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Chapter 1

General introduction

1.1 Biogeomorphology
A general introduction to biogeomorphic landscapes
The earth’s surface is shaped by constructional endogenic forces creating
new mountains. Destructional exogenic forces subsequently erode these
mountains and transport the sediment to the ocean. This geologic process resulting
in sediment erosion, transport and deposition has continuously changed and
modelled our landscape. Since the Devonian (approximately 420 million years
ago), when for the first time land plants covered most of the tropical regions of the
supercontinent Pangaea, vegetation may have started to alter sediment transport
processes (Gibling and Davies, 2012; Steemans et al., 2009). Imprints of
biogeomorphic interactions have been found in Carboniferous sedimentary strata in
the form of scour holes, mounds and scratch marks created by plants (Rygel et al.,
2004).
Biology and geomorphology are interdependent in many ecosystems such
as vegetated hillslopes, dunes, tidal wetlands or river floodplains (Fig. 1.1)
(Corenblit et al., 2011; Murray et al., 2008; Viles, 1988). A very illustrative example
is the vegetated braided river network (Fig 1b). During low flow conditions plants
can colonise sandbars and riverbanks and subsequently protect them from erosion;
this will further increase plant growth and hence support the stability of the bar
(Miall, 1977; Tal and Paola, 2007). During high runoff the vegetation diverts the
flow and hence changes the morphological development of the channel network
until extreme events or gradual undercutting will again erode the stabilised
vegetated bars and riverbanks. A braided channel network may develop into a
single channel network with the presence of vegetation. The same river would
however remain braided in the absence of vegetation. The biogeomorphic state of
the river is therefore largely determined by the establishment of vegetation (Tal and
Paola, 2007). These mutual interactions of biology with geomorphology can create
self-organised biogeomorphic landscapes with intrinsic feedback mechanism as
shown for dunes (Baas, 2002), diatoms on tidal flats (Weerman et al., 2010),
mussel beds (Koppel et al., 2008) salt marshes (Temmerman et al., 2007), riparian
vegetation (Tal and Paola, 2007) and seagrass beds (van der Heide et al., 2010).
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Fig. 1.1: Biogeomorphic landscapes: a) dune, b) braided river, c) vegetated hillslope, d) salt
marsh tussock, e) estuary with mangroves, f) salt marsh creeks
Photo: a, c- f: T. Balke, Photo b: google earth
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A number of theories and concepts have been developed to describe the
mutual interactions of the biota with their physical geomorphic environment,
covering all life forms and sizes from cyanobacteria to trees. The general term
biogeomorphology covers the whole range of processes where biota interacts with
geomorphic processes such as biostabilisation, bioerosion, bioconstruction or
bioturbation of sediments (Corenblit et al., 2011; Naylor et al., 2002). Ecosystem
engineers are defined as organisms that create habitats by performing physical
state changes of resources (Jones et al., 1994) and play a key role in
biogeomorphic landscapes. In biogeomorphic systems, ecosystem engineers
either actively change sediment fluxes (i.e. allogenic ecosystem engineers such as
dam building beavers creating lakes) or passively change sediment fluxes due to
its physical structure (i.e. autogenic ecosystem engineers such as salt marsh
vegetation increasing sedimentation) (Jones et al., 1994). This ecosystem
engineering activity may feed back to the fitness of the engineering organism or to
associated organisms. Ecosystem engineering and biogeomorphic feedbacks can
therefore have evolutionary consequences (Laland et al., 1999).
Due to the feedback mechanisms to the biota, biogeomorphic ecosystems
may be self-organised and have alternative stable state behaviour (e.g. Marani et
al., 2010; Tal and Paola, 2007; Wang and Temmerman, 2013). This implies that a
sudden state shift in biogeomorphic ecosystems may be caused by gradual
changes in environmental conditions (Scheffer et al., 2001). For vegetated
biogeomorphic systems this threshold behaviour would mean, that with a gradual
increase in e.g. environmental stress or disturbance frequency, vegetation could
suddenly be lost creating a bare state without biogeomorphic feedbacks. Once
vegetation is lost, the missing stabilising effect of the vegetation cover makes it
difficult for new seedlings to establish and initiate a new biogeomorphic succession
towards a stable vegetation state. To allow for new vegetation establishment after
a collapse the conditions would need to drop below the critical threshold at the
collapse. This so called ‘hysteresis effect’ is characteristic for alternative stable
state behaviour (Scheffer et al., 2001).
Understanding biogeomorphic succession for restoration
Unvegetated sedimentary systems such as bare dunes or tidal flats and
floodplains are very unstable as they are exposed to the full magnitude of the
aeolian (air) or fluvial (water) sediment transport processes. Vegetation cover
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requires a critical minimum biomass to create positive feedbacks (Bouma et al.,
2009a) and seedlings are more sensitive to disturbance than mature plants.
Seedling establishment outside the present vegetation cover is therefore often
inhibited by frequent physical disturbance. In biogeomorphic systems disturbance
to these unprotected seedlings is mainly caused by fluid motion of wind or water
and sediment burial or erosion. Whereas the feedback mechanisms in vegetated
biogeomorphic landscapes have increasingly received attention, the bottlenecks to
establishment of biogeomorphic systems are still understudied (Corenblit et al.,
2007b; Friess et al., 2012). This knowledge gap is surprising because colonisation
processes determine whether a geomorphic system can turn into a vegetated
biogeomorphic landscape (Corenblit et al., 2007b). The establishment of pioneer
vegetation stands at the beginning of a biogeomorphic succession (Fig. 1.2). When
a critical biomass is reached (Bouma et al., 2009a) biogeomorphic feedbacks
generate bioprotection (sediment binding, energy attenuation) and bioconstruction
(sediment trapping, organic matter production). Without large disturbances
disrupting this biogeomorphic succession the system may subsequently develop
towards a biological state, where the vegetation is partly disconnected from the
physical processes and biological interactions determine the future vegetation
structure (see Corenblit et al., 2007b).
Vegetated biogeomorphic ecosystems such as riparian vegetation, salt
marshes, dunes and mangroves have globally declined (Adam, 2002; Duke et al.,
2007). Because of their valuable habitat and the ecosystem services they provide
(Ewel et al., 1998; Koch et al., 2009; Tockner and Stanford, 2002) managers now
aim at restoring vegetated biogeomorphic ecosystems. Whereas physical
bottlenecks to colonisation in riparian landscapes (e.g. Mahoney and Rood, 1998)
and coastal dunes (Lichter, 2000; Maun, 1994) have received some attention,
mechanistic insight in pioneer establishment and survival in intertidal wetlands (salt
marshes and mangroves) is scarce (Friess et al., 2012; Primavera and Esteban,
2008). Concepts to compare the role of physical disturbance in pioneer vegetation
dynamics across ecosystems are currently lacking. Chapter 2 and 4 describe an
analytical approach to elucidate the effects of stochastic physical disturbance on
pioneer establishment in a range of biogeomorphic ecosystems.
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Fig. 1.2: Biogeomorphic succession adapted from Corenblit et al. (2007b). Plants need to
colonise bare areas which are frequently disturbed (e.g. by hydrodynamics and sediment
dynamics) and can only create biogeomorphic feedbacks when they surpass a critical
density threshold. Eventually the vegetation is de-coupled from the physical environment
and biological factors such as competition determine the vegetation structure.

