (eq. 8) we then derived an obstacle-specific drag-coefficient and 

compared the measured drag forces to the calculated ones (see 4.2.7 for details.) 

4.2.7 Statistical analysis 

Statistical tests were performed with the core-functions of R (R Core Team, 2014) except 

when stated otherwise. One- and two-way-ANOVAs followed by post-hoc Tukey’s HSD 

were performed in order to test significant differences depending on plant types and 

water levels. The relation between water level and wave period on wave heights was 

investigated with Pearson’s correlation coefficients. Equally, the correlation of measured 

relative scour depth and KC numbers, as well as the correlation of wet frontal plant area 

and experienced drag forces were expressed as Pearson’s correlation coefficient.  

In order to derive the drag coefficients, Cd,exp, for the different tested hydrodynamic 

conditions and different types of obstacles (i.e. plant type or stick), we first derived the 

correction factor (Cd) required for making the measured and predicted forces (eq. 8) 

match. As the respective drag coefficient was unknown at this point, we assumed that 

Cd=1. We then quantified the required drag coefficient for matching measured and 

predicted forces by deriving the slopes of the linear models forced through the origin 

(see 4.3.4). Note that for the non-forced models, only two (both 5 cm conditions for 

adults of S. maritimus) had an intercept that was significantly different from zero. 

Moreover, these two intercepts were only marginally different from zero (0.25 and 0.06, 

respectively). These test- and obstacle-specific drag coefficients were hence our 

experimentally obtained drag coefficients, Cd,exp. Based on eq. 10 and 12 it was then 

possible to derive an obstacle-dependent function where Cd,exp is expressed per plant 

type and for the sticks as function of 𝑣 or ReD. In order to be able to derive the empirical 

constants a and b, we fitted non-linear models through the respective points, following 
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the formulae given in eq. 10 and 12, respectively. This was done with the core nls-

function in R, for which b is fitted as exponential coefficient and a as linear part. Once a 

and b were derived, we obtained the actual drag coefficient (a) and could calculate the 

obstacle-specific variable power, i.e. the Vogel number (β=2+b) (e.g. Infantes et al., 

2011; Sand-Jensen, 2003). It needs to be noted that the results obtained for the non-

linear fits for the adults based on 𝑣 have to be seen as hypothetical values, given the 

small number of points (n=4 for both adult species) on which these model fits are based. 

For the seedlings, no models could be fitted due to the availability of only 2 data points 

after omission of the lowest water level. The goodness of fit was expressed by root mean 

squared error (RMSE). 

Finally, in order to check the validity of the derived drag coefficients in a non-

dimensional way, we validated the results from the Morison equation using the 

respective derived drag coefficients against the actually measured drag forces, where 

both the calculated and the actually measured drag forces were divided by the 

respective drag coefficients. In order to validate our corrections, we then performed 10-

fold cross-validation and quantified the root mean square prediction error (RMSPE) 

using the package “cvTools” in R (Alfons, 2012). 

4.3 Results 

4.3.1 Hydrodynamic parameters 

We first investigated how water levels and wave periods were related to wave-induced 

horizontal peak forward velocities and mean wave heights at the test section (Tab. 4.1). 

While wave-induced horizontal peak forward velocities were overall not correlated to 

water level, they were strongly correlated to wave period for both lower water depths of 

5 cm and 20 cm (Pearson’s correlation coefficient, r=0.96 and r=0.87, respectively). For 

the highest water depth of 35 cm, wave period had no significant effect on wave-induced 

horizontal velocity. Wave height at the test section, on the other hand, increased with 

water level (Pearson’s correlation coefficient, r=0.94), indicating a depth-limited wave 

condition.  

When looking at the hydrodynamic conditions in terms of Fr, Re, Shields parameter (θ) 

and Iribarren number (ξ0) (Tab. 4.1), we can state that the long wave period at the 

shallow water level is the only tested condition for which Frd>1, implying a critical 

combination of shallow water depth and high wave-induced horizontal peak velocity, as 

well as an outstandingly high Shields parameter (>100), through which this condition 

might need to be considered as an outlier when analysing our results. Furthermore, the 

2 s waves were spilling and 10 s waves plunging at all water levels.   
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Figure 4.3: Mean values ± SE of plant properties per plant type: (a) Morphological properties as 
determined on 60 plants for the adult S. maritimus and on 40 plants each for adult S. tabernaemontani and 
seedlings of S. maritimus; (b) & (c) Biomechanical traits of plant stems as determined on 20 stems per 
plant type: (b) Bending properties: Young’s modulus, second moment of area and flexural stiffness 
measured through bending tests; (c) Tensile properties: breaking force and tensile strength measured 
through tensile tests. Different letters above the bars indicate significant differences as obtained by a one-
way-ANOVA followed by a post-hoc Tukey’s HSD.  

 

4.3.2 Plant properties 

Plant height and basal stem diameter did not differ significantly between adults of 

S. tabernaemontani and S. maritimus (Fig. 4.3a). Seedlings, on the other hand, were 

significantly smaller, with thinner cross-sections than both adult species (Tukey’s HSD, 

p<0.001 for all). Regarding tensile biomechanical properties, both breaking force and 

tensile strength of seedlings were significantly lower than both adult species (Tukey’s 

HSD, p<0.001 for both, Fig. 4.3c). For bending properties, seedlings present significantly 

lower flexural stiffness (i.e. more flexible stems) due to both lower second moment of 

area and Young’s modulus (Tukey’s HSD, p<0.05, Fig. 4.3b). Within the adult species, the 
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stems of S. tabernaemontani were less stiff than of S. maritimus due to lower Young’s 

modulus (Tukey’s HSD, p<0.001, Fig. 4.3b). 

For drag forces, relative inundation at wave passage might have been important. As 

plant height differed significantly between adults and seedlings (Fig. 4.3a), submergence 

varied with life stage and water level. While both adult species were emergent for all 

conditions (the plants exceeded two to four times the water level for the high and 

intermediate water level, respectively, and with adults of S. maritimus exceeding the 

lowest water level by a factor 14), the seedlings were submerged at the intermediate 

water level, and exceeded the lowest water level only by a factor 3. 

4.3.3 Scour 

The KC numbers were significantly correlated to the relative scour produced around the 

cylindrical sticks at the three water levels and five wave periods (Fig. 4.4a). There is one 

outlier, which appears for the test of the long wave period at the shallow water level (i.e. 

T05.10 in Fig. 4.4a; after omission of that test, Pearson’s correlation coefficient: r=0.90). 

We accept this condition as an outlier as the applied model does not work for this 

particular test for which hydrodynamic conditions such as Froude number and Shields 

parameter were outstandingly high (Frd>1, θ>100). The measurements for adults and 

seedlings of S. maritimus at the long wave period of the shallow water level (T05.10 in 

Fig. 4.4c) were then equally excluded as outliers, leading to high correlations (r=0.82 

and r=0.86 for adults and seedlings, respectively, after omission of outliers). For 

S. tabernaemontani, correlation is high (r=0.92) for all conditions (Fig. 4.4b). Apart from 

the outliers for long waves at shallow water, all plant types followed the same general 

correlation (overall correlation after omission of the outliers: r=0.86) which implies that 

the scour depth can be predicted well when wave-induced velocity and wave period are 

known.  

4.3.4 Drag forces 

In terms of the relationship between wet frontal area of the obstacles (sticks or plants) 

and experienced peak drag forces, Figure 4.5 shows that the stiff sticks followed a clear 

and simple positive linear correlation according to the theory (Fig. 4.5a; Pearson’s 

correlation coefficient, r=0.93). The adult plants showed overall also a positive 

correlation (r=0.81 and r=0.50 for adults of S. maritimus and S. tabernaemontani, 

respectively). Seedlings showed an overall weak correlation (Fig. 4.5b,c). At the lowest 

water level (Fig. 4.5b), the correlation for the adult S. maritimus was also poor. At the 

highest water level (Fig. 4.5d), the observed peak drag forces acting on the plants were 

clearly lower than expected from the relationship found for the sticks.  
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Figure 4.4: KC number versus relative scour for the sticks (a) and the different plant types at equal water 
levels: (b) adult plants at 20 and 35 cm; (c) adults and seedlings of S. maritimus at 5 and 20 cm; (d) all 
plant types at 20 cm; the linear model shown for the sticks results after omission of the outlier condition 
for the long wave period at the shallow water level (T05.10). 
 

Figure 4.5: Peak drag forces as function of wet frontal area for the sticks (a) and the respectively 
concerned plants at the three tested water levels (b-d). Points represent the observed values and the line 
represents the linear regression calculated for the sticks.  
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Figure 4.6: Observed peak drag forces (N) on the three plant types plotted against corresponding drag 
forces calculated with the Morison equation (eq. 8: F = 0.5ρACdv² (N)), with Cd=1. From left to right, the 
three columns show results for the three different water levels; from top to bottom, each of the three plant 
types is represented in one row; wave periods are distinguished (2 s: hollow circles; 10 s: filled circles); 
the grey solid lines indicate where calculated values correspond to measured values (1:1); the black 
dotted lines indicate the linear models forced through (0,0) for the 2 s wave conditions, the black dashed 
lines indicate the linear models forced through (0,0) for the 10 s wave conditions (n=10). 
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Figure 4.7: Calculated vs. measured peak drag forces (N) divided by the experimentally obtained drag 
coefficients for (a) the sticks and (b-d) the three plant types, respectively. 

Figure 4.8: Non-linear fits between the experimentally obtained drag coefficients, wave-induced peak 
velocities and ReD; (a) and (b): Sticks, per water level (n=5); (c) and (d): Plants, per type where non-linear 
models for adults of S. maritimus were fitted after omission of the shallow water level (T05) (for (c): n=4 
for both adults; for (d): n=20 for seedlings and n=40 for both adults), which is why the fits in (c) need to 
be considered as hypothetical and the fit cannot be formally tested. The fits in (d) remain limited in 
number of tested conditions performed. 
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Table 4.2: Overview of linear model coefficients (equal to Cd,exp), obtained for the linear models (with 
their R² and p values) forced through (0,0) between 1/2ρACdv² (with Cd = 1) and observed peak drag 
forces (see Fig. 4.6); p= 0.05 > * > 0.01 > ** > 0.001 > *** (n=10 for plants, n=1 for sticks). 

 

Table 4.3: Summary of determined coefficients (a, b) and Vogel number (β) for Cd,exp as function of v 
(eq. 10) and ReD (eq. 12) (see Fig. 4.8), where significance is given by  p = 0.1> . > 0.05 > * > 0.01 > ** > 
0.001 > *** and with Residual Standard Error (RSE) as measure of goodness of the non-linear fit. na: no 
statistical output available due to limited number of observations (n). 

 

 

 

 

 

 

 

However, drag is not only influenced by wet frontal area (eq. 8). A linear model was 

fitted (see 4.2.7) between observed and calculated drag forces showing a significant 

slope (p<0.001) for all but three cases and the variance explained (R²) ranged from 0.46 

to 0.85 (Fig. 4.6 and Tab. 4.2). Nevertheless, the calculated drag forces largely 

underestimated the actually measured drag forces, except for three conditions. That is, 

in case of seedlings at the shallow and intermediate water level with 10 s waves, and in 

the case of adults of S. maritimus at the shallow water level with 10 s waves, the 

calculated drag forces overestimated the actually observed ones. Based on the linear 

regression equation between the actually measured and calculated drag forces (Fig. 4.6), 

Water depth 

(cm) 

Wave period 

(s) 
Sticks Adults, S. mar. Adults, S. tab. Seedlings, S. mar. 

  Cd,exp Cd,exp R² p Cd,exp R² p Cd,exp R² p 

5 2 6.64 8.38 0.58 ** - - - 7.02 0.96 *** 

5 4 9.25 - - - - - - - - - 

5 6 3.20 - - - - - - - - - 

5 8 1.57 - - - - - - - - - 

5 10 0.81 0.56 0.46 * - - - 0.41 0.79 *** 

20 2 24.79 27.47 0.96 *** 22.28 0.97 *** 3.23 0.95 *** 

20 4 11.92 - - - - - - - - - 

20 6 5.97 - - - - - - - - - 

20 8 6.53 - - - - - - - - - 

20 10 3.65 3.07 0.87 *** 3.62 0.90 *** 0.25 0.60 ** 

35 2 7.84 4.20 0.86 *** 4.59 0.95 *** - - - 

35 4 6.64 - - - - - - - - - 

35 6 9.51 - - - - - - - - - 

35 8 8.12 - - - - - - - - - 

35 10 12.50 5.55 0.94 *** 5.59 0.91 *** - - - 

  v ReD 

Obstacle Condition a b β (=2+b) n p RSE a b n p RSE 

Stick T05 0.90 -0.97 1.03 5 * 1.0 9.45 x 103 -0.97 5 * 1.0 

 T20 1.57 -1.47 0.53 5 ** 1.4 1.99 x 106 -1.47 5 ** 1.4 

 T35 3.32 -1.06 0.94 5 . 1.4 8.22 x 104 -1.06 5 . 1.4 

Adult S. mar. T20 & T35 0.45 -2.20 -0.20 4 * 1.3 1.79 x 106 -1.59 40 ** 4.1 

Adult S. tab. T20 & T35 0.73 -1.83 0.17 4 * 1.4 1.64 x 104 -1.11 40 * 4.9 

Seedl. S. mar. T20 - - - 2 na na 1.01 x 103 -0.91 20 ** 0.7 



Chapter 4 

76 
 

we derived values for Cd,exp which are the slope coefficients of the respective linear 

models (see Tab. 4.2).  

Comparing the drag coefficients between the different overlapping subsets using ANOVA 

(e.g. adult S. maritimus compared to seedlings of S. maritimus at their common water 

levels, i.e. the two lower water levels), showed that there are no significant differences 

between both adult species for the common water levels, while both adult species differ 

significantly from the seedlings (p<0.001 when compared to adult S. maritimus at the 

two lower water levels; p<0.01 when compared to adult S. tabernaemontani at the 

intermediate water level).  

Based on the 10-fold cross-validation performed on the dimensionless validation of the 

drag force prediction (see 4.2.7 and Fig. 4.7), we obtain root mean square prediction 

errors (RMSPE) of 0.07, 0.21 and 0.25 for adults of S. tabernaemontani, adults of 

S. maritimus and seedlings of S. maritimus, respectively. The overall RMSPE for all plant 

types is of 0.19. When only considering 10 s wave periods, adults of S. tabernaemontani 

have an RMSPE of 0.1, adults of S. maritimus of 0.24 and seedlings of 0.35. Applying 

eq. 10 and 11, we derived the actual drag coefficient, a, and the Vogel number, β, from 

the exponent b (see 4.2.7, Fig. 4.8 and Tab. 4.3). The results for sticks (Fig. 4.8a, b) 

indicate that at the lowest water depth the forces acting on the obstacles were different 

from the other two water levels, while the two higher water levels showed similar 

responses. Therefore, we ignored the shallow water depth when fitting the curves for 

the plants, i.e. the non-linear models for the adults of S. maritimus were fitted after 

omission of the shallow water level. Note that the results obtained for a and b have to be 

understood as hypothetical given the limited amount of points through which the non-

linear models were fitted for v (n=4 for both adult species). 

4.4 Discussion 

Over the last two decades, many flume experiments have been performed on plant-wave 

interactions (Anderson and Smith, 2014; Augustin et al., 2009; Bouma et al., 2005; Coops 

et al., 1996; Francalanci et al., 2013) where self-scour and drag forces occurring around 

and acting on plants – individuals up to marsh scales – have been studied. However, 

there is a lack of experiments on the contrasting influences of wind and ship waves (i.e. 

short period and anthropogenically-induced long period waves) on pioneer marsh 

plants, and of waves in general on drag and scour occurring on plants of differing 

morphological structures and life stages. The aim of our experiment was to test and 

validate commonly used formulae for the prediction of scouring and drag forces on 

typical pioneer marsh plants in the presence of contrasting waves. For further studies, 

such formulations could then be taken into account when predicting potential habitat 

suitability for the establishment of intertidal marsh species in an estuary where 

contrasting hydrodynamic influences, simulated by the wide range of parameters tested 

in our experiment, occur. However, possible qualitative limitations of our experimental 

set-up compared to true field conditions (e.g. low water levels and monochromatic 

waves) need to be considered when drawing conclusions. 
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While our results show that scour can overall be predicted well for these contrasting 

conditions with established methods, prediction of drag forces using established 

methods works well for wind wave conditions (mimicked by 2 s waves) but becomes 

less accurate for ship-induced waves (mimicked by 10 s waves), especially for plants 

with a complex morphology such as adults and seedlings of S. maritimus. This in turn 

implies that potential habitat suitability in terms of scour under contrasting wave 

conditions as simulated in the experiment can be predicted in a reliable way, but will be 

more difficult to assess in terms of drag forces.  

Particularity of the shallow water level 

The shallow water level produced singular conditions for both scour and drag: the tests 

on the sticks showed that for all periods of the 5 cm water level, the experimentally 

obtained drag coefficients were smaller than for the two higher water levels at equal 

wave-induced horizontal peak forward velocity or Reynolds number (Fig. 4.8). This 

indicates that under wave action, there seems to be a threshold of water depth below 

which the drag forces expected based on wet frontal area and wave-induced horizontal 

velocities will be smaller than once that water depth threshold is exceeded. In regards to 

scour, a particularly high Shields parameter was observed for the long wave period at 

the shallow water level (θ=118.2 vs. an average value of 33.5 ± 5.9 SE after omission of 

this particular condition), leading to shallower scour depth than expected based on KC 

number alone: a high Shields parameter indicates a situation with high mobility of the 

sediment bed and hence continuous sediment supply; this can then lead to backfilling of 

local scouring holes, thus reducing the locally observed final scour depth. While this 

particular observation has also been reported by Umeda (2011), the threshold in water 

depth for wave-induced drag forces was not reported by other authors. All these 

particularities found for the sticks were confirmed in the tests with the plants. 

Scour 

Except for the long wave period at the shallow water level condition, the scour occurring 

around sticks and plants could be explained largely by the KC number as suggested by 

Umeda (2011) for rigid cylindrical obstacles (Fig. 4.4). However, at equal absolute scour 

depths, seedlings experienced a deeper relative scour depth (S/D) than adults. As 

seedlings naturally root less deeply than adult plants, they risk uprooting as the critical 

scour depth for seedlings will be smaller than for adults. It should also be noted that for 

both deeper water levels, scour increased with wave period: the ship-generated waves 

would cause more severe scour than the wind waves, creating thus potentially more 

critical conditions for plants, especially for seedlings. Overall, the prediction of 

conditions (i.e. critical combinations of wave periods and wave-induced velocities) that 

lead to uprooting of plants can be derived based on the KC number.  

Drag 

Regarding drag forces, the Morison equation (Bouma et al., 2010; Henry and Myrhaug, 

2013; Mendez and Losada, 2004; Myrhaug and Holmedal, 2011) leads to fairly good 

results when each tested condition and plant type is analysed individually (Fig. 4.6 & 
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Tab.4.2). However, except for the highest water level, the obtained values of the drag 

coefficients for the 10 s waves were significantly lower than for the 2 s waves, 

demonstrating that the extreme periods of ship-induced waves led to a very different 

behaviour of the plants than under natural wind wave conditions. We found that the 

application of the experimentally deduced drag coefficients led to the best results for the 

adults of S. tabernaemontani (Fig. 4.7d). From this we can draw two main conclusions: 

(1) it is possible to predict fairly well the expected drag forces to be experienced under 

wave impact by plants of simple shape such as adults of S. tabernaemontani (consisting 

of oval single stems without leaves), even for extreme wave events; and (2) for plants of 

more complex structure, such as adults and seedlings of S. maritimus (consisting of 

triangular stems with several leaves), prediction of the expected drag force for wind 

wave conditions is fairly reliable, while extreme wave events such as potentially ship-

induced waves lead to larger inaccuracies of predictions. This is possibly due to the 

differently acting drag forces on stems on the one hand, and on leaves on the other 

(Albayrak et al., 2013), where projected leaf surface is overestimating the actually 

exposed, interfering leaf surface after reconfiguration in the waves. This effect could 

already be seen based on the results shown in Fig. 4.5. Furthermore, the Iribarren-

number indicates spilling waves for 2 s waves, while the 10 s waves are plunging, 

pointing at two different wave breaking stages, which could equally have an effect on the 

dynamics of the wave-induced flow field and hence influence the drag experienced by 

the more complex plants.  

Vogel number and drag coefficient 

Following Sand-Jensen (2003), determining the coefficients of equation 10 would lead to 

the variable power, β, usually referred to as Vogel number and for which typically 0 ⪳ β 

⪳ 2 (e.g. Aberle and Järvelä, 2013; Bouma et al., 2005; Nepf, 2012). While the overall 

tendency of the correlations follows the expected relation (i.e. of the type of eq. 10; Fig. 

4.8), the fitted non-linear models for the different plant types (after omission of the 

shallow water level based on observations for the sticks) lead for both simplest 

obstacles, i.e. for the sticks and for the adults of S. tabernaemontani, to values of β that 

would be within the expected range. In contrast, we obtain for adults of S. maritimus a 

slightly negative Vogel number (Tab. 4.3). This unexpected outcome could result from 

the limited amount of points to fit the models through (see above), which leads to 

results that need to be viewed as hypothetical: while the overall tendencies seem valid, 

the actual numbers might not be correct. Extended experiments for more conditions 

could help finding more reliable relationships.  

As drag coefficients compensate for effects that have not been taken into account by 

other parameters in the Morison equation, such as the flexibility of the plant type, their 

value indicates to what point plants or obstacles in general respond in a similar way or 

not to incoming wave impact. Here it appeared that both adult species, despite their 

different morphologies and all methodological restrictions, respond – on average – 

similarly to the incoming waves. The seedlings, in contrast, respond very differently 

from the adults, given the position of a hypothetical non-linear fit that would lie below 
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the fits of the adults (Fig. 4.8). This change in drag coefficient may be accounted for by 

the differing biomechanical and morphological properties of the life stages, and is 

possibly also due to the stated differences in relative inundation of the plants.  

Habitat suitability 

According to present results, existing formulae for estimation of expected scour and 

drag around and on pioneer plants can be applied best for conditions where inundation 

exceeds a threshold of at least 5 cm, and for natural short wind wave conditions. At more 

shallow water conditions, both scour and drag will be over-estimated by the formulae. 

This implies that the calculated values for those conditions can be regarded as a worst-

case scenario, which is not likely to occur. The morphology of the plants will also affect 

the reliability of estimated drag, where the simplest plant morphologies will lead to 

most accurate results. These findings, however, might need to be put into perspective 

depending on which wave climate prevails in the long term in the field, and which wave 

climate is apt to create the most extreme forces acting on the plants: in busy shipping 

estuaries, such as the Scheldt and Elbe Estuaries, a regular interference of long period 

ship-generated waves can be expected. Furthermore, depending on the prevailing 

sediment-type in the field, there might be a non-negligible erosion protection provided, 

at least seasonally, by biofilms and belowground root systems (Le Hir et al., 2007). 

These could increase the erosion threshold and reduce the resulting scour depth around 

plants. 

When, in a more applied approach, habitat suitability is assessed for pioneer marsh 

plants in terms of restoration projects, it should nonetheless be considered that, 

compared to wind waves, a large influence of ship-generated waves will lead to 

unpredictable drag exerted on plants with complex morphology. At sheltered sites, 

where wind-generated waves dominate, the conditions will be more reliably predictable. 

4.5  Conclusions 

Given the limitations of the presented flume experiment, further investigation (e.g. 

similar flume studies including stabilisation of the sediment by roots and biofilms) could 

provide further insights in the actual field processes. Also measuring drag forces and 

scour produced at higher water levels and possibly under more realistically simulated 

ship-induced wave events with irregular wave fields would give a better insight in the 

effects of such waves under normal field conditions. Furthermore, longer test durations, 

i.e. more than 200 waves, could be considered, and the response of patches of seedlings 

and shoots, as opposed to the effect on individual plants studied here, could be 

investigated. 

Implications from our experiment for life stage and species in terms of environmental 

suitability for establishment on the intertidal flats are that scour by wind and ship-

induced waves will act in a predictable and similar way on all plant types, and 

KC number is overall a good way for quantifying maximum scouring depth. Ship-induced 

waves are more likely to create critical conditions, as the scour depth observed after 
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long (i.e., potentially ship-generated) wave periods was significantly deeper than for 

short (i.e., wind-generated) wave periods. Drag forces experienced under contrasting 

wave impact, on the other hand, can be well predicted for plants with a simple 

morphology such as S. tabernaemontani, but drag forces acting on plants of more 

complex structure such as S. maritimus will be difficult to predict especially for extreme 

long period waves. At shallow water levels, the general rules, both for drag and scour, 

found for higher water levels will fail. Our findings indicate that under contrasting wave 

periods as typically occurring in many estuaries, habitat suitability for the establishment 

of marsh pioneer-species will be more difficult to assess in the presence of long period, 

possibly ship-generated waves than in more sheltered, wind wave-dominated 

conditions. 
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Abstract 

Little is known on the mechanisms controlling horizontal seaward expansion of 

marshes, and on the vertical sediment accretion rates that are associated with it. 

Pending questions include whether simple geomorphological conditions such as 

elevation are a predictor of clonal marsh expansion rates; whether there are seasonal 

vegetation-induced effects in sedimentation and erosion rates; and how steep the spatial 

gradient in sedimentation and erosion rates is from the bare tidal flat into the vegetated 

marsh. These questions have been addressed with a two-scale study approach 

performed on two contrastingly wave-exposed marshes in the Scheldt Estuary (SW 

Netherlands and N Belgium) where Scirpus maritimus is the dominant pioneer species. 

On the one hand (1), we investigated the relations between large-scale 

geomorphological parameters (elevation, slope) and clonal marsh expansion rates at 

both sites. On the other hand (2), we performed a small-scale monthly field monitoring 

during two years at the same two marshes where we investigated the relations between 

spatio-temporal variations in vertical elevation change and spatio-temporal variations 

in vegetation properties along cross-shore transects. We find that at the sheltered site, 

clonal expansion rates are almost twice as high as at the exposed site. Furthermore, 

expansion rates at the sheltered site relate well to elevation. At the exposed site, this 

relation was less strong as wave exposure might be the dominant disturbance here. 

Moreover, we find clear seasonal sedimentation and erosion patterns that follow well 

the seasonal vegetation cycle, with prevailing sedimentation in summer when 

aboveground biomass is maximal and erosion in winter when plant shoots have largely 

decayed. Especially at the exposed site, the presence of vegetation has a positive effect 

on sedimentation within the marsh. Finally, our results show that clonal marsh 

expansion succeeded at elevations at which transplants of individual shoots could not 

establish, emphasising the importance of clonal integration in disturbance-driven 

ecosystems. 
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5.1 Introduction 

Tidal marshes provide many precious ecosystem services, ranging from natural habitat 

for specialized fauna and flora to CO2 sequestration, recreation and coastal protection 

(Barbier et al., 2011; Costanza et al., 2014; Möller et al., 2014; Nelson and Zavaleta, 

2012; Temmerman et al., 2013). Given the increasing loss of tidal marshes over the last 

decades (e.g. 50 % world-wide loss or degradation since the 1980s was reported by 

Barbier et al. (2008)), understanding the mechanisms determining horizontal seaward 

marsh expansion or landward retreat has become increasingly important. While vertical 

evolution of marshes has been well studied and extensively modelled, the mechanisms 

triggering horizontal expansion or retreat are still poorly understood (see review by e.g. 

Fagherazzi et al., 2012). For instance, a marsh can be vertically accreting while, at the 

same time, the marsh edge is horizontally retreating (Van der Wal et al., 2008). This 

illustrates to what point the two mechanisms – vertical versus horizontal evolution – are 

not necessarily coupled (Fagherazzi et al., 2013). 

Horizontal expansion of marshes onto adjacent bare tidal flats can occur through two 

different mechanisms. On the one hand (1), individual plants can establish. This can 

happen when seeds disperse, deposit and germinate, or when pieces of rhizomes that 

detached from the marsh settle on the mudflat. When conditions are favourable and 

individual plants manage to establish, perennial clonal species (e.g. Spartina, Scirpus and 

Phragmites species) can expand, eventually form patches, and finally form a coherent 

marsh (e.g. Alvarez et al., 2005; Angelini and Silliman, 2012; Vandenbruwaene et al., 

2011; Xiao et al., 2010). Marsh expansion by individual plant establishment typically 

succeeds in the presence of so-called windows of opportunity (e.g. Balke et al., 2011; 

Kettenring et al., 2014; Mateos-Naranjo et al., 2008), which are periods without 

disturbances that are long enough for plants to establish and to outgrow a critical 

biomass level at which they can survive subsequent disturbance events (Balke et al., 

2013, 2011; Bart and Hartman, 2002; van Wesenbeeck et al., 2008). Disturbances and 

environmental stressors potentially limiting successful plant establishment in tidal 

systems are caused for instance by cyclic tidal inundation, storm surges, currents and 

waves, and the erosion caused by these water movements. On the other hand (2), the 

mudflat can also be colonized by clonal marsh expansion of the marsh edge: as many 

perennial marsh plants can reproduce clonally, the entire marsh edge can advance onto 

the adjacent tidal flat by lateral belowground expansion of rhizomes and growth of new 

aboveground shoots from these rhizomes. Contrary to individually established shoots or 

seedlings, new shoots with a clonal connection to the marsh or sufficiently large patches 

benefit from clonal integration (e.g. Amsberry et al., 2000; Bertness and Hacker, 1994; 

Burdick and Konisky, 2003). This means that shoots that are clonally connected to each 

other can avoid local physical and biological stresses by accessing distant resources. 

Through clonal integration shoots can then establish and survive in conditions (e.g. 

critical inundation depth, sulphide or salinity stress) in which individual shoots or 

seedlings – which do not benefit from clonal integration – cannot survive. 
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Colonization of bare intertidal mudflats by either of the two colonization strategies is 

known to be related to elevation relative to mean sea level or mean high water (MHW) 

as this is directly related to hydroperiod (e.g. Burdick and Konisky, 2003; Cox et al., 

2003; Mateos-Naranjo et al., 2008; Wang and Temmerman, 2013). Longer hydroperiod 

linked to lower elevation lead, as direct effect, to higher inundation stress on the plants, 

and have furthermore indirect consequences such as a longer exposure to wave action 

or tidal currents. This, in turn, can then lead to higher risks of erosion of the sediment 

bed and to higher drag forces acting on the plants. These two mechanisms – erosion and 

drag forces on shoots – can, separately or combined, potentially prevent plant 

establishment or provoke uprooting of established plants (e.g. Balke et al., 2013; Friess 

et al., 2012 and Chapter 3).  

The presence of once established vegetation triggers positive feedbacks between 

vegetation and sedimentation: the vegetation will reduce flow velocities and attenuate 

waves, which promotes increased sedimentation within the vegetation; this enhances 

surface elevation within the vegetation, which, in turn, creates better growing 

conditions for the vegetation as it is exposed to less and less tidal inundation, etc. (e.g. 

Balke et al., 2014; Bouma et al., 2009; Sanchez et al., 2001). It is thus generally expected 

that sedimentation prevails within the marsh due to the flow and wave attenuating 

effects of the continuous vegetation cover. In contrast, this positive feedback mechanism 

is absent on the mudflat, except possibly during spring and early summer when biofilms 

can temporarily stabilize the bare sediment (Le Hir et al., 2007; Marani et al., 2010; 

Paterson, 1989; Rietkerk and van de Koppel, 2008). In the long term, this would imply 

that surface elevation increases in the marsh, while only small net surface changes occur 

on the dynamic mudflat.  

While establishment of individual plants on bare mudflats has been investigated in a 

series of flume studies and field experiments (e.g. Mateos-Naranjo et al., 2008; van 

Wesenbeeck et al., 2008; Xiao et al., 2010; Zhu et al., 2014 and Chapter 2, 3 & 4), detailed 

field studies on horizontal clonal marsh front expansion and its interactions with 

vertical sedimentation in the expanding pioneer marsh zone are still lacking. The aim of 

this paper is to elucidate bio-geomorphic processes influencing horizontal seaward 

expansion and vertical sedimentation and erosion of pioneer marshes in the Scheldt 

Estuary (SW Netherlands and N Belgium), where Scirpus maritimus L. Palla is the 

dominant pioneer plant species. Three main questions are addressed: (1) can simple 

geomorphological parameters (elevation at the marsh edge, slope of the mudflat) be 

used as proxy for rates of horizontal, seaward clonal marsh expansion? (2) How steep is 

the spatial gradient in sedimentation (and erosion) rates in the transition zone from 

bare tidal flat to vegetated pioneer marsh? (3) Do temporal (seasonal) variations in 

plant properties interact with temporal variations in sedimentation rates? A two-scale 

study approach was used to answer these questions: on the one hand, we investigated 

the relations between large-scale, geomorphological parameters and clonal marsh 

expansion rates at a wave-sheltered and wave-exposed site. On the other hand, we 

performed small-scale field measurements with a high spatial (meters) and temporal 

(monthly) resolution on the relations between spatio-temporal variations in vertical 
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elevation change and spatio-temporal variations in vegetation properties (shoot density 

and height) along cross-shore transects at the same two pioneer marshes. 