1.2 Biogeomorphology of intertidal wetlands
Comparing mangroves and salt marshes
Mangroves and salt marshes are confined to the upper intertidal zone of
sheltered sedimentary coasts and estuaries. They can be dependent on external
input of minerogenic sediment as a substrate (this thesis) or largely build up their
own organic mangrove or salt marsh peat, if tidal exchange and sediment input is
low (Allen, 2000; Feller et al., 2010). Whereas mangroves are found in tropical and
subtropical climate, with the largest areas around the equator between 5°N and
5°S (Giri et al., 2011), salt marshes dominate the intertidal wetlands in the
temperate zone. More precisely, the 20 °C winter isotherm (Duke et al., 1998) and
the occurrence of winter frost (Stuart et al., 2007) define the latitudinal limit of
mangrove distribution. Mangrove trees which grow close to their latitudinal limits
are usually smaller in height than their tropical pendants and often monospecific as
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e.g. Avicennia marina trees in New Zealand (reviewed in Morrisey et al., 2010).
Mangroves can also co-occur with salt marsh vegetation in a salt marsh–mangrove
ecotone with mangroves at lower elevations and marsh vegetation at higher
elevations or vice versa. The salt marsh - mangrove zonation depends on
environmental conditions such as salinity or inundation and also on species
interactions (see e.g. Lewis III, 2005; Peterson and Bell, 2012).
Intertidal
wetlands
are
biogeomorphic
ecosystems:

coastal

morphodynamics determine if a tidal flat can accrete up to an inundation threshold
to allow for colonisation by pioneer vegetation (see e.g. Ellison, 1987; Proisy et al.,
2009) or the initiation of cliff erosion at the vegetation edge (see e.g. Pringle, 1995;
van der Wal and Pye, 2004). On the other hand vegetation presence can alter the
environment by attenuating hydrodynamic energy (Mazda et al., 2006; Möller et al.,
1999), large scale sediment trapping (Temmerman et al., 2005), increasing shear
strength of sediment (Feagin et al., 2009), flow routing in patchy vegetation
(Temmerman et al., 2007; Vandenbruwaene et al., 2011) and increasing organic
matter content in the sediment (Perry and Berkeley, 2009). Wherever vegetation is
present it will reduce current velocities and dampen waves. How effective this is, is
depending on whether the vegetation is submerged or emergent (Nepf, 1999) and
on the flexibility and density of the above ground vegetation structure (Bouma et
al., 2005). Channel networks of different scales are features of mangroves and salt
marshes alike (Fig. 1.1 e,f), they are influenced by the vegetation presence causing
tidal asymmetry (i.e. higher ebb than flood velocities in the creeks) (Wolanski,
1995). Moreover flow routing around vegetation patches can initiate creek
development (Temmerman et al., 2007; Vandenbruwaene et al., 2011). The creek
network also determines the sedimentation pattern, with most sedimentation
occurring close to the creeks (Temmerman et al., 2005). Mangrove vegetation is
relatively tall and sparse, dominated by trees and shrubs with aerial roots
compared to salt marsh vegetation which is usually short and dense, consisting of
herbaceous plants with varying flexibility. To what extent the biogeomorphic
feedbacks differ due to their contrasting vegetation structure still needs further
investigation (Bouma et al., 2013). Moreover, despite the growing body of
biogeomorphic literature, the long standing discussion whether mangroves are
active ‘land builders’ on a large spatial and temporal scale or merely follow coastal
morphodynamics still persists (Alongi, 2008).
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Because of the coastal protection services there is a growing interest in
quantifying the attenuation of short period waves in coastal wetlands (Massel et al.,
1999; Mazda et al., 1997; Möller et al., 1999) and the mitigation of extreme events
such as tsunamis and hurricanes. Mangroves and salt marshes have been shown
to attenuate energy of short period waves, e.g. 50% in 100 m dominated by
Sonneratia spp. trees in Mazda et al. (1997) and a 50% increase in wave energy
reduction in salt marsh vegetation compared to the tidal flat in Möller et al. (1999).
However, the discussion about the ability of mangroves to protect local
communities from tsunami waves (Dahdouh-Guebas et al., 2005; Kathiresan and
Rajendran, 2005) remains controversial (Alongi, 2008). Chapter 6 shows how
sediment disturbance is reduced along a cross shore transect of a mangrove
forest.
Mangrove and salt marsh pioneer vegetation
Mangrove and salt marsh vegetation has a clear vertical zonation and only
a few species occur at the seaward edge with frequent inundation by seawater and
physical disturbance by waves (Fig. 1.3). The fronting tidal flat and the pioneer
zone are the most dynamic part of the mangrove or salt marsh with phases of
sediment accretion and erosion (Deloffre et al., 2006) which as a consequence
cause vegetation expansion and retreat (Fromard et al., 2004; van der Wal et al.,
2008). Accreting tidal flats can get rapidly colonised by pioneer plants (Proisy et al.,
2009) but the pioneer vegetation is also the first to disappear when tidal flats are
eroded e.g. due to waves or increased currents. Mechanistic insight in colonisation
processes covering seed/propagule arrival, seedling establishment and resistance
to physical disturbance by hydrodynamics and accretion-erosion processes is
scarce for both systems and comparative studies unravelling general principles are
lacking (reviewed in Friess et al., 2012).
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Fig. 1.3: Recently established seedlings of SE Asian mangrove pioneers and European salt
marsh pioneers. These are the first seedlings to colonise bare tidal flats. Photos T. Balke
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Two genera dominate the pioneer zone of temperate salt marshes, the
annual succulent herb Salicornia spp. and the perennial grass Spartina spp. (Fig.
1.3). Whereas Salicornia entirely relies on the dispersal of numerous seeds,
Spartina can also spread clonally, forming circular tussocks of sometimes one
individual (Fig. 1.1 d). The clonal expansion is thought to be the reason why the
invasive Spartina anglica often replaces Salicornia spp. in the pioneer zone
(Nehring and Hesse, 2008). Few studies have focused on physical disturbance
mechanisms in the salt marsh pioneer zone. Tidal inundation (Ellison, 1987;
Wiehe, 1935) is usually mentioned as a physical disturbance agent causing
seedling mortality of Salicornia, often associated with self-scouring due to wave
action. Field experiments with Spartina have shown that small plants are more
susceptible to physical disturbance at the tidal flat than plants or tussocks with
higher biomass (van Wesenbeeck et al., 2008). Clonal patches of Spartina can
already pass the critical biomass for biogeomorphic feedbacks (protection from
erosion, sediment trapping), before they merge into a continuous sward (Bouma et
al., 2007). However scouring around the patches may stop their expansion (Bouma
et al., 2009a) and initiate the formation of tidal channels (Temmerman et al., 2007).
Chapter 5 describes the biogeomorphic development of such clonal tussocks under
contrasting conditions in greater detail.
Similar to the salt marsh pioneers there are typical mangrove pioneers that
are able to cope with the harsh conditions on the tidal flats (Fig. 1.3) (reviewed in
(Friess et al., 2012; Krauss et al., 2008). Avicennia spp. is the geographically most
widespread pioneer genus. Similar to Laguncularia spp., which is limited to the
neotropis, the few cm big (crypto-) viviparous propagules rapidly anchor in the
sediment upon stranding (Delgado et al., 2001; Osborne and Berjak, 1997).
Sonneratia spp. often occupies the same location in the pioneer zone as Avicennia
spp., although it has developed a contrasting life history. Whereas most mangroves
are at least partly viviparous (i.e. germinating while still on the tree), Sonneratia
spp. produces numerous woody seeds, which individually disperse after release
from the dropped fruit (Tomlinson, 1986). The dispersal of all pioneer genera is
hydrochorous (water dispersed) and they therefore depend on tidal currents to
reach new areas for colonisation. The tidal sorting hypothesis (Rabinowitz, 1978),
trying to explain species zonation with different stranding elevation due to
propagule size, has however been disproven (see e.g. Delgado et al., 2001).
Studies on the role of hydrodynamics in settling of propagules have mainly been
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concerned with propagule flotation (Clarke and Myerscough, 1991) and retention
by vegetation (De Ryck et al., 2012; Di Nitto et al., 2008). Establishment failure has
only qualitatively been linked to water movement (Clarke and Myerscough, 1993;
Patterson et al., 1997; Thampanya et al., 2002a). Seedling mortality due to
sediment disturbance has mainly focused on sudden burial (Terrados et al., 1997;
Thampanya et al., 2002b). A mechanistic understanding of bottlenecks to
propagule stranding and seedling establishment, linking species traits and hydrogeomorphic processes is lacking. Chapter 3 and 4 give further insight in the
thresholds to mangrove pioneer establishment due to inundation, water movement
and sediment dynamics by means of experiments.

1.3 Habitat loss and intertidal wetland restoration
Intertidal wetlands are extremely valuable habitats and provide numerous
ecosystem services. They have a nursery function for economically and
ecologically important shrimp and fish (reviewed in Gillanders et al., 2003), they
improve water quality by reducing turbidity (also important for adjacent coral reefs;
Hutchings et al., 2005), provide coastal protection (Koch et al., 2009) and store
large amounts of carbon (Donato et al., 2011). Coastal areas have always been a
focal point of human settlement and population pressure is still increasing in lowlying coastal areas (Small and Nicholls, 2003), many of which feature large
intertidal wetlands. Large areas of coastal wetlands have been destroyed for land
reclamation, port development and aquaculture (Alongi, 2002; Hughes and
Paramor, 2004) or have been disconnected from the influence of seawater by
dykes and stop banks. On top of that they suffer from the indirect effects of river
damming (i.e. decrease in sediment and freshwater supply), coastal squeeze, man
made subsidence (e.g. gas extraction, wetland drainage) and accelerated sea-level
rise (Adam, 2002; Allen, 2000). In contrast, rapid expansion of mangroves and salt
marshes has been linked to increased terrestrial sediment supply by rivers, e.g.
due to intensive agriculture in New Zealand (Lovelock et al., 2010), or due to
changes in land use by the first European settlers in America (Kirwan et al., 2011).
To which extent marshes and mangroves have been destroyed or are under
pressure therefore depends on the historic and present management of the coastal
zone and the hinterland. Loss of intertidal wetlands is still ongoing and currently
most rapid in tropical mangroves (FAO, 2007), where many local communities
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depend on their ecosystem services. One of the main reasons for deforestation of
tropical mangroves is the conversion to shrimp and fish ponds, but also
eutrophication, alteration of hydrology and global change negatively affect or
destroy tropical mangrove forests (Alongi, 2002).
After the tsunami in 2004 the interest in mangrove restoration has
increased. Mangroves were discussed as a potential protection for local
communities from the tsunami whereas many mangroves have been destroyed by
the destructive force of the wave (Kathiresan and Rajendran, 2005; Kerr et al.,
2006; Vermaat and Thampanya, 2006). Mangrove restoration in the tropics is
commonly done by manual planting of propagules or seedlings from a nursery, with
the preference for Rhizophora species (Ellison, 2000; Primavera and Esteban,
2008). Restoration projects with the aim of increasing coastal protection have
planted mangroves on tidal flats, in front of levees or degraded mangroves, often
with full exposure to waves and currents and hence with small success rates
(Primavera and Esteban, 2008). The development of ecological mangrove
restoration projects (Lewis III, 2005) has proven that instead of trying to plant
mangroves in any convenient location one has to restore the environmental
conditions (e.g. elevation in relation to tidal inundation) and mangroves will
voluntarily colonise. However due to the hysteresis effect, especially on deforested
tidal flats, natural rehabilitation of the mangrove forest may be inhibited by physical
disturbance (i.e. sediment dynamics and hydrodynamic forces) as described in this
thesis. Understanding these bottlenecks is the first crucial step towards a
successful ecological rehabilitation of lost mangroves.
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Thesis outline

Research question
Chapter 2
Can stochastically occurring disturbance
free periods after dispersal initiate a
sudden state shift in biogeomorphic
ecosystems?