5.2. Materials and methods 

5.2.1 Study sites 

Two neighbouring marshes were monitored in the brackish part of the macrotidal 

Scheldt Estuary: the marsh of Rilland (SW Netherlands) and Groot Buitenschoor 

(N Belgium) (Fig. 5.1). By choosing these two approximately 3.5 km long marshes, we 

follow a disturbance gradient from wave-exposed marshes at the Dutch site (in the 

following referred to as exposed site) towards more wave-sheltered marshes at the 

Belgian site (in the following referred to as sheltered site). For example, significant wave 

heights (H1/3) recorded at both sites during the growing season of 2014 were 2.8 cm and 

5.7 cm for sheltered and exposed site, respectively, and the mean of the highest 

percentile (H1/100) were 9.7 cm and 20.3 cm, respectively. These values were calculated 

for all wave data gathered during tidal inundation at both marsh edges. In this way, 

wave exposure at the marsh edges as encountered in the course of a tidal cycle was 

quantified. These differing conditions arise from two compounding effects (Fig. 5.1c): 

(1) the wind fetch of dominant South-western winds is shorter at the sheltered site 

(2 km versus 8 km for sheltered and exposed site, respectively). Additionally (2), a 

breakwater protects the sheltered site from direct wave impact from both ship and wind 

waves, while the shipping channel passes very closely by the seaward limit of the tidal 

flat at the exposed site. Most parts of these marshes are characterized by a gently 

sloping marsh-mudflat transition zone, indicative of seaward expansion of the marshes. 

The sediment surface of the sheltered site consists mainly of silty sediment (> 65 % silt 

in the top 5 cm layer), while the sediment surface of the exposed site is mainly sandy (on 

average > 85 % sand in the top 5 cm layer) (Chapter 2 & 6). Annual averaged suspended 

sediment content in the area is 62 mg L-1  ± 4.3 SE (Maris et al., 2013) and the average 

tidal range is 5 m. At both sites, Scirpus maritimus L. Palla is the dominant marsh 

pioneer. While it has been reported that the marshes in the Scheldt experienced 

alternating phases of expansion and retreat over the last century (e.g. Cox et al., 2003; 

Van der Wal et al., 2008), a continuous clonal expansion over wide stretches of the two 

studied marshes has been observed over the period of 2006-2014 (personal 

communication by Hug van Beek and own observations since 2010). 

5.2.2 Studied species 

Scirpus maritimus L. Palla (also known as Bolboschoenus maritimus) is a perennial clonal 

plant typically growing in the pioneer zones of brackish marshes. It forms dense clonal 

root-networks through the production of rhizomes and tubers from which ramets grow. 

These ramets appear as new shoots in early spring (typically by the end of March in the 

Scheldt Estuary, personal observation), and can grow to a size of up to 2 m in July and 

August when they reach the peak of their annual biomass cycle. From September 

onwards they die back and break off until only dead aboveground ramets of around 
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20 cm are left in February. The belowground root system survives the winter and new 

ramets grow from the tubers with the onset of the next annual growing season. This 

means that S. maritimus shows a marked annual pattern of aboveground biomass 

production and decay (Charpentier et al., 2012, 2000).  
 

Figure 5.1: (a) Position of the Scheldt 
Estuary in the Dutch-Belgian border region 
(indicated by the black square). 
(b) Overview of the Scheldt Estuary 
downstream of Antwerp up to its mouth 
near Vlissingen with its tidal flats and 
marshes. (c) Overview of the location of 
both studied tidal marshes, Groot 
Buitenshoor and Rilland, with indication of 
the breakwater, the shipping channel and 
fetch length for the dominant SW wind 
direction.  

 

 

 

 

 

 

 

 

 

5.2.3 Large-scale marsh expansion rates  

In order to measure the rates of clonal marsh expansion, the position of the entire marsh 

edges of the wave-exposed and -sheltered sites were monitored by the means of a high-

precision GPS (real time kinematic GPS, with ± 1 cm accuracy; RTK-GPS in the following) 

at the end of the growing seasons of 2011 and 2013, i.e. in August and September, 

respectively. The approximately 3.5 km long marsh edges of both marshes were traced  

at an interval of 5 to 10 m. Creeks cutting through the marsh edge were ignored in this 

approach.  

 

In a GIS (ArcMap 10.1, ESRI), we investigated the relation between marsh expansion 

rate and potential driving geomorphological variables (elevation and slope). In a first 

step, we converted the unevenly spaced RTK-GPS marsh edge points of both years into a 

line and then the line of the 2013 marsh edge into 1000 evenly spaced points per site. Of 

these points, we then selected those at which S. maritimus was present from 2011 to 

2013 and at which expansion had occurred. This selection left us with 72 % and 79 % of 

points for the sheltered and exposed site, respectively. We then calculated the marsh 



Marsh edge dynamics 
 

89 
 

expansion rate that had occurred in each point since 2011 by assessing the shortest 

distance between the points of 2013 to the marsh edge of 2011. Furthermore, to asses if 

marsh expansion rates can be derived from elevation at the marsh edge, we interpolated 

the elevation of the original marsh edge points of 2013 and extracted the interpolated 

values to the generated equally spaced marsh edge points of 2013 (elevation at marsh 

edge in the following). Based on a LIDAR-based DEM (with a horizontal resolution of 

2 m x 2 m and a vertical error of maximum ± 15 cm), we calculated the slope between 

the marsh edge of 2011 and 1 m below each point along the marsh edge of 2011. The 

range of 1 m elevation below the marsh edge was chosen given the highest expected 

waves at the marsh edges of both sites during a normal annual cycle without any major 

storm events (around 50 cm at the exposed site vs. around 30 cm at the sheltered site, 

own measurements performed in 2014). From that depth onwards (i.e. around twice the 

incoming wave height), interference of the sediment surface with the waves can be 

expected, which might then influence the wave breaking stage and energy that reaches 

the marsh edge. As it turned out in later analyses that big-scale slopes calculated for 

different distances to the marsh edge (in the order of 50 to 300 m onto the tidal flat) 

were highly correlated, the fact of having chosen one specific elevation criterion for 

slope calculation will not affect the outcome of the analysis. 

5.2.4 Small-scale marsh expansion and elevation changes 

RTK-GPS transects 

In order to test for correlation between small-scale slope and marsh expansion rate, 18 

and 20 around 16-20 m long cross-shore transects were measured with the RTK-GPS at 

the sheltered and exposed site, respectively, in August 2011. RTK-GPS points were 

placed around every 2 m along these transects. Three different slopes – marsh slope (i.e. 

from 8-10 m into the marsh to the marsh edge), cross-shore slope (i.e. from 5 m into the 

marsh to 5 m onto the mudflat) and mudflat slope (i.e. from the marsh edge to 8-10 m 

onto the mudflat) – were calculated by using the slope of linear regression models fitted 

through the respective portion of each transect. These slopes were then compared to the 

local expansion rate of the marsh edge using Pearson’s correlation coefficient. 

Monthly monitoring 

We studied the interactions between seasonal variations in aboveground shoot height 

and density, on the one hand, and elevation changes, on the other hand, at the transition 

from bare mudflat into an expanding marsh. In 2011, five transects were installed at 

both the exposed and the sheltered site (Fig. 5.2). They were initially 8 m long of which 

5 m were in the marsh and 3 m on the mudflat. As the marsh expanded during the 

monitoring period, we extended them in December 2012 onto the mudflat to a full 

length of 12 m and 14 m at the exposed and sheltered site, respectively. They were 

monitored monthly from May 2011 until December 2013, with both February 

measurements missing due to an ice cover on the sediment surface. For the following 

analyses, however, only the measurements from October 2011 to September 2013 were 

used in order to cover two full annual cycles. Along these transects, Sedimentation-
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Erosion-Bar (SEB) measurements (Fig. 5.2a-c) were performed in order to quantify 

elevation changes along these cross-shore transects (Cahoon et al., 2002; Nolte et al., 

2013). The SEBs were installed perpendicularly to the marsh edge and sediment surface 

elevation was measured at a 20 cm interval. These measurements allowed us to 

calculate monthly elevation changes along the transects. In order to monitor the 

seasonal patterns of shoot growth and decay, shoot density was counted on 0.4 m x 

0.4 m plots installed at a 2 m interval along the transects within the marsh (Fig. 5.2c). 

Height of the 10 highest plants per such plot was measured and the position of the 

marsh edge along the transects was noted.  

 

For a larger scale elevation change assessment, one additional transect of SEBs at each 

site was monitored from October 2011 to September 2012 (Fig. 5.2d): two levels within 

the marsh and two on the mudflat were monitored at the same moments as the cross-

shore transects. The four levels of these SEBs lay at distances of approximately 15 m and 

5 m into the marsh and 50 m and 150 m onto the tidal flat, and covered an elevation 

gradient of around 1 m, reaching from -1.3 m MHW to -0.4 m MHW. Each level along 

these transects consisted of three replicate SEBs of 2 m length that were installed 

parallel to the marsh edge and next to each other. Along each of these SEBs, 10 points 

were measured repeatedly. The average of the monthly elevation changes were 

calculated per SEB, and then averaged per level. 

 

 
 

Figure 5.2: (a) Detailed view of the Sedimentation-Erosion-Bar (SEB) with elevation change between tx 
and tx+1. The bar is 2 m long and repeatedly positioned onto the poles that remain in the field and that are 
assumed to be fixed. Elevation changes compared to a reference moment (e.g. tx) are assessed by 
measuring the part of vertically lowered sticks that remains on top of the horizontal bar;  (b) Side view of 
a cross-shore SEB transect. The boxes with dotted outline indicate the position of the bar as it is moved 
along the transect; (c) Top view of the cross-shore SEB transect. The squares with white dashed outline 
indicate the location of plant measurements (density and shoot height) next to each SEB pole within the 
marsh. (d) Top view of the large-scale SEB transect with four levels of three replicate SEB each, i.e. at 
approximately 15 and 5 m into the marsh and at approximately 50 and 150 m onto the tidal flat. 
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5.2.5 Statistical analysis 

All statistics were performed in R, version 3.1.1 (R Core Team, 2014).  

Large-scale comparison between sites 

A t-test was applied to the data gathered from the GIS analysis in order to detect 

differences between sites in mean expansion rate, mean elevation at the marsh edge and 

mean slope to 1 m below local marsh edge. Due to the high number of observations, 

parametric testing could be applied. 

In order to test for relations between marsh expansion rates and both geomorphological 

parameters (elevation and slope), we first calculated a Pearson’s correlation coefficient 

for expansion rate and each of the two parameters. However, as these data are spatially 

auto-correlated, we fitted in a next step a multiple linear regression model with 

expansion rate as dependent variable and slope and elevation, as well as their 

interaction, as explanatory variables. Models were fitted using the gls (general linear 

model) function of the nlme-package (Pinheiro et al., 2014) for both sites separately, 

taking into account spatial auto-correlation in the form of distance along the marsh 

edge. Spatial auto-correlation was modelled by an exponential correlation structure. An 

exponential correlation had produced the lowest AIC values among a wide range of 

possible correlation structures.  

Small-scale RTK-GPS transects 

Correlation between the near and cross-shore slopes and local expansion rates was 

assessed using Pearson’s correlation coefficient.  

Monthly monitoring 

In order to detect differences in elevation changes between marsh and mudflat along the 

cross-shore SEB transects, linear mixed models were fitted. Elevation change was 

entered as the dependent variable. Date of the measurements was entered as random 

intercept. The fixed effects were either site or location along the transects (i.e. mudflat 

versus marsh). These models were fitted using the lme function of the nlme-package 

(Pinheiro et al., 2014). 

In order to test for the effect of season on elevation change at each site, we fitted a linear 

model on the data of each site separately. Elevation change was entered as the 

dependent variable and season (grouped over both years) as well as location along the 

transect were entered as independent variables. If the interaction term of season and 

location was significant, we split the dataset into locations and tested for the effect of 

season. If the interaction term of season and location was not significant, we removed 

the interaction term and tested the significance of the main effects of season and 

location.  
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5.3 Results 

5.3.1 Large-scale marsh expansion rates 

For the period of August 2011 to September 2013 we find mean expansion rates of 

1.67 m y-1 ± 0.03 SE for the sheltered site and of 0.99 m y-1 ± 0.02 SE for the exposed site 

(Fig. 5.3). The marsh edges at both sites cover an elevation gradient of around 1 m, from 

-1.4 m MHW to -0.4 m MHW, with an average elevation of -0.92 m MHW ± 0.01 SE 

and -0.77 m MHW ± 0.01 SE for sheltered and exposed site, respectively. The slope 

leading to 1 m below the local marsh edge was on average 0.7 cm m-1 ± 0.08 SE at the 

sheltered and 0.5 cm m-1 ± 0.07 SE at the exposed site. The mean of these parameters 

differed significantly between sites (t-test, p<0.001 for all).  

 

Figure 5.3: Boxplots of marsh expansion rate (m y-1), elevation at the marsh edge (m MHW) and slope 
to -1 m relative to marsh edge (cm m-1) for sheltered and exposed site along the expanding edges of both 
marshes. The boxes represent the interquartile range of the data and the whiskers delimit 1.5 times the 
interquartile range. The horizontal line indicates the median. Significance of differences between sites was 
assessed using a t-test (p<0.001= *** for all).  

 

The sheltered site shows a positive correlation between expansion rate and elevation at 

the marsh edge (Pearson’s correlation coefficient, r=0.69) and a negative correlation 

between expansion rate and slope (r=-0.43) (Fig. 4). At the exposed site, on the other 

hand, correlations are lower (r=0.39 and 0.15, respectively). The spatial auto-correlation 

of these data need to be accounted for in the statistical analyses. Therefore, the effects of 

slope and elevation on expansion rate were modelled using a linear mixed model with 

expansion rate as dependent variable. In order to correct for spatial auto-correlation we 

specified an exponential correlation structure. At both sites, the model showed no 

significant effects of slope. The effect of elevation on marsh expansion rates, in contrast, 

was significant along both marsh edges, but of better explanatory value at the sheltered 

site (R2=0.48 and R2=0.15 for sheltered and exposed site, respectively, with p<0.001 for 

both) (Tab. 1). The interaction between these terms (elevation*slope) was significant 

(p<0.001) at the sheltered site, and the overall model resulted in an R² of 0.37 (see 

Tab. 1). This indicates that the effect of elevation is not uniform across all values of 

slope. 
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Figure 5.4: Expansion rate (m y-1) versus elevation at marsh edge (m MHW) and slope towards 1 m below 
local marsh edge (cm m-1) for sheltered and exposed site (left and right column, respectively), along the 
expanding marsh edges.  

 

Table 5.1: Results of general linear model analyses with exponential correlation structure correcting for 
spatial auto-correlation on large-scale relations between marsh expansion rate (dependent variable) and 
elevation at marsh edge and slope (explanatory variables). Models 1 and 2 explore the effects of elevation 
at marsh edge and of slope to 1 m below the local marsh edge separately, while Model 3 is fitted on both 
parameters and their interaction term. Cut-off value for significance was at p=0.05; ns = not significant. 

 Sheltered site Exposed site 

Model 1 expansion rate = a * elevation + b 

 p R² p R² 

elevation <0.001 0.48 <0.001 0.15 

     

Model 2 expansion rate = a * slope + b 

 p R² p R² 

slope ns 0.18 ns 0.02 

     

Model 3 expansion rate = a * elevation + b * slope + c * elevation * slope + d 

 p R² p R² 

elevation*slope <0.01 0.37 ns 0.17 
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5.3.2  Small-scale marsh expansion and elevation changes  

RTK-GPS transects 

Small-scale near-marsh edge slopes were overall significantly steeper at the exposed 

site than at the sheltered site (ANOVA, p<0.001, Fig. 5.5). Within the sheltered site, there 

were no significant differences between the three slope-types. At the exposed site, the 

slopes within the marsh were significantly steeper (p<0.01) than the cross-shore (edge) 

slopes and the mudflat slopes. Correlation tests between the small-scale slopes and the 

local expansion rates show that there are only very low correlations at the exposed site 

(Pearson’s correlation coefficient r ranging from -0.02 to 0.07 for the three types of local 

slopes, Fig. 5.5). Correlation with the local slopes was higher at the sheltered site 

(r=-0.57 for the mudflat slopes, r=-0.49 for the edge slopes and r=-0.75 for the marsh 

slopes). The negative values of the coefficients indicate that higher marsh expansion 

rates were found for gentler local slopes at this site. This within-site correlation also 

seems to apply when comparing both sites: average marsh expansion rate at the 

sheltered site with overall gentler local slopes was almost twice the expansion rate at 

the exposed site with overall steeper slopes. 