Chapter 3
What are the main physical bottlenecks
to seedling establishment of a mangrove
pioneer immediately after dispersal?
Chapter 4
How does frequency and magnitude of
sediment disturbance (erosion, burial)
influence
seedling
survival
and
morphology of two mangrove pioneer
species under contrasting inundation
stress?
Chapter 5
Is lateral development and bed
morphology of Spartina tussocks on a
tidal flat depending on large scale
morphodynamics and hydrodynamics?
Chapter 6
Is sediment disturbance sufficiently
reduced by mangrove vegetation to
prevent seedling failure? What is the
disturbance gradient from the tidal flat
towards the back of the forest?

Chapter 7
How does stochastic disturbance affect
spatio-temporal pattern of mangrove
seedling establishment across an
elevation gradient?

Approach

Time series of external forcing to
biogeomorphic ecosystems (water levels:
mangroves, salt marshes, floodplains
and wind speed: dunes) were analysed
for the occurrence of disturbance free
periods after potential dispersal (called
‘Windows of Opportunity’).

Rooted propagules of Avicennia alba
were tested for their resistance against
dislodgement by inundation, wave force
and sediment erosion in a flume study.
In a mesocosm study seedling survival
and growth of Avicennia alba and
Sonneratia alba was measured under
mimicked sedimentation and erosion in
combination with tidal inundation.

In a field and remote sensing study
morphology and lateral development of
Spartina anglica tussocks were analysed
in relation to the large scale abiotic
conditions at the tidal flat.
At a mangrove fieldsite in Thailand we
quantified erosion and sedimentation
across transects from the tidal flat to the
back of the forest using marker plates.

Disturbance to seedling establishment by
inundation (Chapter 1 and 2) and
sediment re-suspension (Chapter 4) was
simulated in a model for a mangrove
forest in New Zealand.
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Chapter 2:

State shifts in biogeomorphic
ecosystems: the importance of Windows
of Opportunity
Thorsten Balke, Peter M.J. Herman, Tjeerd J. Bouma
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Summary:
Predicting sudden state shifts is essential for the protection and restoration
of threatened ecosystems. We demonstrate a concept to explain transitions from a
bare to a persistent vegetated state, triggered by stochastic changes in
environmental conditions, using disturbance-driven biogeomorphic ecosystems
(i.e., salt marsh, mangrove, dune or floodplain vegetation) as a model.
Time series of external forcing (i.e., water level and wind speed) were
analysed for ‘Windows of Opportunity’ (WoO), defined as disturbance free periods
of a critical minimal duration directly following diaspore dispersal, which can induce
a sudden shift to a new persistent vegetation cover.
Across biogeomorphic ecosystems, the minimal WoO-duration determines
how many WoO events are available for seedling establishment. The distribution of
WoO along an elevation gradient on riverbanks and in intertidal systems is defined
by the combination of the overall disturbance regime (e.g., seasonal vs. tidal
flooding cycles) and stochastic deviations from that regime (e.g. changes in
weather conditions). Standardising the WoO for the frequency of the regular
disturbance regime shows that tidal and river systems have a similar relation
between the required WoO length and the elevation suitable for establishment.
WoO analysis correctly predicted vegetation dynamics in a salt marsh case study.
Time series analysis for ‘Windows of Opportunity’ (WoO) offers an
important tool towards predicting critical transitions in disturbance-driven
ecosystems. The demonstrated non-linear relationship of external abiotic forcing
with vegetation dynamics should be considered to assess the impacts of
anthropogenic and global change on alternative stable state behaviour.