 
Figure 5.5: Top panel: boxplots of small-scale near marsh edge slopes (cm m-1) of RTK-GPS-transects 
(n=18 for the sheltered and n=20 for the exposed site) measured in August 2011. The boxes represent the 
interquartile range of the data and the whiskers delimit 1.5 times the interquartile range. The horizontal 
line indicates the median. See 5.2.4 for details on transect definitions. A two-way-ANOVA with Tukey’s 
HSD correction for multiple testing was applied to the small-scale slopes to assess significant pairwise 
differences. p = *** < 0.001 < ** < 0.01 < * < 0.05. ns: not significant. Bottom panels: scatter plots of local 
marsh expansion rates (m y-1) compared to near marsh edge slopes (cm m-1). 



Marsh edge dynamics 
 

95 
 

Monthly monitoring 

Seasonal patterns of elevation change and vegetation growth are shown for two 

representative transects (out of ten that were monitored in total) for the wave-sheltered 

and -exposed site (Fig. 5.6). A clear seasonal vegetation cycle was observed: average 

shoot heights varied from around 0.2 m just before the onset of the growing season in 

April (i.e. the heights of the remains of dead stems from the previous year), to around 

1.5 m at the peak of the growing season in August during the monitored period. Shoot 

density also followed a seasonal pattern with higher densities in summer than in winter, 

which was, however, not as pronounced as for shoot height. At the sheltered site, 

elevation changes followed well the seasonal vegetation cycle with positive peaks 

(=sedimentation) at the onset of the growing season and negative peaks (=erosion) in 

winter. At the exposed site, the temporal patterns in elevation change were less 

straightforward.  

Monthly elevation changes averaged over all transects of each site and over the entire 

monitoring period were more than ten times higher at the sheltered site than at the 

exposed site (Tab. 5.2), with net sedimentation dominating the transects. Within the 

marsh, differences between sites were smaller than over the full transects, the sheltered 

site exceeding the exposed site only by a factor 3. On the mudflat, differences were 

bigger, due to a net negative elevation change (erosion) at the exposed site. 

Based on the annual biomass cycle of S. maritimus (Fig. 5.6), elevation changes were 

compared assuming two seasons: the growing season (“summer”, April-September) and 

the season during which S. maritimus dies off and decays (“winter”, October-March). 

During winter months, when vegetation decayed and decreased in shoot height and 

density, elevation change patterns were similar at both sites (Fig. 5.7). In summer, when 

vegetation is highest and densest, elevation changes were clearly higher at the sheltered 

site compared to the exposed site. Furthermore, while elevation changes did not differ 

significantly between seasons at the exposed site (linear model, p>0.05), the sheltered 

site shows significantly higher elevation changes in the summer time (=sedimentation) 

compared to the winter (=erosion) (linear model, p<0.001). On the mudflat of the 

sheltered site, the differences between winter and summer were significantly more 

pronounced compared to the seasonal differences in the marsh (linear model, p<0.001). 

These results suggest that the key determinant for elevation change at the exposed site 

is the location along the transect (marsh or mudflat), while the key determinant for 

elevation change at the sheltered site is season (summer or winter). Furthermore, 

similar elevation changes occur at both sites during the summer seasons of both years. 

In winter, however, elevation changes differ between the two years (Fig. 5.7). 
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Figure 5.6: Monthly variations in spatially averaged elevation changes (cm month-1) within the marsh 
(continuous line) and on the mudflat (dashed line), spatially averaged shoot height (cm) and spatially 
averaged shoot density (# m-2) for sheltered and exposed site. The grey vertical rectangles indicate the 
growing season of S. maritimus (“summer”, April-September), whereas the white periods indicate the 
“winter” months (October-March) during which the aboveground shoots decay. 
 
 
Table 5.2: Mean monthly elevation changes (cm month-1 ± SE) along the small-scale cross-shore SEB 
transects for the 2 year monitoring period (October 2011–September 2013). Averages are given for the 
full transect extents and for marsh and mudflat separately. The significance of the site effect was 
calculated using a linear mixed model with date as random intercept. 
 
 
 
 
 
 

 

 

  

 mean elevation change  

(cm month-1 ± SE) 

site effect  

 sheltered exposed p 

full transect 0.34 ± 0.02  0.03 ± 0.02 <0.001 

marsh 0.31 ± 0.02  0.10 ± 0.02 <0.001 

mudflat 0.41 ± 0.05 -0.12 ± 0.04 <0.001 
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Figure 5.7: Mean elevation changes (cm month-1 ± SE) per site for the two winter and summer seasons 
(Oct-Mar and Apr-Sep, respectively) for the period of 2011-2013 and mean elevation changes 
(cm month-1 ± SE) per site along the small-scale cross-shore distance gradient from the marsh edge into 
the marsh and onto the mudflat for the same period. ns = not significant; p = *** < 0.001 < ** < 0.01 < * < 
0.05 as obtained from a linear mixed model with date as random intercept.  

 

Elevation changes grouped by distance classes along the cross-shore transects show 

clear site effects with higher rates at the sheltered than at the exposed site over the 

entire transect (Fig. 5.7, bottom panel). At the sheltered site, sedimentation rates 

increased into both directions with distance from the marsh edge, i.e. both with 

increasing distance into the vegetated marsh and with increasing distance onto the bare 

mudflat. At the exposed site, in contrast, slightly negative rates (erosion) prevailed on 

the mudflat, with a shift towards positive rates (sedimentation) into the marsh. The 

large-scale comparison of elevation changes within the marsh and on the mudflat shows 

no significant differences between marsh and mudflat plots during the winter season at 

both sites (Fig. 5.8). In summer, the elevation changes within the marsh at both sites are 
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significantly higher than on the mudflat. Furthermore, clear seasonal differences appear 

for the marsh plots at both sites: in summer, when vegetation is highest and densest, the 

elevation changes were clearly positive (sedimentation), while they varied around zero 

during the winter season.  

 

Figure 5.8: Mean elevation changes (cm month-1 ± SE) per site for the winter and summer season 
(October-March and April-September, respectively) for the period of 2011-2012 and mean elevation 
changes (cm month-1 ± SE) per site along a large-scale distance gradient from the marsh edge into the 
marsh and onto the mudflat for the same period. ns = not significant; p = *** < 0.001 < ** < 0.01 < * < 0.05 
as obtained from a linear mixed model with date as random intercept.  

 

5.4 Discussion 

The presence of vegetation usually leads through positive feedbacks to sedimentation 

within the vegetation (e.g. Balke et al., 2014; Bouma et al., 2009; Sanchez et al., 2001). In 

contrast, only small net tendencies in sedimentation or erosion are usually observed on 

the bare tidal flat. However, little is known on the steepness of the spatial sedimentation 

or erosion gradient close to the marsh edge, or on the seasonal variability of these small-

scale processes. The mechanisms controlling horizontal seaward expansion of tidal 

marshes through clonal expansion from the marsh edge are also only starting to be 

elucidated. 



Marsh edge dynamics 
 

99 
 

Our results show that during the studied period the horizontal marsh expansion rate at 

the wave-sheltered site was almost twice as high than at the wave-exposed site. 

Furthermore, that elevation at the marsh edge was a better proxy for marsh expansion 

rates at the sheltered site than at the exposed site, while slope could not be related to 

the expansion rates found at both sites. Likewise, the steepness of small-scale cross-

shore slopes correlated well with marsh expansion rates at the sheltered site (with 

overall gentler slopes), whereas no correlation was found at the exposed site (with 

overall steeper slopes). The results of the monthly small-scale cross-shore monitoring 

suggest that the key determinant for elevation change at the exposed site is the location 

along the transect (vegetated marsh or bare mudflat), while the key determinant for 

elevation change at the sheltered site is season (summer or winter).  

Colonization of bare mudflats is typically controlled by the elevation relative to MHW. 

For our study area, Wang and Temmerman (2013) suggested an elevation of 

around -0.5 m MHW as threshold (within a local tidal range of 5 m) above which a shift 

from bare mudflat to vegetated marsh becomes likely. In contrast, we find clonal 

colonization at elevations as low as -1.4 m MHW, and also the average of these 

elevations lay lower than the reported threshold. These differing elevation thresholds 

may result from the fact that in the mentioned study, led over a considerably longer time 

scale (three time steps from 1931 to 2004) and on a bigger area, temporally limited 

events of large-scale establishment may have played a crucial part. These typically occur 

rather by seed dispersal and establishment in the presence of a window of opportunity 

(Alvarez et al., 2005; Balke et al., 2014) instead of clonal expansion from the marsh edge. 

The pioneering shoots of a clonally expanding marsh benefit from clonal integration 

which is why they can resist environmental conditions that may be too extreme for 

individuals (Amsberry et al., 2000; Bertness and Hacker, 1994; Burdick and Konisky, 

2003). This finding is further emphasized by the fact that clonal marsh expansion 

occurred successfully at elevations at which colonization of the tidal flat by individual 

seedlings, shoots and even small patches had failed during the growing season of 2011 

(Chapter 2).  

Furthermore, the fact that elevation was a significant predictor for expansion rate at the 

wave-sheltered site but not at the wave-exposed site suggests that, at the exposed site, 

the expansion rates may be limited in the first place by waves and that the effect of 

waves overruled the effect of elevation. At the wave-sheltered location, to the contrary, 

disturbance through waves may not be a limiting factor for marsh expansion, so that 

elevation (probably through tidal inundation) was a more important controlling factor 

for expansion rate.  

Given the generally strong positive bio-geomorphic feedback between vegetation and 

vegetation-induced sedimentation (e.g. Balke et al., 2014; Bouma et al., 2009; Sanchez et 

al., 2001), the strong seasonal variation of the aboveground biomass of S. maritimus was 

expected to affect sedimentation patterns, too: higher standing biomass in summer 

(obtained through a high and dense marsh canopy, Fig. 5.6) should favour sediment 

accretion (e.g. Bouma et al., 2013, 2010; Ysebaert et al., 2011) whereas low standing 
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biomass in winter (obtained through short, leafless and more scattered shoots), 

combined with local scour at the base of the shoot stems (personal observation in the 

field), should induce erosion. In accordance to these general expectations, our results 

revealed relevant temporal and spatial patterns in the marsh-mudflat transition zone. 

An interesting aspect of the temporal patterns at the sheltered site is the peak in 

sedimentation, both on the tidal flat and in the marsh, at the onset of the growing 

season, which occurred in both monitored years (Fig. 5.6). When comparing this pattern 

for 2012 and 2013 to Fig. 2.3 c showing relative elevation change of 2011, there is also 

strong increase in relative surface elevation for the highest marsh plot over the first 

50 days of the transplantation experiment (almost +2 cm), i.e. from end of April until 

mid of June 2011. Over the rest of the monitoring period, elevation changes little 

compared to that initial phase. This seems thus to be a consistent pattern over three 

subsequent years. Given that temporal sedimentation patterns are similar within the 

marsh and on the adjacent tidal flat (Fig. 5.6), these peaks cannot be induced by the 

onset of vegetation growth in April, or changes in vegetation properties in the following 

months. A possible explanation could be enhanced sediment availability in that period 

that equally affected elevation change within the marsh and on the tidal flat. Suspended 

particle matter concentration (SPM) gathered during the OMES campaigns (Maris et al., 

2013), however, do not show any reoccurring peaks in March and April during those 

three years, nor in spring in general when averaging SPM seasonal data over the last ten 

years. Another potential explanation for the sedimentation peaks could be the formation 

of biofilms both in the marsh and on the tidal flat. These biofilms are known to have a 

stabilizing effect on the sediment surface (e.g. Le Hir et al., 2007; Marani et al., 2010; 

Paterson, 1989) and are typically found rather on silty than on sandy sediment, i.e. 

rather at the sheltered than at the exposed site. It has been shown for the Westerschelde 

that these biofilms are most abundant in spring and disappear in early summer (De 

Brouwer et al., 2000; Weerman et al., 2012), which would match our observations. The 

decline of biofilm and its sediment capturing properties after the spring peak could be 

related to benthic animals grazing on the benthic biofilm-forming diatoms (Weerman et 

al., 2012). These explanations remain, however, hypothetical as we cannot base them on 

own measurements during the monitoring period.  

It is interesting to note that along the cross-shore transects at the sheltered site, season 

mattered more for elevation change than the location along the transect (marsh or 

mudflat). At the exposed site, in contrast, location mattered more than season, which is 

also illustrated by the clear shift in both summer seasons from erosion on the bare 

mudflat to sedimentation in the vegetated marsh (Fig. 5.7). This highlights the wave 

attenuating capacities of vegetation and concurring sedimentation, especially at an 

exposed marsh (Bouma et al., 2005; Koch et al., 2009; Möller et al., 2014; Ysebaert et al., 

2011 and Fig. 6.3). The observation that elevation change at the sheltered site in 

summer did not depend on the location along the transects (marsh versus mudflat) may 

be an effect limited to the near marsh edge zone of the tidal flat: the elevation changes 

obtained from the more remote mudflat SEB plots (Fig. 5.8) revealed a clear contrast 

between marsh and mudflat plots in summer, with significantly higher sedimentation 
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rates within the marsh. This could then further point to specific conditions close to the 

marsh edge of the sheltered site that favour sedimentation in summer despite the 

absence of vegetation. Also here, the presence of biofilms could be a possible 

explanation for these patterns. These particular sedimentation conditions at the edge of 

the sheltered site might then, in turn, affect the expansion rate through the creation of 

gentler cross-shore slopes.   

When considering a longer time scale, our monitoring period, as well as in general the 

period of 2010-2014, was clearly marked by a clonal expansion of the S. maritimus 

dominated marsh edge at both sites with only selective locations of slight marsh retreat 

(personal observation based on regular field visits in this period). In contrast, 

considerable horizontal marsh erosion of the pioneer zone in the order of up to several 

tens of meters had been reported for the period of 1982 to 2004 for the exposed site 

(Van der Wal et al., 2008). For the sheltered site, it is known that during several years 

preceding 2004, the S. maritimus marsh edge did not move noticeably but expanded 

since 2006 in the order of locally several meters per year (personal communication Hug 

van Beek). As marshes are known to alternate between expansion and retreat over time 

scales in the order of decades and based on other long-term studies confirming this 

alternation for the marshes of the Scheldt Estuary (e.g. Cox et al., 2003; Van der Wal et 

al., 2008), the momentarily observed prevailing expansion at the two studied sites might 

be a temporary occurrence. It also needs to be noted that the temporal variability in 

elevation change observed, both between summer and winter seasons, and between 

both winter seasons, shows that the temporal scale and the period covered by the 

monitoring affect the detected elevation change rates and our results need to be 

interpreted carefully. Furthermore, this also shows that a monitoring campaign of 

2 years is actually too short in order to draw definitive conclusions on processes 

governing these highly dynamic landscapes (Bakker and Olff, 1996).  