22

2.1 Introduction
Alternative stable state (ASS) theory (Holling, 1973; Scheffer et al., 2001)
describes how feedback effects can ‘lock’ an ecosystem in one of at least two
alternative stable states, and hence reduce the chance for the system to switch
between states either naturally or by management measures (Holmgren and
Scheffer, 2001). Such regime shifts remain possible, however, and there is great
interest in predicting the chance for a transition. Recently some advances have
been made in identifying early warning signals, mainly dealing with shifts from a
‘preferred’ state with many ecosystem services (generally the vegetated state) to
an ‘undesired’ state providing less services (generally the bare state) (reviewed in
Scheffer et al., 2012, 2009). Most warning signals analyse temporal changes in the
ecosystem state (flickering) or in its dynamics as changes in recovery rate from
perturbation (critical slowing down). In these analyses, stochastic temporal
variability of the environmental conditions has received little attention (reviewed in
Scheffer et al., 2012). Stochastic changes in conditions may initiate a state shift
(Beisner et al., 2003; Holmgren and Scheffer, 2001) but it remains difficult to
evaluate their general importance. Using vegetated biogeomorphic ecosystems as
a model for ecosystems with ASS behaviour, we aim to provide a framework to
assess and potentially predict sudden state shifts induced by variability in external
forcing.
Threshold dynamics in biogeomorphic ecosystems
Vegetated biogeomorphic ecosystems such as floodplains, salt marshes,
mangroves and dunes have been associated with ASS behaviour and self
organization of landscapes (Kocurek and Ewing, 2005; Marani et al., 2010; Stallins,
2006; Tal and Paola, 2007). The positive biogeomorphic feedback that creates a
persistent vegetated state follows from the vegetation trapping sediments and/or
preventing erosion, which in turn favours vegetation growth. The strength of the
feedback may to some extent depend on prevailing large scale physical processes
(Stallins, 2006, Chapter 5) and feedbacks will only occur after a critical biomass,
density or size threshold has been surpassed (Bouma et al., 2009a; Corenblit et
al., 2007a) (Fig. 2.1a). The absence of positive feedbacks at an early stage
exposes establishing seedlings in the bare state to the full force of physical
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disturbance (e.g. for mangroves see Chapter 3, Chapter 4; for salt marshes see
Wiehe, 1935; Bouma et al., 2009b and for floodplains see (Mahoney and Rood,
1998; Perona et al., 2012)). This strongly hinders the establishment of seedlings
and thus renders the transition towards a vegetated state very difficult. One
possible mechanism for the transition could be initiated by temporal variability, if
the prevailing physical forces would be abnormally weak for a sufficiently long
period of time enabling seedling establishment. We hypothesize that this is the key
mechanism for the initial establishment of vegetation in these systems.
Bottlenecks to seedling establishment
Field observations for several biogeomorphic systems show rapid but
infrequent colonisation of large bare areas by single cohorts of seedlings (e.g., for
riparian vegetation see Nilsson et al., 2010; for mangroves see Proisy et al., 2009;
for salt marshes see Wiehe, 1935), suggesting that temporal variability in external
forcing indeed plays an important role in recruitment. In these systems, most plants
depend on abiotic dispersal vectors (wind and water) for the recruitment of bare
areas (Andersen, 1993; Ellison, 1987; Nilsson et al., 2010; Rabinowitz, 1978). The
same processes, however, also cause physical disturbance such as self scouring
and drag forces by fluid motion pulling out seedlings (Chapter 3; Perona et al.,
2012) and sediment burial or erosion around the seedling (Bouma et al., 2009b;
Sykes and Wilson, 1990, Chapter 4) leading to failure. Successful establishment of
vegetation on bare sediment in bio-geomorphic systems therefore requires a) a
dispersal event with sufficient physical force to bring diaspores to areas suitable for
vegetation development, followed by b) a sufficiently long disturbance-free period
for the seedlings to germinate and establish (Fig. 2.1b) (see e.g. ‘recruitment box’
in rivers; Mahoney and Rood, 1998). Here we define a disturbance-free period of
sufficient length for seedling anchorage following a dispersal event as a ‘Window of
Opportunity’ (WoO).
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Fig. 2.1: a) Biogeomorphic systems need to surpass a minimum biomass density to create
positive feedbacks. Below this threshold vegetation establishment is limited by physical
disturbance due to sediment transport and fluid motion.
b) Example of external forcing to seedling establishment in the bare state. Recently
germinated seedlings such as the salt marsh pioneer Salicornia spp. (photo on the right) are
affected by tidal inundation. Windows of Opportunity for seedling establishment occur
whenever diaspore dispersal is (inundation) followed by a disturbance free (inundation free)
period in which the seedlings can securely anchor against subsequent flooding.
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To our knowledge, the ‘recruitment box’ concept to predict riverbank
colonisation by trees, where receding water-levels after flood peaks provide seed
rain and gradual exposure of moist sediment for germination (Mahoney and Rood,
1998), is the only concept explaining the role of disturbance-free periods after
dispersal in a biogeomorphic system. However the concept is specific to the
system and a common framework to understand the importance of temporal
variability of external forcing in ASS-shifts is lacking. The WoO concept provides
such a framework for biogeomorphic systems and potentially also for other
systems following ASS behaviour such as arid landscapes. We aim to demonstrate
how disturbance free periods following diaspore dispersal (‘Windows of
Opportunity’) can be identified by analysing long-term time series of external
forcing which are limiting the establishment of floodplain, mangrove, salt marsh and
dune vegetation. We aim at identifying the general characteristics of such WoO’
and demonstrate a case study explaining sudden colonisation of salt marsh
vegetation on a tidal flat. Finally, we discuss the implications of the WoO concept
for the ability to predict the impact of global change processes and anthropogenic
influences on ASS systems.

2.2 Materials and Methods
We analysed recent time series from 2000 to 2010 from publicly available
water level and wind speed data. Information for tidal water levels was obtained
from the GLOSS database (http://ilikai.soest.hawaii.edu) for one station close to
tropical mangroves: Tangjong Pagar, Singapore, Singapore. Water levels for salt
marshes in the Westerschelde Estuary near Terneuzen (The Netherlands) were
downloaded from a Dutch public database (http://live.waterbase.nl). Water levels
for the river dataset were obtained from the USGS National Water Information
System (http://waterdata.usgs.gov) for the Klickitat River near Pitt, WA, United
States. Wind speed data was retrieved from the website of the German
Meteorological Service (http://www.dwd.de) and analysed for a wind station at 10m
above ground close to coastal dunes at List, Island of Sylt, Germany. All data were
filtered for the daily maximum water level or maximum wind speed for further
analysis (Fig. 2.2).
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Fig. 2.2: Annual time series of external forcing (water-level and wind speed) in 3
biogeomorphic ecosystems: intertidal (marsh, mangrove) vegetation, riparian vegetation and
dune vegetation. Whereas tidal systems are dominated by a spring-neap cycle, water-levels
in river systems are linked to seasonal changes in conditions.

Data analysis was performed with the statistical computing software R (see
script in digital Appendix 2.1). Dispersal events and disturbance-free days were
defined for rivers, mangroves and salt marshes by water-level analysis and for
dunes by wind-speed analysis. For water level data a dispersal event was defined
as a day with lower water levels than the previous day, hence diaspores were
dispersed by water and then allowed to strand. The higher water level of the
previous day represents the elevation of dispersal and potential establishment.
Following each dispersal event the algorithm counts the number of subsequent
days until the same water level is reached again, hence the time without any
disturbance from flooding. The analysis of the disturbance-free period after
dispersal in tidal and river systems contains the information about the elevation
(water-level) of dispersal and the duration of disturbance absence. At this point
there is no distinction between the physical forces of subsequent disturbances,
whereas flooding in tidal wetlands can either occur during storm events or during
calm conditions. In contrast, extremely high water levels in rivers are generally
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associated with strong current velocities. For dune establishment from
anemochorous (wind dispersed) seeds, dispersal events were defined as the days
with maximum wind speeds below 10 m s