On a broader scale, our results show that elevation (determining hydroperiod) and local 

cross-shore slopes might be a good indicator for future clonal marsh expansion rates at 

wave-sheltered sites. At wave-exposed sites, in contrast, the simple effect of 

hydroperiod might be outplayed by wave-induced disturbance, making predictions of 

marsh expansion difficult based on elevation alone. Limits to our study might be our 

simplistic assumption of contrasting wave exposure of both sites as it was based on 

limited measurements (both in time and in space) and binary definitions of wave 

exposure (“exposed” versus “sheltered”). Further investigation of wave impact at more 

locations along both marsh edge stretches and especially at the more exposed site could 

lead to a better assessment of the wave disturbance. A spatially more differentiated 

wave exposure gradient might be the missing link for explaining the marsh expansion 

rates more thoroughly. 
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5.5 Conclusions 

In the present study, we show that at a wave-sheltered site, simple morphological 

parameters such as elevation (determining hydroperiod) and local small-scale cross-

shore slopes correlated well with observed marsh expansion rates and could potentially 

serve as proxies for predicting (short-term) clonal marsh expansion. At a wave-exposed 

site, however, these simple parameters could not be reliably correlated to marsh 

expansion, possibly due to an overruling effect of wave exposure. The seasonality of 

small-scale cross-shore rates of elevation change demonstrates the importance of marsh 

vegetation and its wave attenuating capacities at the exposed site: in summer, when 

S. maritimus grows into a tall dense marsh, elevation changes within the marsh were 

positive (i.e. sedimentation), while they were slightly negative (i.e. erosion) on the 

nearby mudflat. Furthermore, our results show that clonal integration provided by a 

S. maritimus marsh to its pioneering ramets makes colonization of elevations possible at 

which large-scale colonization by seeds or individual shoots would fail (Chapter 2). 
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Abstract 

Tidal marsh vegetation is increasingly valued for its role in ecosystem-based coastal 

protection due to its wave dissipating capacity. In this study we quantified how the 

morphology, biochemical and biomechanical properties of tidal marsh vegetation are, in 

turn, affected by wave exposure. This was achieved by field measurements at two 

locations with contrasting wave exposure in the brackish part of the Scheldt Estuary 

(SW Netherlands), where Scirpus maritimus is the dominant pioneer. Wave exposure 

varied between marsh sites as well as within a site due to vegetation-induced wave 

dissipation along a distance-gradient into the marsh. Our results show that shoots 

grown under more wave-exposed conditions developed significantly shorter and thicker 

stems than the ones growing in more sheltered conditions. These potential adaptations 

to wave exposure were not observed in a greenhouse control experiment. Furthermore, 

we show that the more exposed shoots are more flexible whereas the shoots growing in 

more sheltered conditions are stiffer. This may indicate plasticity in response to wave 

exposure following a stress-avoidance strategy: by developing shorter, more flexible 

shoots on more wave-exposed locations, the wave-induced mechanical stress on the 

shoots can be reduced. Increasing stiffness was shown to be related to enhanced 

biogenic silica and lignin contents of the shoot tissue. These properties might affect the 

wave-attenuating capacity of the marsh as stiff plants are known to mitigate waves more 

effectively than flexible ones. Despite more flexible individual shoots at the exposed site, 

however, relative wave attenuation was more efficient here, highlighting the wave 

attenuating potential of marshes, especially at exposed sites.  
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6.1 Introduction 

Tidal marshes are known to provide a range of ecosystem services such as water quality 

improvement, carbon sequestration, breeding areas for birds, recreation and coastal 

protection (Barbier et al., 2011; Costanza et al., 2008; Möller et al., 2014; Temmerman et 

al., 2013). However, intensive human activities such as land-claim, harbour construction, 

dredging and tourism impose great pressure on salt marshes all over the world (Kirwan 

and Megonigal, 2013). Global warming, relative sea-level rise and extreme weather 

conditions compound these problems (Morris et al., 2002; Schuerch et al., 2013). A loss 

of marshes due to sea-level rise is especially anticipated for regions where small tidal 

ranges and low sediment load prevail (Kirwan et al., 2010). Such losses would induce 

substantial changes in current ecosystem services (Craft et al., 2009; Li et al., 2013).  

In the face of global sea-level rise, there is a need for sustainable alternatives to 

traditional coastal protection by engineering constructions. Ecosystem-based solutions, 

including the conservation and restoration of tidal marshes, are increasingly suggested 

as long-term self-sustainable protective systems (Borsje et al., 2011; Temmerman et al., 

2013): contrary to conventional engineering solutions (dikes, dams), marshes can adapt 

to increasing sea levels by accumulating sediment. Additionally, natural coastal 

protection by marsh vegetation has been proven to be very effective as the majority of 

wave energy entering a marsh is dissipated over the first few meters after the marsh 

edge (Bouma et al., 2005; Koch et al., 2009; Möller et al., 2014; Ysebaert et al., 2011). 

Even under extreme water levels and wave heights typical for storm surges, when 

coastal defence is most important, up to 60 % of wave height attenuation may be 

attributed to marsh vegetation (Möller et al., 2014).  

In the past, research has focussed on current-induced hydrodynamic stresses and their 

effect on marsh vegetation (Bouma et al., 2009; Puijalon and Bornette, 2006; Puijalon et 

al., 2005), although recent findings emphasise the role of wave exposure (Tonelli et al., 

2010). The capacity of plants to attenuate waves, however, depends on plant 

morphological traits: for instance, flume experiments and field measurements showed 

that stiffer shoots as well as a high standing biomass increase wave attenuation (Bouma 

et al., 2013, 2010; Ysebaert et al., 2011). The acting waves, in turn, have been shown to 

exert stress on plant growth. Direct wave effects on plants are exerted by drag and 

pulling forces (Denny, 2006; Henry and Myrhaug, 2013) and scouring of sediment 

around plant stems (Bouma et al., 2009; Friess et al., 2012); indirect effects are the 

wave-induced soil texture and composition (Coops et al., 1994, 1991), resulting from 

hydrological sorting.  

In order to cope with hydrodynamic forces, clonal macrophytes are known to be able to 

produce plastic responses (Szmeja and Galka, 2008). These typically follow either an 

avoidance or a tolerance strategy (Coops et al., 1994; Puijalon et al., 2011): enhanced 

flexibility, which enables the plant to bend when exposed to water flow or waves and 

thus to reduce experienced drag, can be seen as a typical stress-avoidance strategy (Bal 

et al., 2011; Puijalon et al., 2011; Pujol and Nepf, 2012; Schoelynck et al., 2013 and 

Chapter 3). High mechanical resistance to breaking, to the contrary, determines the 
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capacity of the plants to tolerate hydrodynamic stress, usually correlated to higher 

tissue rigidity (Coops and Van der Velde, 1996; Puijalon et al., 2011). On a molecular 

level, rigidity of the shoot is enhanced when lignin and cellulose fibrils associate and 

form a secondary cell wall (Turner et al., 2001; Wang et al., 2012). Furthermore, 

biogenic silica (BSi) can also enhance the rigidity of the shoots (Schoelynck et al., 2012). 

Because a stress-avoidance or stress-tolerance strategy can result in the development of 

different plant morphological properties, the capacity of the plants to attenuate 

hydrodynamics will be affected, too. Hence, an important remaining question is whether 

there are mutual feedbacks between plant morphological development and wave 

intensity and attenuation at tidal marsh shorelines.  

The aim of this study is to investigate the response of morphological and tissue 

properties within a tidal marsh plant species to differences in wave exposure. This was 

done in a field monitoring campaign in the brackish part of the Scheldt Estuary (SW 

Netherlands and N Belgium) during the growing season of 2014 at two locations with 

contrasting wave exposure. The investigated species was Scirpus maritimus L. Palla, 

which is a clonal, dominant pioneer marsh plant in the brackish parts of estuaries in the 

temperate zone. The novelty of our study is that we quantified morphological, chemical 

and biomechanical properties of S. maritimus between two contrasting sites, and also 

along a wave exposure gradient within each site, during the entire growing season. We 

hypothesize that (i) Scirpus maritimus adapts its morphological, chemical and 

biomechanical properties depending on wave exposure (varying between the sites and 

with exposure within each site) and that (ii) these adaptations are the result of 

phenotypic plasticity and occur progressively over the growing season. 

6.2 Materials and Methods 

6.2.1 Study sites 

Two sites of contrasting wave exposure were chosen in the Scheldt Estuary (Fig. 6.1): 

Groot Buitenschoor (Belgium) and Schor van Rilland (The Netherlands), in the following 

referred to as sheltered and exposed site, respectively. The contrasting hydrodynamic 

conditions of these sites result from the fact that the Belgian site is sheltered by a 

breakwater from ship and wind waves, while the Dutch site is highly exposed through a 

long wind fetch to dominant South-westerly winds and the proximity of the shipping 

channel. Both sites are located in the brackish part of the Scheldt Estuary with an 

average annual salinity of 9.2 ppt ± 0.17 SE and an average annual suspended sediment 

concentration of 0.062 g L-1 ± 0.004 SE (Maris et al., 2013). Due to their proximity tidal 

characteristics are similar at both sites. Mean tidal amplitude in this part of the estuary 

is approximately 5 m. 
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Figure 6.1: (a) Position of the Scheldt 
Estuary in the Dutch-Belgian border 
region (indicated by the black square). 
(b) Overview of the Scheldt Estuary 
with its tidal flats and marshes 
downstream of Antwerp to its mouth 
near Vlissingen. (c) Overview of the 
location of both monitoring transects 
(black stars) at both tidal marshes with 
indication of the breakwater and the 
shipping channel. 

 

 

 

 

 

 

 

 

 

 

6.2.2. Studied species 

Scirpus maritimus L. Palla (syn. Bolboschoenus maritimus) is the naturally occurring 

dominant pioneer plant in the study area. It typically forms the dominant vegetation at 

the lower fringes of marshes in the brackish zones of European estuaries (e.g. Scheldt, 

Elbe, Weser) (Heukels and Meijden, 2005). It forms monospecific clonal stands, which 

produce aboveground shoots with a triangular stem cross-section that can reach heights 

of up to 2 m (personal observation in the field). This species grows clonally by 

producing several underground rhizomes per shoot that connect existing and newly 

produced shoots with each other (Charpentier and Stuefer, 1999; Charpentier et al., 

2000). During the growing season, tubers are formed which ensure the survival of the 

clonal, belowground plant in winter, and the regrowth of new shoots in spring, typically 

by the end of March in the Scheldt Estuary. From September onwards, the aboveground 

biomass dries and dies off. In this way, short dead stem stumps of only several tens of 

centimetres height are all that remains by the end of winter, when the appearance of 

new shoots growing from the tubers formed in the previous year begins (Fig. 1.5). 
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6.2.3. Field campaigns 

6.2.3.1 Monitoring plots 

In order to compare site effects of wave exposure, monitoring plots were set up within 

the S. maritimus pioneer zone along a transect at both the sheltered and exposed site 

(Fig. 6.1 and 6.2). Along both transects, the monitoring was performed at three distances 

into the marsh: at the marsh edge (0 m), at 4 m and at 12 m into the marsh. An 8 m plot 

was added for the final campaign in September (see below). This was done in order to 

compare within-site differences from the most wave-exposed plot (at the marsh edge) 

towards wave-sheltered plots (further behind the marsh edge). This within-site gradient 

in wave exposure results from wave attenuation by the vegetation. At both transects, the 

slope over the first 12 m was around 3 % and the elevation of the three plots along the 

transects were approximately -0.66, -0.54, -0.42 and -0.32 m relative to mean high water 

(MHW), from the marsh edge towards the 12 m plot, respectively. Similar slopes at both 

transects were required so that there would not be any differences in topography-

induced wave attenuation between the two sites, and same elevations imply a similar 

tidal inundation regime. Hence, the only expected difference in hydrodynamics between 

the two sites consisted in higher incoming waves at the exposed site compared to the 

sheltered site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Monitoring field set-up indicating continuous, monthly (April to August) and September 
sampling, along a distance gradient of 12 m from the marsh edge into the marsh. 
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6.2.3.2 Continuous measurements 

For practical reasons (availability of three wave sensors), waves were monitored 

simultaneously at the marsh edge, 4 m and 12 m into the marsh (Fig. 6.2) at one site at a 

time. From April on, the three wave sensors were shifted between the exposed and 

sheltered sites every two weeks, resulting in four blocks of two weeks of wave data per 

site (one block per month, from April to July). In this way we could measure plant-

induced wave attenuation along the transects over the growing season. Additionally, we 

measured waves simultaneously at the marsh edges of both sites during a period of six 

weeks starting from early November 2014 in order to be able to quantify the difference 

in wave exposure between sites over the same period in time. Waves were measured by 

submerged stand-alone PDCR 1830 pressure transducers (GE Sensing) at a frequency of 

16 Hz. Wave data were converted from pressure to water surface elevation and analysed 

using a LabView script developed by the Department of Civil Engineering of UGent 

(Versluys and Troch, 2010). The conversion was performed using linear wave theory, in 

particular by applying the pressure response factor (Dalrymple and Dean, 1991). The 

tidal signal was removed from the data by de-trending and de-meaning the wave 

measurements. Salinity of the water was not accounted for given the high variability of 

salinity in the brackish part of an estuary in the course of each tide and depending on 

season. The influence of salinity, i.e. water density, on calculated wave heights is in any 

case limited to a maximum of 3.5 % (with a water density of 1000 kg m-3 for fresh water 

vs. 1026 kg m-3 for salt water). Using the core-functions of R (R Core Team, 2014), 

version 3.1.1, we then further processed the data and calculated significant wave heights 

(H1/3, meaning the arithmetic mean of the highest third of recorded waves) for each 

measured time period and plot. The highest waves and the mean over the 99th percentile 

as well as relative wave attenuation (i.e. reduction of significant wave height with 

distance travelled through the vegetation), relative to the incoming waves at the marsh 

edge, were also extracted and computed by the means of R. These values were 

calculated for all wave data gathered during inundation at both marsh edges without 

distinction of water depth layers. In this way, wave exposure at the marsh edges as 

encountered in the course of tidal cycles was quantified. 

Piezometers of 2 m depth of which the lowest meter was perforated were installed at 

both sites at 0 m, 4 m and 12 m into the marsh (Fig. 6.2). Pressure sensors (Cera-divers, 

Schlumberger), installed in the bottom of these piezometers, monitored the soil water 

fluctuations from April to September at a frequency of 2  min. Surface water at the 

marsh edge was also monitored by a Cera-diver, set to the same frequency. 

Furthermore, a Baro-diver (Schlumberger) recorded air pressure which was used for 

correcting atmospheric pressure fluctuations in the water surface measurements. We 

analysed the tidal data gathered with the surface water diver with the R package “Tides” 

(Cox, 2014) in order to obtain average inundation times, inundation frequencies and 

local mean high waters for the monitored period. 
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6.2.3.3 Monthly measurements 

A monthly monitoring campaign was initiated in April 2014 and was performed until 

September 2014. Every month, 30 shoots were randomly sampled per plot in order to 

quantify their morphological properties (Fig. 6.2). They were clipped off just above the 

sediment bed. After measuring basal stem diameter, length of the shoots, and 

determining their fresh biomass, they were dried at 70 °C for 72 h in batches of 

10 plants, allowing three replicate measurements per plot and per month for 

subsequent biochemical analyses. The dry biomass of shoots was quantified. Shoot 

density was determined per plot by counting the number of living shoots (i.e. shoots 

produced in 2014) within two fixed squares of 0.4 m x 0.4 m. We calculated average 

aboveground biomass (shoot density x dry biomass per shoot) per m² per plot. 

The dried plant material, grouped per 10 plants (n=3 per plot and month), was ground 

with a grinding mesh of 1 mm (Retsch ZM2000). Silica, lignin and cellulose contents 

were determined on the samples of April, June, August and September, applying the 

DeMaster alkaline (NaCO3) extraction method (DeMaster, 1981) for the first and the Van 

Soest method (Van Soest, 1963) for the two latter. These so-called “strength molecules” 

influence biomechanical tissue properties such as flexibility and tensile strength. 

Furthermore, we quantified total NP concentrations with the Walinga method (Walinga 

et al., 1989), as it allowed us to form N:P ratios, required in order to determine the 

nutrient status of the shoots. This was done in order to check whether the different 

plant morphologies between sites and along the within-site exposure gradient might 

simply result from nutrient availability. 

6.2.3.4 September measurements 

We performed additional sampling during the last monthly campaign in September 

2014 (Fig. 6.2) when biomass is typically at its peak and we extended the three sampling 

plots at 0 m, 4 m and 12 m to four plots by adding for most measurements another plot 

at 8 m from the marsh edge (Fig. 6.2).  

Sediment samples 

Three replicate soil cores of 45 cm depth and 8 cm diameter were taken per plot and 

divided into three depth portions of 15 cm each, resulting in three core layers 

representing the top 15 cm, the depth of 15–30 cm and of 30–45 cm, respectively. The 

replicate depth portions per plot were pooled and well mixed before analyses. Grain size 

analyses were performed with a Mastersizer 2000 (Malvern) after a combined H2O2 and 

HCl treatment to remove organic compounds. Organic matter content was determined 

with Loss on Ignition (LOI), i.e. by ashing the samples at 550 °C during 6 h. After having 

performed a soft extraction on the sediment samples, total N and P as well as NO3--N, 

NH4+-N and PO43--P were quantified with a SKALAR SAN++ CFA (Continuous Flow 

Analyzer) (Cottenie et al., 1982; Houba et al., 1989). Potential and actual pH were also 

measured. Three replicate surface sediment samples per plot, taken with a Kopecky ring 

(4.6 cm in diameter and 5.2 cm high), were used to determine dry bulk density and 

water contents (after drying at 105 °C during 72 h) of the sediment surface of each plot. 
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Pore water samples 

During the September campaign, pore water samples were taken at both sites from 

around 5 h after high water onwards: it was extracted from the marsh edge, 4 m, 8 m 

and 12 m plots by inserting five macrorhizons (Rhizosphere) per plot vertically into the 

top 9 cm of the sediment surface. These five samples per plot were pooled into one 

sample per plot for later analyses. Dissolved silica (DSi) contents was quantified with 

the Continuous Flow Analyser (SAN++, Skalar, Breda, The Netherlands). 

Root samples 

In order to quantify root biomass per plot, we took three replicate cores of 10 cm in 

diameter and of 45 cm depth at each plot. As for the sediment samples, these 45 cm of 

core depth were split into three sections of 15 cm each. These core portions were 

thoroughly rinsed and sieved until only root material remained. It was dried during 72 h 

at 70 °C and dry root biomass per 15 cm core portion was quantified. Based on the three 

replicate cores per plot, root biomass per m² marsh surface could be estimated. 

Biomechanical traits 

In order to quantify biomechanical parameters, 20 shoots per plot were sampled 

additionally to the regular monthly sampling campaign of September. Biomechanical 

traits were measured through tensile and bending tests on 20 replicates for each plot, 

using a universal testing machine (Instron 5942, Canton, MA, USA). Both tests (tensile 

and bending) were carried out on 20 cm long basal stem fragments: for the bending 

tests, the lowest 10 cm of these basal fragments were used while the tensile tests were 

performed on the upper 10 cm. For each sample, we measured the height and width of 

the triangular stem cross-sections at three different points along the sample. 

- Bending tests 

We performed three-point bending tests, consisting of a force applied at a constant rate 

of 10 mm min-1 to the midpoint of a sample placed on a support. The following 

biomechanical traits related to bending were calculated: 

 The Young’s modulus (E in Pa) quantifies the material stiffness regardless of stem 

size or shape and is calculated as the slope of the stress-strain curve in the 

elastic deformation region.  

 The second moment of area (I in m4) quantifies the distribution of material 

around the axis of bending, accounting for the effect of the cross sectional 

geometry of a structure on its bending stress. I was calculated using the formula 

for triangular cross-sections (Niklas, 1992): I=(bh3)/36, where b and h are the 

base and height of the cross section (m).  

 The flexural stiffness (EI in N m2) quantifies the stiffness of the fragment and was 

calculated by multiplying E and I.  
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- Tensile tests 

The stem fragments were clamped into the jaws of the testing machine and a constant 

extension rate of 5 mm min-1 was applied to the upper jaw until the fragments broke. 

The following biomechanical traits were calculated:  

 The breaking force (in N) is defined as the maximum force that the sample can 

bear without suffering mechanical failure. 

 The tensile strength (in N m -2) is calculated as the breaking force per cross-

sectional area. 

6.2.4 The greenhouse control 

We performed a control experiment in order to exclude that the observed plant 

morphological differences in the field depend on the position of the tubers within the 

clonal network. In March 2014, we extracted from both sites 15 tubers from the 12 m 

plot as well as 15 tubers from the marsh edge. We transplanted these 60 tubers into pots 

of 25 cm height and 12 cm diameter that were filled with natural Scheldt sediment 

(d50=320 μm) mixed with the slow releasing fertilizer Osmocote (Substral). They were 

randomly put into plastic containers in a greenhouse which served as troughs within 

which we maintained a water level of around 15 cm below the top of the pots. In this 

way we simulated the naturally water logged soil conditions from the field. 

Furthermore, a daily rain event with 3.0 L m-2 assured the required water supply in 

order to create equal and ideal growing conditions for the plants. New appearing clonal 

shoots were cut off weekly in order to maintain only one original shoot per pot. They 

grew under equal conditions until mid of June, around 8 weeks after transplantation, 

when we harvested the shoots and performed the same morphological measurements as 

on the monthly sampled field plants. The gap between the final harvest in the 

greenhouse (June) and in the field (September) results from the fact that the plants had 

grown faster in the greenhouse and were starting to show signs of senescence (in June) 

as typically found in the field once the annual biomass peak is passed (in September). 

We also quantified dry shoot biomass after drying at 70 °C during 72h. 

6.2.5 Statistical analysis 

All statistical analyses were performed with the core functions of R (R Core Team, 

2014), version 3.1.1. Two-way-ANOVAs were used in order to compare variables 

between both sites and the different distances from the marsh edge. Site and distance 

from the marsh edge were the fixed factors. A t-test was performed on the September 

data to compare the site effect for one level at a time. The Pearson’s correlation 

coefficient was used to determine correlations between all measured biotic and abiotic 

variables. Before performing these tests, some of the data needed to be transformed in 

order to approach normal distribution: square-root-transformation was applied to basal 

stem diameter, dry biomass, flexural stiffness, Young’s modulus, breaking force and 

lignin content, and log-transformation was performed on root biomass, second moment 

of area and N:P-ratios of plants.  
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6.3 Results 

6.3.1 Physical and chemical parameters  

6.3.1.1 Wave and surface water measurements  

The incoming significant wave height (H1/3) recorded during the growing season at the 

marsh edge was twice as high at the exposed site (5.7 cm) than at the sheltered site 

(2.8 cm) (Fig. 6.3a and Tab. 6.1). Maximum wave heights during that period were 45 cm 

and 25 cm, respectively. At both sites, the significant wave height was reduced as the 

waves travelled through the vegetation (Fig. 6.3a, Tab. 6.1), with a higher attenuation 

rate (i.e. relative reduction of wave height per distance travelled through the vegetation) 

at the exposed site compared to the sheltered site (Fig. 6.3b). The wave attenuation rate 

varied over the growing season at both sites (Fig. 6.3b), corresponding to seasonal 

variations in aboveground biomass as shown below. The synchronous wave 

measurements at the marsh edge in November confirmed the difference in wave 

exposure (H1/3 of 5.3 cm and 3.2 cm at exposed and sheltered site, respectively).  

The analyses of the tidal surface water fluctuations show that the three plots along the 

transects at both sites experienced similar inundation depths, times and frequencies 

(Tab. 6.1). 

Figure 6.3: (a) Significant wave height (cm) along the three transect plots and (b) wave attenuation rate 
(% m-1) based on the ratio of significant wave height observed at the 12 m plot and incoming significant 
wave height at the marsh edge per month. The error bars in (a) show the variation of four two-week 
periods of wave measurements. When the error bars are not visible they are smaller than the point 
symbol.  

 

6.3.1.2 Soil water fluctuations 

Regarding soil water fluctuations, a lowering of the soil water level with low waters in 

the order of up to 15 cm below sediment surface level, and following the monthly 

spring-neap tidal cycle, could be seen in our data. A slight time-lag of drawdown 

between the exposed and sheltered site could also be seen, with earlier onset of 

drawdown at the exposed site, probably due to the more sandy sediment corresponding 

to better drainage. However, the differences between sites were only in the order of 

centimetres, which was the same order as the range of error of our measurements, 

making any statistical analyses or definite conclusions difficult. 
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6.3.1.3 Soil samples 

Median grain size was larger at the exposed than at the sheltered site, and decreasing 

with distance into the marsh at both sites (Tab. 6.2). Organic matter contents, in 

contrast, was higher at the sheltered site, and increased with distance into the marsh at 

both sites. Dry bulk density of the top 5 cm of the sediment surface at the exposed site 

was almost twice the density of the sheltered site, while water contents of the same 

samples was less than half compared to the sheltered site (Tab. 6.2). 

 

Table 6.1: Overview of significant wave height (H1/3, cm), the mean over the 99th wave height percentile 
(H1/100, cm), mean inundation depth (idmean, cm), mean inundation time per tidal cycle (itmean, min) and 
inundation frequency (if, %) for the three levels of the sheltered (shelt.) and exposed (exp.) site, 
respectively, during the growing season of 2014. 

 

 

 

 

 

Table 6.2: Physical sediment properties of Kopeck ring samples (top 5 cm of sediment), averaged over the 
entire transect, and core samples, averaged over depth at the marsh edge and 12 m plots: median grain 
size (d50, μm ± SE), organic matter contents (LOI, % ± SE), dry bulk density (g cm-3 ± SE) and water 
contents (H2O-contents, % ± SE); n=12 for Kopecky samples per transect, n=3 for core samples per plot. 

sample unit type plot site 
    sheltered exposed 
d50 μm Kopecky all 24 ± 7 135 ± 3 
  core Marsh edge 87 ± 21 121 ± 12 
   12 m  31 ± 11 116 ± 15 
      
LOI %  Kopecky all 8.18 ± 0.87 1.15 ± 0.02 
  core Marsh edge 3.71 ± 1.00 1.70 ± 0.59 
   12 m  7.87 ± 1.17 2.11 ± 0.81 
      
dry bulk density g cm-3  Kopecky all 0.76 ± 0.01 1.48 ± 0.01 
      
H2O-contents %  Kopecky all 49.15 ± 0.01 23.92 ± 0.01 

 

 

Table 6.3: Chemical sediment properties averaged over site (n=12 per site). Concentrations are given in 
mg g-1 ± SE. p-value indicates significant differences between sites as obtained from a t-test. Significance 
was assumed at p<0.05. ns: not significant. 

sample unit site p (t-test) 
  sheltered  exposed  
PO43--P mg g-1  0.530 ± 0.07 0.030 ± 0.01 <0.001 
NH4+-N mg g-1  0.002 ± 0.001 0.001 ± 0.0002 ns 
total P mg g-1  1.020 ± 0.10 0.290 ± 0.02 <0.001 
total N mg g-1  1.280 ± 0.16 0.340 ± 0.06 <0.001 
N:P ratio - 1.22 ± 0.08 1.13 ± 0.12 ns 

 

 

plot H1/3 (cm) H1/100 (cm) idmean (cm) itmean (min) if (%) 

 shelt. exp. shelt. exp. shelt. exp. shelt. exp. shelt. exp. 

0 m 2.8 5.7 9.7 20.3 81 77 138 127 100 100 

4 m 2.7 5.2 9.2 18.0 71 67 125 115 99 99 

12 m 2.1 3.5 6.9 12.6 51 47 99 87 94 94 
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In terms of chemical properties of the sediment (Tab. 6.3), PO4--P and total P and N 

contents differed significantly between the sheltered and exposed site, whereas the site-

averages of NH4+-N and N:P ratio did not differ significantly. NO3--N contents lay below 

detection limit. Actual and potential pH were lower at the sheltered than at the exposed 

site (actual pH: 8.2 ± 0.25 and 8.76 ± 0.16, respectively, and potential pH: 7.65 ± 0.20 

and 8.30 ± 0.20, respectively) and were close to the reported optimum pH for 

S. maritimus of 8.3 (Hroudová et al., 2013) 

6.3.1.4 Pore water samples  

DSi contents of the pore water samples of the sheltered site was two to three times 

higher than at the exposed site, with 18.22, 25.35, 20.47 and 20.50 mg L-1 for marsh 

edge, 4 m, 8 m and 12 m into the marsh, respectively, at the sheltered site and with 6.26, 

4.84, 7.57 and 8.59 mg L-1 along that gradient at the exposed site. 

6.3.2 Plants 

6.3.2.1 Plant morphology 

The new shoots of 2014 started to emerge at the end of March 2014. During the 

September campaign (Fig. 6.4), shoots were significantly taller at the sheltered site 

compared to the exposed site (t-test, p<0.001 at all plots). Furthermore, there was a size 

gradient within each site, with increasing size from the marsh edge into the marsh, 

which differed also significantly between sites (ANOVA, p<0.01 for the interaction effect, 

i.e. a steeper increase of shoot size at the sheltered site compared to the exposed site). At 

both sites, stem diameter decreased with distance into the marsh (ANOVA, p<0.001). 

This decrease was significantly stronger at the exposed site than at the sheltered site 

(ANOVA, p<0.001 for the interaction term): at the exposed site the basal stem diameters 

close to the marsh edge were thicker than at the sheltered site, but similar between sites 

from 8 m onwards (t-test, p<0.001 for the first two plots and p>0.05 for the last two 

plots). Except for the marsh edge plots, shoot density was higher at the exposed site 

than at the sheltered site (t-test, p<0.05). Furthermore, at both sites density of shoots 

was clearly lower at the marsh edge than within the marsh. In terms of biomass per m2, 

significant differences between sites only occurred at 4 m and 12 m into the marsh 

(t-test, p<0.05 and 0.01, respectively), with higher standing biomass at the sheltered 

site.  

Regarding the change of plant morphology over the growing season, temporal evolution 

of most measured plant properties was observed (Fig. 6.4). Shoot length increased over 

the growing season and differed significantly between sites (ANOVA, p<0.01) and along 

the distance gradient (p<0.05) over the entire growing season. The basal stem diameters 

only differed significantly between sites in September (p<0.001), but there was from 

June onwards a significant distance effect (p<0.001) as well as a site  distance 

interaction effect (p<0.01), emphasizing the stronger reduction in stem diameter over 

the first 8 m into the marsh at the exposed site compared to the sheltered site. Shoot 

density only differed significantly between sites in September (ANOVA,  p<0.05), with a 

higher density at the exposed site, while a distance effect, with lower densities at the 

front compared to the back of the marsh, could be seen from June onwards (p<0.05). Dry 
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biomass per m2 was, except for June, significantly more important at the sheltered site 

than at the exposed site (p<0.001), and distance into the marsh had a significant effect 

(p<0.001), as the biomass increased from the marsh edge into the marsh. However, no 

site  distance interaction effect could be shown for both, shoot density and dry 

biomass.  

 

Figure 6.4: Average ± SE of morphological plant properties as quantified on 30 stems per plot and month 
(total length (cm), basal stem diameter (mm), shoot density (# m-2) and dry biomass per m2 (g m-2)). 
September campaign: significant differences between sites at same distances into the marsh are indicated 
as resulting from t-tests (p: 0.05 > * > 0.01 > ** > 0.001 > ***). 
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6.3.2.2 Root biomass 

Total root biomass increased at both sites with distance into the marsh (ANOVA, 

p<0.001), while differences between sites were not significant (Fig. 6.5). Root allocation 

over depth, however, differed between sites at 4 and 8 m into the marsh (p<0.05 for 

both), as there was more biomass in the deeper layers of the cores at the exposed site. 

Shoot-root biomass ratio per m² differed only slightly between sites except for the 

marsh edge plots.  

6.3.2.3 Biochemical analyses 

Plant N:P ratios did not change over the season and were on average 7.91 ± 0.30 at the 

sheltered and 8.69 ± 0.34 at the exposed site (data not shown). When looking at the so-

called strength molecules (Fig. 6.6), cellulose contents did not notably vary over time, 

nor over the transects, and was on average slightly higher at the sheltered site. Lignin 

contents, however, more than doubled from April to September. In terms of BSi, big 

differences could be seen in time, between sites and along the transects, as BSi contents 

was significantly higher at the sheltered than at the exposed site (p<0.01). From April to 

September, it increased at the sheltered site by a factor 5, and almost doubled at the 

exposed site. Concerning the distance gradient in September, BSi increased at both sites 

from the marsh edge to the 12 m plot, by almost tripling at the sheltered site, and more 

than doubling at the exposed site. For September, the overall site averages differed 

significantly, too (p<0.001). 

 
Figure 6.5: (a) Mean dry root biomass 
per m² (g m-2) per depth section, 
averaged over n=3; (b) shoot-root ratio 
of the dry biomass per m² of marsh. 
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Figure 6.6: Strength molecules of shoots in mg g-1 ± SE (n=3 per plot and month), monthly for the 
sheltered and exposed site, and for the September sampling for both sites. September campaign: 
significant differences between sites at same distances into the marsh are indicated as resulting from t-
tests (p: 0.1 > # > 0.05 > * > 0.01 > ** > 0.001 > ***; significance was assumed at p<0.05). 

 

6.3.2.4 Biomechanical traits 

Biomechanical analyses showed that the shoots from the sheltered site, except for those 

growing at the marsh edge, were generally stiffer and stronger than those grown at the 

exposed site (Fig. 6.7). There was also a trend of increasing stiffness and strength from 

the marsh edge towards the back of the marsh, at both sites (ANOVA, p<0.1). This trend 

was stronger at the sheltered site compared to the exposed site. Young’s modulus did 

not differ between sites, but increased with distance (p<0.001). Breaking force and 

tensile strength showed a significant site and distance effect (p<0.001 for both) as well 

as a significant interaction term (p<0.01) as they both increased stronger with distance 

at the sheltered site than at the exposed site. Flexural stiffness showed a significant 

difference between sites and distances (p<0.001 for both). Differences between sites 

and distances were not significant for the second moment of area.  
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Figure 6.7: Biomechanical traits of shoots sampled in the September campaign (n=20). Top: tensile 
properties; bottom: bending properties. Significant differences between sites at same distances into the 
marsh are indicated as resulting from t-tests (p: 0.1 > # > 0.05 > * > 0.01 > ** > 0.001 > ***). 

 

 

 
Figure 6.8: Morphological properties for the greenhouse control plants (n=15 per plot and site). 
Significant differences between sites at same distances into the marsh are indicated as resulting from t-
tests (p: 0.1 > # > 0.05 > * > 0.01 > ** > 0.001 > ***). Significance was assumed at p<0.05. 
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6.3.2.5 Greenhouse control 

Differences between sites and position along the distance gradient were overall much 

smaller for the greenhouse control than in the field (Fig. 6.8): e.g. the difference in shoot 

length between sites was significant but smaller for the 12 m plots (p<0.01). Within 

sites, distance led only at the sheltered site to significant differences (p<0.01). Basal 

stem diameters did not differ significantly between sites nor within sites. Dry weight of 

shoots differed significantly between plots at the sheltered site (p<0.001) but not at the 

exposed site. When comparing between sites, the differences were not significant. 