-1

(i.e., threshold excluding sand and
-1

seed transport) (see Arens, 1996) following days with wind speeds above 10 m s
(i.e., threshold for aeolian transport to occur). Thereafter the days are counted
-1

where maximum wind speed does not exceed 10 m s , as the length of the
disturbance-free period for seedling establishment. Wind speed is not directly
linked to a spatial component as elevation for the water-level analysis.
The minimum required length of the disturbance-free period immediately
after dispersal which allows seedlings to grow strong enough to withstand
subsequent disturbance (input of 1 – x days) are indicated as the ‘Window of
Opportunity’ length (WoO-length). For the comparison between systems (Figs. 3b,
3c) a length of ≥1day (all dispersal events), > 3 days and > 100 days was
assumed. The kernel density estimates of the WoO elevation/wind speed (R
density function) describe the distribution of all WoO depending on their assumed
minimum duration, along the external forcing magnitude. The kernel density is
st
rd
characterized by minimum, 1 quartile, median, 3 quartile and maximum. For a
given WoO-length of >3 or >100 the probability (Psuccess) of any disturbance-free
period (equivalent to ≥1 WoO) to become a WoO (>3 days or >100 days) was
calculated (Fig. 2.3c). Psuccess was determined for separate elevation intervals (only
water-level data) with the number of the intervals defined by the square root of the
count of possible dispersal events (WoO ≥1). More WoO-lengths were assumed (1
– 300 days) to reveal the effect of WoO-length on the minimum elevation (minimum
of kernel density) where a WoO would occur (Fig. 2.4).
For the validation of the WoO concept we analysed yearly water level data
of the Terneuzen data set only for the growing season which was estimated to be
st

st

between 1 March to 1 October. This dataset was selected based on the
availability of time series of elevation and vegetation cover data for the
Westerschelde (provided by Rijkswaterstaat), a meso- to macrotidal estuary with
semidiurnal tides (Fig. 2.5). We selected a salt marsh with an initially eroding cliff
(near Ellewoutsdijk, The Netherlands) where new vegetation established on the
tidal flat in front of the salt marsh cliff. The predicted elevation where WoO >3 days
occurred was calculated for the growing season of each year between 1998 and
2010 and compared with the yearly average water level of the raw data (20 minute
water levels) (Fig. 2.5 top left). The >3 days WoO is an estimated conservative
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threshold duration for a WoO derived from Wiehes’ (1935) observation of 2-3 days
for a salt marsh pioneer. The WoO predictions (area above minimum elevation of
>3 day WoO) were projected on airborne laser altimetry data (LiDaR) of 2001,
2004 and 2008 and visually compared to the vegetation development (false colour
aerial photographs) in 1999, 2004, 2008 and 2010.

2.3 Results
For mangroves, salt marshes and floodplains disturbance-free periods
after dispersal (thereafter called ‘Windows of Opportunity’; WoO) occur when the
daily maximum water level recedes (spring to neap, high to low runoff), so that
diaspores will be first transported to a particular elevation and subsequently remain
unaffected by inundation for a given period. Longer WoO are less frequent than
short WoO (Fig. 2.3a). For wind dispersed diaspores of dunes, WoO occur when
-

wind speed recedes below a threshold for aeolian sediment transport (i.e., 10 m s
1
; see methods). In dunes the frequency of WoO is overall lower compared to the
water-level related systems (Fig. 2.3a). In all analysed systems, the shorter the
required disturbance free period the more WoO will be available in time.

WoO in tidal and river systems display a unimodal distribution with a peak
at intermediate elevations along the water level gradient, depending on the applied
minimum duration needed for a WoO (Fig. 2.3b). For dunes most WoO occur
-1