 

 

Table 6.4: Correlation matrix for wave activity (waves: mean of 99th percentile of the waves) and soil 
variables, i.e. dissolved silica (DSi), median grain size (d50), dry bulk density (BD), organic matter content 
(OM) and water content (H2O). Pearson’s correlation coefficients are reported. The correlation of dry bulk 
density with water content is not reported (/) as water content results from the difference of fresh and 
dry bulk density. 

 

 

 

 

 

Table 6.5: Correlation matrix for wave activity (waves: mean of 99th percentile of the waves) and plant 
properties, i.e. plant length (length), basal stem diameter (diam), dry biomass per m2 (BM), flexural 
stiffness (FS), Young’s modulus (YM), tensile strength (TS), breaking force (BF), cellulose (cell), lignin (lig) 
and biogenic silica (BSi). Pearson’s correlation coefficients are reported. The correlations of flexural 
stiffness with Young’s modulus and tensile strength with breaking force are not reported (/) as Young’s 
modulus and breaking force were used to calculate flexural stiffness and tensile strength, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 waves DSi d50 BD OM 

DSi -0.87 
    

d50 0.86 -0.86 
   

BD 0.87 -0.96 0.88 
  

OM -0.98 0.89 -0.97 -0.90 
 

H2O -0.86 0.96 -0.87 / 0.89 

 
waves length diam BM FS YM TS BF cell lig 

length -0.79          

diam 0.76 -0.57 
        

BM -0.60 0.85 -0.45 
       

FS -0.76 0.64 -0.35 0.51 
      

YM -0.57 0.47 -0.35 0.48 / 
     

TS -0.46 0.49 -0.31 0.43 0.56 0.37 
    

BF -0.77 0.47 -0.33 0.32 0.58 0.26 / 
   

cell -0.61 0.86 -0.86 0.89 0.69 0.83 0.65 0.50 
  

lig -0.41 0.81 -0.91 0.86 0.55 0.78 0.57 0.36 0.93 
 

BSi -0.81 0.88 -0.70 0.74 0.90 0.57 0.74 0.58 0.64 0.59 
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6.3.3. Correlations 

Correlations between wave impact on the one hand and sediment and plant properties 

on the other hand (Tab. 6.4 & 6.5) need to be viewed with caution as wave heights 

measured along each transect are not independent from each other: i.e. the wave heights 

measured at the 4 and 12 m plots are a function of the wave heights recorded at the 

respective marsh edge. When testing for correlation despite this constraint, wave 

exposure and sediment properties emerge as highly correlated (Pearson’s correlation 

coefficient, with |r| > 0.86 for all tested variables). While median grain size and dry bulk 

density were positively correlated to wave exposure, DSi, organic matter and water 

content were negatively correlated. Furthermore, plant BSi correlated well with soil 

pore water DSi (r=0.78, not shown in the table).  

When looking at the correlation between waves and plant properties (Tab. 6.5), 

strongest correlations were found for BSi, shoot length, breaking force, flexural stiffness 

and stem diameter (Pearson’s correlation coefficients |r| > 0.75 with a negative 

coefficient for all except for stem diameter). Furthermore, biomass, cellulose, lignin and 

BSi contents increased with shoot length, and decreased with stem diameter. While BSi 

had the highest correlation with flexural stiffness and tensile strength, cellulose was 

best correlated with Young’s modulus. Cellulose and lignin contents also showed a high 

positive correlation.  

6.4 Discussion 

It is generally acknowledged that the presence of marsh vegetation enhances coastal 

protection by its wave dissipating capacity, even during extreme events such as storm 

surges (Möller et al., 2014; Temmerman et al., 2013) and that this wave attenuating 

capacity depends on plant morphological traits (Bouma et al., 2013, 2010; Ysebaert et 

al., 2011). The morphological development of the vegetation, in turn, is known to be 

influenced by the effects of environmental parameters in general and of waves in 

particular (Clevering and Hundscheid, 1998; Coops and Van der Velde, 1996; Coops et 

al., 1996, 1994, 1991; Szmeja and Galka, 2008).  

In this study we investigated whether morphological, biomechanical and biochemical 

properties of S. maritimus are influenced by wave exposure. Shoots grown under more 

wave-exposed conditions, both depending on site as well as on the proximity to the 

marsh edge, developed a stress-avoidance strategy by being shorter, thicker and more 

flexible than the ones growing in more wave-sheltered conditions (Fig. 6.9). 

Furthermore, we found that some of these morphological changes evolved during the 

growing season as for instance basal stem diameter only showed a significant distance 

effect from June onwards. Breaking force and tensile strength of plants correlated best 

with BSi contents of shoots which, in turn, reflected the local DSi contents in the 

sediment. When growing the shoots under equal conditions (greenhouse control), the 

morphological differences observed in the field were not as pronounced anymore, 

indicating that the morphology of the plants in the field is probably a response to the 

environmental factors that they are exposed to. Despite more flexible individual shoots 



Chapter 6 

124 

at the exposed site relative wave attenuation was more efficient here. However, waves 

are not only attenuated by vegetation but also by bottom friction, i.e. by the interaction 

of the waves with the sediment bed (e.g. Callaghan et al., 2010; Mariotti and Fagherazzi, 

2010; de Roo and Troch, 2013). The bottom friction experienced by the higher incoming 

waves of the exposed site will be higher than the one experienced by the smaller waves 

at the sheltered site. In total, the combined effect of vegetation and sediment bed then 

results in a higher relative wave attenuation at the exposed site than at the sheltered 

site. 

 

Figure 6.9: Schematic view of two marshes with contrasting wave exposure. Wave dynamics (1) induce 
direct mechanical stress affecting the morphology of the shoots (2A and 3A); indirect effects on the plants 
are the wave-induced effects on the sediment properties by determining the soil texture and composition 
(2B, i.e. dissolved silica contents (DSi), organic matter contents (OM) and the water content (H2O)). The 
DSi content in the soil is reflected in the biogenic silica content of the shoots (BSi) (3B), which in turn is an 
important source for the DSi pool in the soil after decomposition of the plant material. Both morphology 
and tissue composition determine the biomechanical strength of the shoots (4). More exposed shoots are 
more flexible and are smaller which suggests a stress-avoidance strategy whereas the increased biomass 
of roots at deeper depth might indicate a stress-tolerance strategy. 

 

Stress-avoidance and -tolerance strategies of plants depend partly on their 

biomechanical properties. These, in turn, are influenced by morphological parameters as 

well as by tissue composition in terms of strength molecules (Mullarney and Henderson, 

2010; Rupprecht et al., 2015; Schoelynck et al., 2012). Stress-avoidance at the level of 

individual shoots, leading to reduced drag forces due to their enhanced capacity to bend 

under flow or wave stress (Bal et al., 2011; Puijalon et al., 2011; Pujol and Nepf, 2012; 

Schoelynck et al., 2013), reduces the risk for individual shoots from breaking or from 

being uprooted. This implies that waves will affect the shoots less, which in turn, on 
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individual shoot level, leads to less wave attenuation compared to stiffer shoots (Bouma 

et al., 2009; Ysebaert et al., 2011). Contrary to the aboveground avoidance strategy, the 

root system at the exposed site might be adapted to tolerate higher stress (Fig. 6.9): 

more root material was present in deeper layers of the sediment at the exposed site, 

supplying the plants with additional anchorage to the ground. However, this 

development might also be related to the more sandy sediment texture at the exposed 

site, which could favour deeper rooting of plants. Additionally, the lower concentrations 

of nutrients available to the plants at the exposed site might equally promote root 

development.  

As to strength molecules, the strongest correlation with flexural stiffness and tensile 

strength was found for BSi contents (Tab. 6.5). Within sites, the increased flexibility 

towards the marsh edge could also be attributed to the lower lignin contents in shoots at 

the marsh edge. The BSi contents of the shoots are highly correlated to DSi availability in 

the soil which corresponds well to observations of Schaller et al. (2012) and Struyf et al. 

(2005): according to these authors, BSi contents of shoot tissue reflects the DSi contents 

of soil pore water. Moreover, the higher DSi contents at the sheltered site could be an 

indirect consequence of wave exposure: on the one hand, sediment properties at the 

sheltered site (i.e. a dominant silt fraction compared to a dominant sand fraction at the 

exposed site) are more favourable for soil water and BSi retention within the sediment 

(Tab. 6.2). On the other hand, lower wave exposure at the sheltered site is also likely to 

enhance accumulation of BSi during plant decomposition. The decomposed plant 

material will be retained within the marsh due to low wave action and the freed BSi will 

stay in situ and be available for new shoots. This would then, overall and throughout the 

marsh silica cycle, lead to a higher retention of silica, i.e. a higher availability of DSi for 

the plants, at the sheltered site (Fig. 6.9).  

Clonal species are typically more tolerant to environmental stress compared to non-

clonal species (Szmeja and Galka, 2008) as the whole clonal plant, with all individual 

shoots grouped into one stand, benefits from clonal integration (Amsberry et al., 2000; 

Bouma et al., 2005; Burdick and Konisky, 2003; Charpentier and Stuefer, 1999). The 

responses of individual shoots to stress are generally manifested by plastic responses 

(Szmeja and Galka, 2008). As our greenhouse experiment showed that the very clear 

differences in morphology observed in the field did not occur in the greenhouse, the 

plant morphological properties observed in the field probably result from response to 

differing wave exposure. Interestingly, these differences in properties were observed 

within one species, suggesting that the morphological responses are the result of 

phenotypic plasticity (Karagatzides and Hutchinson, 1991). 

Nonetheless, it needs to be kept in mind that it is difficult to disentangle all influencing 

variables when comparing two field sites where direct and indirect wave-induced 

effects overlap. Controlled experiments in laboratory conditions, where either wave or 

soil properties are varied or reciprocal transplantation experiments to the field could 

provide further insights needed to understand the mutual effects of waves and plants. 

 



Chapter 6 

126 

In terms of coastal protection potential of both marsh fringes, our results show that 

considerable wave attenuation occurs over the first 12 m into the marsh. This finding is 

in line with other authors (Bouma et al., 2005; Koch et al., 2009; Möller et al., 2014; 

Ysebaert et al., 2011). Interestingly, despite the stress-avoidance strategy adopted by 

the individual shoots of the exposed site, relative wave attenuation was more important 

here than at the sheltered site with stiffer shoots, usually more suited for effective wave 

attenuation. This shows that it is not vegetation alone that attenuates waves, but that 

also bottom friction, i.e. the interaction of the waves with the sediment bed, leads to 

wave energy dissipation and thus to wave attenuation (e.g. Callaghan et al., 2010; de Roo 

and Troch, 2013; Mariotti and Fagherazzi, 2010). However, given the particularly 

pronounced annual biomass-cycle of S. maritimus it needs to be considered that during 

winter and early spring, when occurrence of storm surges is typically highest, 

aboveground biomass of this species will be extremely low. Thus, its contribution to 

coastal protection will be limited during the winter season when wave attenuation 

would be most beneficial to coastal protection. 

6.5 Conclusions 

Scirpus maritimus, when exposed to waves, grows concordantly to a stress-avoidance 

strategy on individual shoot level. Adaptation to the conditions occurs on a 

morphological, biochemical and biomechanical level and was shown to develop over the 

growing season. Comparison with a greenhouse control suggests that these differing 

plant properties are a result of phenotypic plasticity. Despite more flexible individual 

shoots at the exposed site, relative wave attenuation was more efficient here, 

emphasising the wave attenuating potential of marshes, especially at exposed sites. This 

wave attenuating potential will, however, vary with the annual biomass-cycle of 

S. maritimus dominated pioneer zones. 
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7.1  Tidal marshes: endangered pioneers  

Tidal marshes provide many important ecosystem services such as carbon sequestration 

and water quality regulation and are furthermore irreplaceable habitats for many 

specialized organisms (Barbier et al., 2011). Furthermore, they induce flood and wave 

attenuation (Callaghan et al., 2010; Möller, 2006; Temmerman et al., 2012) which is why 

they are beneficial to coastal defence (Borsje et al., 2011; Möller et al., 2014; 

Temmerman and Kirwan, 2015; Temmerman et al., 2013). However, disturbances such 

as land-claim, storms and sea-level rise limit areas in which marshes can survive or 

expand naturally (Kirwan and Megonigal, 2013). A loss or degradation by 50 % of salt 

marshes worldwide since the 1980s has been estimated (Barbier et al., 2008) mainly 

due to land-claim and upstream dam constructions (e.g. Yang et al., 2005). At the same 

time, marshes seem to undergo a natural cyclic evolution of seaward marsh expansion 

and landward retreat over time scales in the order of decades to centuries (e.g. Allen, 

2000; Chauhan, 2009; van de Koppel et al., 2005; Van der Wal et al., 2008). Vertical 

accretion occurs through favoured sediment capture within the marsh adjacent to a 

dynamic tidal flat with no clear trend in net elevation change. This is thought to lead to a 

steepening of the marsh-mudflat transition zone and eventually to cliff formation and 

landward retreat. The new emerging tidal flat in front of the cliff will then at one point 

become favourable for new plant establishment. Once a pioneer zone has formed in 

front of the retreating cliff, it will become inactive while the adjacent new marsh will 

start to grow vertically and laterally until a new tipping point is reached and landward 

cliff erosion sets in.  

In this thesis we focused on the seaward expanding phase of marshes. A better 

understanding of mechanisms promoting horizontal marsh expansion is still necessary 

as little is known on critical thresholds of environmental variables for successful 

establishment of different marsh species. 

7.2  Living on the edge: lessons learned 

In this thesis we pursued the general aim of determining critical conditions for seaward 

marsh expansion on initially bare tidal flats beyond the seaward edge of Scirpus 

maritimus-dominated marshes. The main focus lies on the effects of wave exposure (by 

comparing a wave-sheltered and a wave-exposed field site in Chapters 2, 5 & 6) and on 

the effect of wave period (by comparing short and long waves – representing wind-

generated and ship-generated waves – in the flume experiments in Chapters 3 & 4, 

Fig. 1.6, 7.1 & 7.2).  

When comparing the impact of wave exposure on clonal colonization from the marsh 

edge onto the adjacent bare tidal flat (Chapter 5), we found that clonal expansion 

occurred over wide stretches of both marshes, but expansion rates at the sheltered site 

were on average almost twice as high as at the exposed site (Fig. 5.3 & 7.1b). This shows 

that a stronger exposure alone did not prevent clonal marsh expansion. However, the 

speed at which the marshes expanded might have been influenced by wave exposure. 

Furthermore, the expansion rate of the sheltered site was more predictable than at the 
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exposed site, as we found a good correlation with the initial elevation of the mudflat and 

local slopes for the sheltered site, while no such correlations were found for the exposed 

site (Chapter 5, Fig. 5.4). Although wave exposure was apparently not high enough to 

prevent marsh expansion altogether at the exposed site, it seems to have been high 

enough to overrule other natural limitations such as inundation stress related to 

elevation.  

 

Figure 7.1: Schematic overview of main 
findings: wave-sheltered versus wave-exposed 
site with smaller and higher significant wave 
heights at the marsh edge, respectively. 
(a) Stress-tolerance and –avoidance strategy 
are followed within the respective pioneer 
zone. The tolerance strategy is characterized by 
long, stiff shoots whereas the avoidance 
strategy is characterized by shorter and more 
flexible shoots. There is also an avoidance-
tolerance-gradient within each site with 
shorter, more flexible shoots at the marsh edge, 
where waves are highest, towards taller, stiffer 
shoots with increasing distance from the marsh 
edge, where wave height is attenuated within 
the vegetation. (b) Clonal expansion rates 
(indicated by black arrows and grey shoots) of 
the marsh onto the adjacent tidal flat are higher 
at the sheltered site compared to the exposed 
site. (c) Survival chances of individual shoots, 
seedlings and patches in the marsh and on the 
tidal flat of both sites: similar survival chances 
were found within the marshes of both sites 
whereas site effects were seen on the tidal flat 
with better survival chances at the sheltered 
site.   