close to the 10 m s threshold as there it is most likely that the following days the
wind speed will drop below this preset benchmark (see methods) for a required
minimum duration (Fig. 2.3b). The probability (Fig. 2.3c, Psuccess) of any disturbance
free period to be long enough for a defined WoO increases with elevation in rivers
and tidal systems. Taking more than 3 days without inundation as the limit, Psuccess
is 0 at low elevations in tidal systems, whereas Psucces is never lower than 0.7 in
rivers. Hence, for rivers, the majority of the WoO at the lowest elevation are of
sufficient length in this case. However, when applying > 100 days WoO, which is
the applicable order of magnitude for tree seedlings in river beds, also here the
probability to have a long enough disturbance free period at low elevations is close
to 0 (Fig. 2.3c). Hence the temporal (Fig. 3a) and spatial (i.e., elevational gradients
in Fig. 2.3b) distribution of WoO can be described for each individual time series
based on the WoO characteristic for establishment of vegetation in each system.
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Fig. 2.3: Comparison of WoO analysis between 4 biogeomorphic ecosystems.
a) Frequency plot of the length of disturbance-free periods of 1 to 100 days based on time
series analyses from 2000 to 2010. Shorter disturbance-free periods are more frequent than
longer disturbance-free periods (note: y-axis is cut off at 300). Data from 2000 to 2010 are
obtained for a salt marsh system at Terneuzen, Westerschelde Estuary, The Netherlands;
for a mangrove system at Tangjong Pagar, Singapore, Singapore; for a river system at
Klickitat River near Pitt, WA, United States and for a dune system at List, Island of Sylt,
Germany.
b) WoO are not equally distributed along the elevation or wind speed gradient and depend
on the required minimum disturbance free period. Longer required minimum disturbance
free periods i.e. >3 day WoO and >100d WoO have a density peak at higher elevations
compared to elevations where disturbance-free periods of all length (all, i.e. ≥1 day WoO)
occur. For dunes it is most likely for the wind speed to drop for longer than 3 days below
10m/s when wind speeds are close to this threshold.
c) Psuccess represents the probability of any disturbance free period to meet the minimum
length requirement of the WoO, hence the chance of dispersed diaspores to be undisturbed
for a minimum required WoO length, regardless of the frequency of occurrence.
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Relating the minimal length for the WoO in tidal and river systems and to
the minimum elevation where such windows could occur, it is clear that the need
for longer WoO is only met at higher elevations (Fig. 2.4a). In the tidal systems
(mangrove and salt marshes) the minimum elevation for establishment increases
strongly with the minimum duration for WoO, when the latter is in the range of 0-10
days (Fig. 2.4a). Such a strong increase in minimum elevation was not observed
for the river dataset, unless the required length exceeds 200 days (Fig. 2.4a). The
general frequency of disturbance differs strongly between riverine (i.e., yearly
flooding peak; Fig. 2.2) and tidal ecosystems (i.e., spring-neap cycle of about 14
days; Fig. 2). Standardising the minimum required WoO duration (Fig. 2.4a) for the
general frequency of the disturbance regime (i.e., once every 14d for tidal vs. once
yearly for rivers) shows that tidal and river systems have a similar positive
relationship between the minimal elevation suitable for seedling settlement and the
minimally required WoO (Fig. 2.4b).
For validation, we predicted events of vegetation establishment in a salt
marsh in the Westerschelde estuary located close to the tide gauge of Terneuzen,
The Netherlands (see methods). We calculated the minimum elevation of seedling
establishment based on a disturbance-free period of >3 days (cf. Wiehe 1935)
st
st
during the growing season (1 April -1 Oct). We compared predictions with a time
series of aerial photographs (1998 to 2010; Fig. 2.5 top left) of the salt marsh. The
WoO analysis correctly predicted the absence of marsh expansion due to lack of
WoO in front of the salt marsh plateau in 2001 and 2008, and the colonisation of
the tidal flat in front of a previously eroding cliff between 2004 and 2008, which
concurs with a drop in the minimum elevation of the predicted density distribution of
WoO (Fig. 2.5). This induced a state shift from a bare tidal flat to a vegetated salt
marsh pioneer zone which was persistent in the following years. This temporary
drop in WoO could not be ascribed to a trend in the yearly average water level,
which remained constant over the same period (Fig. 2.5 top left). The occurrence
of WoO in some years was related to stochastic variations in actual high water
levels at neap tide in relation to the tidal flat elevation.
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Fig. 2.4: Elevation pattern for different required minimum WoO length in aquatic systems.
a) The dependence of the minimum elevation (min. of density estimation) on the required
minimum WoO length for aquatic (tidal and river) systems. Due to the spring-neap cycle in
tidal systems, the lowest suitable elevation increases drastically up to a minimum required
WoO length of 10 days. In contrast, the seasonal fluctuation of the water level in the river
system leads to a drastic increase in elevation only after the required WoO exceeds 200
days.
b) Dimensionless comparison of the minimum required length of WoO and the minimum
elevation of corresponding WoO in aquatic systems. When dividing the minimum WoO
length by the periodicity of the driver (tidal= 14 days spring neap cycle, river= 365 days
yearly peak) and by calculating the relative height as percentage of maximum height, all
three ecosystems show a similar elevation pattern.
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Fig. 2.5 legend on next page
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Fig. 2.5: Case study where WoO lead to rapid colonisation by salt marsh pioneers on a tidal
flat. The time series (1998 to 2010) shows the lowest elevation that was predicted to be
colonised based on WoO (>3 days) analysis of measured water-levels. The minimum
st
st
elevation of WoO was calculated for the growing season of each year (1 Mar to 1 Oct) and
revealed a drop in elevation between 2003 and 2006. The elevation above which WoO for
potential colonisation occurred (green area) in 2001, 2004 and 2008 is visualised based on
measured surface elevation (left side) of a salt marsh (near Ellewoutsdijk, Westerschelde)
close to the Terneuzen tide gauge. The WoO predictions are compared to the vegetation
extent as obtained from false colour aerial photographs (right side; red colour indicates
presence of marsh vegetation). The black lines indicate the vegetation edge of the previous
photograph. The time series show an initially eroding cliff between 1998 and 2004, with
colonising vegetation on the tidal flat between 2004 and 2008 as predicted by the WoO
analysis (i.e., the green area extends outside the black line). Thereafter no further
progradation occurred between 2008 and 2010 as predicted (green area within black line).