 
 
 
 
 

The observed clonal marsh expansion occurred successfully at elevations at which 

individual shoots and seedlings failed to establish (Chapters 2 & 5, Fig. 7.3). This 

emphasises the importance of clonal integration (see 1.3.2, Amsberry et al., 2000; 

Bertness and Hacker, 1994; Burdick and Konisky, 2003), which makes it possible for 

plants to withstand local stress by accessing remote resources: while pioneer shoots 

that are clonally connected to the continuous marsh benefit from allocation through the 

clone, individual shoots and seedlings need to survive on their own, exposed to the local 

conditions. The advantages of clonal integration when facing harsh conditions on the 

bare tidal flat are also highlighted by the fact that there is typically a species-specific 

critical biomass threshold, e.g. a critical patch size, beyond which establishment or 

recovery is usually successful (Angelini and Silliman, 2012; van Wesenbeeck et al., 

2008). Our transplants of different life stages (seedlings, shoots and patches) also 

showed a clear increase of survival time from seedlings to patches (Chapter 2, Fig. 2.4), 
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however, none of them persisted in the long-term on the bare tidal flat. This is an 

interesting difference between our transplantation study and other studies (usually 

performed with Spartina-species) where long-term survival success of the transplants 

was usually high (Castellanos et al., 2000; Proffitt et al., 2003; van Wesenbeeck et al., 

2008; Xiao et al., 2010), even for seedlings. This might relate to a difference in plant 

physiology: for instance, Spartina might be able to grow in more anoxic conditions than 

Scirpus maritimus. Furthermore, particular morphological properties of S. maritimus 

(relatively low stem densities of typically around 300 stems per m2 for S. maritimus 

while Spartina anglica can exceed densities of 1000 stems per m2 (e.g. Neumeier and 

Amos, 2006)) and its specific life-history of massive decay of aboveground plant 

material in winter (Fig. 7.4) could also lead to lower survival chances. These 

characteristics (low stem density and seasonally reduced canopy) both typically 

mitigate the positive bio-geomorphic feedbacks between vegetation establishment and 

sedimentation processes (see 1.3).  

 

 
Figure 7.2: Schematic overview of main 
findings: wind waves versus ship waves. 
Survival of individual seedlings (a) and of 
rhizome-grown shoots (b) under natural 
wind wave conditions (left) and artificial 
long waves (right). While the avoidance 
strategy (low flexural rigidity) of seedlings 
and the tolerance strategy (high breaking 
force) of shoots work well under wind 
waves, these mechanisms fail in the 
presence of long waves.  

 

 

 

 

 

Figure 7.3: Schematic overview of main 
findings: clonal integration provided by 
the continuous marsh enables the marsh 
edge to expand onto elevations of the tidal 
flat at which individuals (seedlings, 
rhizome-grown shoots) and patches of 
S. maritimus have little chance to survive. 
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In terms of wave periods (Fig. 7.2), the respective survival strategies of seedlings and 

adults of S. maritimus worked well under wind wave conditions: while seedlings avoided 

drag forces by being highly flexible, adult shoots tolerated them by presenting a high 

flexural stiffness. Under long waves such as potentially generated by ships, in contrast, 

these survival strategies failed and considerable plant failure, especially of seedlings 

even at very shallow water levels, was observed (Chapter 3, Fig. 3.6). Furthermore, 

when exposed to short waves, drag forces were better estimated with established 

formulae (Myrhaug and Holmedal, 2011; Sand-Jensen, 2003). In the presence of ship-

induced long waves, however, calculations of expected drag forces were unreliable 

(Chapter 4, Fig. 4.7). Estimation of local self-scour of shoot stems using an engineering 

formula developed for mono-pile structures (Sumer et al., 2001; Umeda, 2011), in 

contrast, was fairly reliable for all wave periods and both life stages as long as a critical 

shallow water level was exceeded (Fig. 4.4).  

 

Figure 7.4: Photo taken at Rilland in 
November 2011, illustrating the 
morphological contrast of Spartina anglica 
and Scirpus maritimus in winter: while 
S. anglica persists as dense patches of dead 
and slightly decayed stems (light brown 
tussocks in the front), the S. maritimus 
canopy is reduced to short dead stem 
stumps (black stem relicts on the left). 

 

 

 

 

 

These results might need to be relativized, especially when comparing to the results of 

the transplantation experiment (Chapter 2): adult shoots used for the transplantation 

experiment were at transplantation to the field only around 40 cm tall and six weeks old 

whereas the shoots used for the flume experiments were on average around 1.2 m tall 

and three months old. If adult shoots tested in the flume experiment had been younger 

and smaller they might have responded differently to incoming waves, e.g. they might 

have been more flexible than the older ones. Given that they would have been relatively 

more inundated, they might also have experienced other drag forces due to more leaf 

area exposed to the incoming waves. In contrast, a field transplantation experiment with 

taller and older plants would probably also have led to different results for survival, as 

the older shoots grown under sheltered conditions would not have been able to adapt to 

local exposure anymore: young shoots can be expected to adapt their morphology and 

biomechanical properties to non-lethal stresses in the field while growing there, 

whereas the tall, old shoots cannot adapt to the local conditions anymore given that 

their growth process is already completed. They might also have toppled over more 
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easily due to their long and thin stems. However, the roots might have survived just as 

well as the ones of the smaller transplants, producing new tillers and overall successful 

clonal expansion.  

Along an exposure gradient from the marsh edge several meters into the marsh 

(Chapter 6), varying survival strategies within one clonal stand were found: the more 

exposed shoots closer to the marsh edge were shorter and more flexible than the more 

sheltered shoots further into the marsh. This effect could also be seen when comparing 

both sites (Chapter 6, Fig. 7.1a) as plants at the exposed site were overall more flexible 

and smaller than the plants at the sheltered site. These differences in biomechanical and 

morphological properties related well to local exposure, i.e. between sites and along the 

respective transects (Fig. 6.4 & 6.7).  

The shoots at the exposed site were more flexible than at the sheltered site which should 

lead to a reduced wave-attenuating capacity (Bouma et al., 2013, 2010; Ysebaert et al., 

2011). Contrary to this expectation, we observed stronger relative wave attenuation at 

the exposed site (Chapter 6, Fig. 6.3). This shows that it is not vegetation alone that 

attenuates waves, but that also bottom friction, i.e. the interaction of the waves with the 

sediment bed, leads to wave energy dissipation and thus to wave height attenuation (e.g. 

Callaghan et al., 2010; Mariotti and Fagherazzi, 2010; Roo and Troch, 2013). At equal 

water depth, bottom friction will be more important under higher incoming waves and 

add considerably to wave attenuation. This theoretical expectation was indeed observed 

for wave data gathered at both study sites: relative wave attenuation was larger at the 

exposed than at the sheltered site, with comparable tidal characteristics (inundation 

depth, hydroperiod) but higher incoming waves at the exposed site (Fig. 6.3).  The effect 

of vegetation on sedimentation was also more important at the exposed than at the 

sheltered site (Chapter 5, Fig. 5.7). Finally, within the marshes, survival of transplants 

was similar at both sites, whereas survival differed between sites when only looking at 

the tidal flat, with generally better survival chances at the sheltered site (Chapter 2, 

Fig. 2.5 & 7.1c). This highlights the sheltering effect of marshes and their valuable 

contribution in coastal defence (Bouma et al., 2005; Koch et al., 2009; Möller et al., 2014; 

Ysebaert et al., 2011) especially at exposed sites. 

7.3  Final conclusions 

Broader implications 

Our results emphasize the importance of maintaining and restoring marshes in regards 

to ecosystem-based coastal defence (Borsje et al., 2011; Temmerman and Kirwan, 2015; 

Temmerman et al., 2013, see 1.2), especially at more wave-exposed sites where the 

positive, sheltering and stabilizing effects of vegetation will be stronger than at 

sheltered sites (Chapters 2, 5 & 6).  

In order to be effective for coastal protection, marshes need to be able to establish and 

sustain themselves. Our results show that exposure to ship waves might have negative 

effects on establishment of individual seedlings and shoots on tidal flats due to their 

respective survival strategies that are adapted to natural wind waves but fail in the 
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presence of long artificial waves (Chapter 3). Furthermore, the presence of ship traffic 

makes the occurrence of windows of opportunity (Balke et al., 2011; Hu et al., 2015b; 

Mateos-Naranjo et al., 2008), required for seedling establishment and initial survival, 

unlikely: these windows are exceptional periods of favourable conditions generated by 

stochastic deviations from disturbances, e.g. phases of exceptionally low high water 

levels due to particular wind conditions or rare periods with few wind waves. While 

such deviations can occur in natural systems (Balke et al., 2014), the passages of ships 

represent regular disturbances that will not deviate from a regular pattern, which might 

then prevent the occurrence of windows of opportunity. In the course of the regular 

field visits from 2010 to 2014, we observed locally natural episodic seedling 

establishment at both sites. However, generally none of them survived into the next 

growing season. Furthermore, our transplantation experiment showed that also 

transplanted seedlings, shoots and patches did not survive in the long-term on the tidal 

flats at elevations where pioneer vegetation can be expected to establish (Chapter 2). 

This indicates that initial establishment as such might not be the limiting factor, but that 

events and conditions occurring after initial establishment limit the survival of 

individual seedlings and shoots on the tidal flat (Duncan et al., 2009; Hu et al., 2015b; 

Mateos-Naranjo et al., 2008). Clonal marsh expansion, in contrast, is less dependent on 

episodic windows of opportunity as thresholds of limiting conditions lie higher than for 

the establishment and survival of individual shoots and seedlings. It is typically a slower 

but more successful colonization strategy of many marsh plant species (e.g. Charpentier 

and Stuefer, 1999; Kettenring et al., 2014; Xiao et al., 2010). Our results show that wave 

exposure within a certain range might not prevent clonal marsh expansion as such, but 

it might mitigate the speed at which the bare tidal flats are colonized. Furthermore, at 

more exposed sites, future expansion seems to be less predictable based on simple 

geomorphological parameters such as elevation than at more sheltered sites 

(Chapter 5).  

The pioneer zone of marshes, once established, contributes to coastal protection as 

waves are attenuated within the marsh (Bouma et al., 2005; Koch et al., 2009; Möller et 

al., 2014; Ysebaert et al., 2011 & Chapter 6) which takes pressure off the adjacent dikes. 

Even during storm surges, when water levels are particularly high and wave attenuation 

is most crucial, recent evidence suggests that the presence of marsh vegetation 

substantially reduces wave height (Möller et al., 2014). However, it needs to be 

considered that most storm surges occur during the winter period when vegetation 

biomass in general and the biomass of S. maritimus in particular are reduced and thus 

less efficient in providing coastal protection than during summer.  

Management advice 

One of the main aspects of this thesis was the comparison of impact of ship-generated 

and wind-generated waves. While it was shown in a flume experiment that long, 

potentially ship-generated waves may have a strong impact on survival and 

establishment of pioneer marsh plants (especially Chapter 3), it is difficult to give any 

general management advice based on our findings: the impact of ship waves in the field 

depends on many different parameters, such as speed and drought of the ship, but also 
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on local bathymetry of the shipping channel. Local field observations and measurements 

along the shores in need of protection will be necessary in order to give adequate 

instructions on least destructive shipping practices. Possibilities could be, for instance, a 

reduction in sailing speed within a certain distance of marshes that are under 

protection. Shipping traffic could also be limited to moments in the tidal cycle when the 

water level is either low or high enough so that the disturbance of the pioneer marsh 

vegetation through waves is reduced. Constructions of dams such as the one at Groot 

Buitenschoor, protecting the marsh and tidal flat from direct impact of ship waves, 

might also be an option, which will, however, impact the natural appearance of the 

intertidal landscape and will interfere in the natural dynamics of the system. 

Furthermore, our results show that seaward marsh expansion is related to elevation at 

the marsh edge and that higher elevations are related to higher rates of clonal seaward 

marsh expansion (Chapter 5). This emphasizes the importance of sediment not only for 

vertical marsh accretion but also for horizontal marsh expansion. It is thus important to 

assure sediment availability, i.e. by disposing dredged material back into the system, 

which has already established as common practice in the Scheldt Estuary. Furthermore, 

in estuaries with more fluvial influence, sediment supply might also be limited by 

upstream dams (e.g. as shown by Yang et al., 2005 for the Yangtse River delta) which is 

why the construction of dams along the main river and tributaries needs to be limited to 

a minimum if marsh expansion is desired. 

Future research 

Future research in the continuity of this thesis could be, for instance, a long-term 

monitoring programme of marsh-mudflat transition zone dynamics of marshes of 

varying wave exposure, including Groot Buitenschoor and Rilland, but also including 

more wave-exposed locations. Long-term monitoring, in the sense of decades, would be 

necessary in order to take into account the high temporal variability of parameters and 

long-term cyclic evolution in these dynamic systems. In order to be able to keep a 

monitoring project up over such a long period, a well thought-through selection of 

parameters of interest and methods to be used is required. For instance, using new 

technologies such as drones could allow taking high-resolution aerial photos of the 

studied marshes once per year at the peak of biomass. Calculation of marsh expansion 

on a large scale should then be feasible with relatively little effort. SEDsensors (light 

sensitive sensors developed by NIOZ, The Netherlands, measuring elevation change 

continuously at a chosen frequency (see Hu et al., 2015a)) could monitor elevation 

changes with relatively little effort, both within the marsh and on the tidal flat. 

Measurements on vegetation properties, i.e. height and density, could be reduced to e.g. 

4 times per year, of which one measurement should take place around the peak of the 

growing season in August. RTK-GPS monitoring of the marsh edge at peak biomass at a 

determined interval – e.g. every other year or every five years – could be combined with 

drone flights so that the photos and the elevation measurements are compatible. Wave 

monitoring along the marsh edges could assess gradients in wave exposure, and could 

be used as input into wave models, so that wave measurements could be reduced to a 

selection of required locations for the long-term monitoring. In addition to the 
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monitoring of lateral marsh edge movements by the aerial drone photographs, natural 

recruitment by seedlings and development of patches should also be monitored: 

occurrence, survival by the end of the present and at the onset of the next growing 

season, elevation at which they occur, and respective wave exposure. All these data 

combined could then give a bigger-scale, longer-term overview of phases of expansion 

and retreat of marshes along a wave-exposure gradient, and possibly give further 

insights into the parameters triggering auto-cyclic behavior of marshes. 

A second aspect to be studied further, potentially coupled with the long-term 

monitoring, could relate to assessing the impact of ship waves on marsh expansion in 

the field, for which both, the clonal expansion from the marsh edge but also expansion 

by individual seedlings and propagules on the tidal flat could be considered. 

Establishment and survival of (transplanted) plants along the shores of sheltered 

shipping channels – i.e. areas mainly exposed to ship waves but to limited wind waves 

due to small wind fetch – could be compared to the establishment and survival of 

(transplanted) plants along the shores of highly wind wave exposed shores without any 

shipping traffic. Further flume studies with more authentically simulated wind and ship 

waves could complement this approach.  

This relates then also to a potential third research direction, which could consist of more 

advanced wave flume or wave basin studies. In both cases, further experiments on the 

mutual interactions of waves, sediment and plants could be performed. For instance, a 

valuable addition to our experiments would be to actually grow individual shoots or 

patches of Scirpus maritimus and other pioneer species such as Spartina anglica and 

Phragmites australis under controlled wave exposure. A gradient of wave exposure 

could be tested as well as a gradient of sediment properties. The morphological, 

biomechanical and biochemical properties of plants resulting from these treatments 

could then be quantified in order to test whether it is wave exposure or soil composition 

– correlated in the field but disentangled in these experiments – that drive the plant 

development.  

Conclusions 

As most marshes in European estuaries are limited on the landward side by dikes, the 

main question that remains is whether the marsh vegetation will be able to persist and 

expand on the seaward side. Wave-exposure to both, wind waves and ship waves, can be 

expected to increase in the coming decades: on the one hand, wind generated waves 

may be expected to increase due to climate change that will likely lead to an increase of 

severity of storms (Knutson et al., 2010; Lin et al., 2012). On the other hand, ship wave 

exposure will become more important as further increase in ship traffic and size of 

vessels can be expected. Our results allow us to estimate that even a relatively exposed 

marsh can still expand horizontally onto the adjacent mudflat (Chapter 5) and create 

sheltered conditions within its canopy (Chapters 2 & 6), ensuring sedimentation and 

vertical accretion of the marsh. Furthermore, we saw that the shoots of S. maritimus 

have a self-adaptive capacity by developing their avoidance or tolerance strategies while 

growing under the respective environmental conditions (Chapter 6). It can thus be 
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expected that (S. maritimus–dominated) marshes can adapt to increasingly exposed 

conditions within a range of wave exposure. If enough sediment is present, which is 

rather likely in an estuary as the Scheldt, the marshes can be expected to grow along 

with sea-level rise (Kirwan and Temmerman, 2009). For the future, it will be essential to 

better determine thresholds of combined increase of sea level and wave exposure for 

the survival and expansion of tidal marshes. In this respect, more research on the critical 

conditions for seaward expansion of tidal marshes, as presented in this PhD thesis, is a 

crucial step towards a more solid scientific basis for the wider implementation of tidal 

marshes as part of ecosystem-based coastal defence strategies. 
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