2.4 Discussion
Using a range of vegetated biogeomorphic ecosystems as a model, we
analysed the importance of stochastic fluctuations in external forcing for state
transitions from a bare to a vegetated state. During the ‘Windows of Opportunity’
(WoO) for establishment of vegetation, the feedbacks that lock the biogeomorphic
system in the bare state (i.e., frequent disturbance to seedling establishment by
e.g., sediment transport, hydrodynamic forcing from waves or currents and wind
forcing) are temporarily absent, allowing seedlings to securely anchor and become
gradually more resistant against stronger disturbances. When considering the for
each system characteristic disturbance regime, general spatio-temporal pattern of
WoO across systems are evident. Validating the concept for a salt marsh revealed
that sudden recruitment of the bare tidal flat by new pioneer vegetation indeed
coincided with the period where WoO were temporarily present. We propose that
temporal variability of environmental conditions should be considered an important
component of the dynamics of ecosystems following ASS behaviour.
Windows of Opportunity in biogeomorphic ecosystems: support & generalities
The WoO-concept, developed here for biogeomorphic systems, is
supported by scattered literature linking seedling establishment in the bare state to
disturbance-free periods after dispersal. Many biogeomorphic systems have been
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shown to colonise suddenly, without clearly addressing the drivers (Nilsson et al.,
2010; Proisy et al., 2009; Wiehe, 1935). In tidal ecosystems, few studies have
estimated a minimum inundation-free period of 2 to 5 days for seedlings needed to
anchor: i.e., 2-3 days for Salicornia spp. (Wiehe, 1935): 5 days for Aster spp.
(Chapman 1960 in Boorman et al., 2001) and ca. 5 days for mangroves
(Rabinowitz, 1978). Deviations from the spring-neap tidal cycle causing temporal
disturbance-free periods of several days can be initiated by changing weather
conditions (i.e. wind direction) and long term changes in the tidal regime, such as
the 18.6 year cycle. The latter has been shown to affect mangrove dynamics in
French Guiana (Gratiot et al., 2008), with colonisation of tidal flats by mangroves
during phases with reduced mean high water levels. For riparian vegetation along
rivers, slowly receding water levels after the seasonal flood peak (‘recruitment box’
concept) create a seed-rain on un-vegetated moist substrate where seeds can
germinate and will not be disturbed until the next seasonal peak will inundate the
new vegetation (Gurnell et al., 2012; Mahoney and Rood, 1998; Nilsson et al.,
2010). To our knowledge only little is known about disturbance mechanisms for
dune seedlings at the early stage, but wind dispersed diaspores (Andersen, 1993)
will not be able to germinate during sediment transport causing burial or erosion
(Lichter, 2000).
Present study reveals some generalities of WoO across biogeomorphic
ecosystems. For a particular elevation in tidal and river systems, two elements
contribute to the WoO occurrence. The frequency of occurrence of a local
maximum in water levels decreases with increasing elevation; the probability of
having a long enough disturbance-free period increases with elevation. Taken
together, a unimodal pattern of WoO densities versus height arises. Seed banks
may be regarded as a possible escape mechanism from the narrow time sequence
imposed by WoO. However, in many biogeomorphic ecosystems seed bank buildup is limited due to frequent disturbance of the bare sediment e.g. in salt marsh
pioneer zones (Ungar, 2001; Xiao et al., 2009), bare floodplains (Gurnell et al.,
2012; Mahoney and Rood, 1998; Nilsson et al., 2010) and un-vegetated dunes
(Lichter, 2000; Zhan and Maun, 1994) and seed banks are generally absent in
mangroves (Harun-or-Rashid et al., 2009).
Relevance of Windows of Opportunity for other ecosystems
There is a need to identify and predict critical transitions, especially for
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ecosystems that will be affected by irreversible changes such as climate change
(Suding et al., 2004). We suggest that the WoO concept as studied here for
biogeomorphic systems can help to predict sudden transitions induced by
stochastic variability of conditions in many other ecosystems with ASS behaviour.
Any ecosystem, where i) the external forcing affecting establishment is fluctuating
in time, ii) establishment requires a certain period (WoO) without such forcing and
iii) mature organisms are able to resist subsequent events or periods of higher
stress due to pure size effects or positive feedbacks, may be considered here. For
example, in arid landscapes the importance of stochastic variability of rainfall has
been recognized by Holmgren and Scheffer (2001), who showed that during El
Niño events a control on grazing pressure could induce long-term shifts in
vegetation cover. We suggest that in such a system WoO exist, whenever plant
density during an establishment event, e.g. a temporary wet period, reaches a
critical threshold of infiltration capacity. This may create a strong enough positive
feedback to withstand subsequent drier periods (HilleRisLambers et al., 2001;
Holmgren and Scheffer, 2001). A second example for ASS systems which partly
depend on external forcing are rocky shores (Bertness et al., 2002) where extreme
hydrodynamic forces due to wave action can act on sessile plants and animals. A
WoO may occur when a sufficiently long period of calm hydrodynamic conditions
(absence of waves) allows for the establishment of species, which are only limited
in their most vulnerable early life stage. Sudden recruitment of e.g. macroalgae on
hard substrate has been associated with temporary benign conditions (see Vadas
et al., 1990). In line with the WoO-concept, many ‘degraded’ coastal ecosystems
might require WoO for the restoration of the desired state (Nyström et al., 2012).
Windows of Opportunity concept and ASS theory: importance of scales
In general, state shifts in systems exhibiting ASS behaviour can occur in
two ways. Either the ecosystem state is sufficiently perturbed, corresponding to a
short-term shift of the system along the y-axis of Fig. 2.6, or the environmental
conditions are perturbed, causing a shift along the x-axis of Fig. 2.6 (Scheffer et al.,
2001). A change in conditions is usually described to be gradual, but stochastic
variability may trigger the actual state shift (reviewed in Beisner et al., 2003). Our
study highlights the importance of stochastic variability in the conditions for the
establishment of vegetation (leftward shift along the x-axis, Fig. 2.6). The opposite
of this is a temporary shift in external conditions to a very high disturbance level
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(rightward shift along the x-axis in Fig. 2.6). Such a short-term increase in external
forcing (exceeding a lethal threshold duration and magnitude) can be described as
a large infrequent disturbance (LID) (see Romme et al., 1998 exceeding lethal
thresholds and thereby causing a sudden collapse of the vegetated state. LIDs in
biogeomorphic systems can be initiated by e.g. hurricanes (see e.g. Cahoon, 2006;
Howes et al., 2010; Smith III et al., 1994) or tsunamis (see e.g. Alongi, 2008). To
increase the predictability of regime shifts, determining the type of external forcing
relevant for state shifts per system and determining the critical duration and
intensity thresholds of WoO and LIDs are essential.

Fig. 2.6: Schematic visualization of how the Windows of Opportunity (WoO) concept may
explain sudden state shifts according to alternative stable states theory. WoO are stochastic
events where external forcing is temporarily reduced or absent (e.g. calm weather, low water
levels) which can push the conditions beyond the bifurcation point for a defined period of
time and induce a state shift from bare to a vegetated state (dashed line). Large infrequent
disturbances (LIDs) are the counterpart of WoO and can induce a sudden state shift from
vegetated to bare state if they exceed a duration and magnitude threshold (e.g. hurricanes,
flash floods, tsunamis).
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Inherent in the WoO concept is that an ASS system remains responsive to
changes in external forcing, at least when the forcing surpasses (low or high)
critical limits, and that the stochastic variations in forcing are of a sufficient duration
to allow the system to change state. This response time scale, in comparison with
the typical duration of extreme variations in forcing, will determine if system state
changes can be caused by stochastic variability. The response time scale is
pendant of the time scale involved in resilience, i.e. time needed to return to the
equilibrium state after perturbation (Scheffer et al., 2001). Both time scales can be
attached to a (multiple) stable state and characterize the sensitivity of this state to
variations of different magnitude and qualitatively different consequences.
Practical applications of Windows of Opportunity
The WoO concept emphasizes the important role played by natural
variability in external forcing for the long-term dynamics of biogeomorphic systems.
Many human interventions in natural systems partly reduce the stochastic
variability, e.g. by the construction of dams (e.g. Marston et al., 2005) or storm
surge barriers (e.g. Louters et al., 1998). Without its major sources of natural
variability, ecosystems may become locked for very long times in one or the other
state. This may reduce biodiversity at the landscape level as pioneer phases will be
rare or absent. Also, under regulated conditions without the necessary variability to
create WoO, attempts at restoring particular vegetated systems may be futile, as in
mangrove and salt marsh restoration projects (Lewis III, 2005; Wolters et al.,
2008). WoO are likely to be affected by climate change as storminess (i.e.
disturbance by wind and waves) potentially increases (Donat et al., 2011) and
severe droughts may negatively affect water limited ecosystems (Alley et al.,
2003). Applying the WoO-concept can improve ecological management for many
ecosystems which are typically under pressure due to human interventions. It will
remain a challenge for the future, to balance the fundamental conflict of interest
between the increasing desire of humans to mitigate the natural variability of abiotic
processes in general, and the need for such variability to enable establishment but
also decay of biogeomorphic systems.
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Summary
Physical processes limiting colonisation of bare tidal flats by pioneer
mangrove species have commonly been described but not yet quantified.
Understanding thresholds to early seedling establishment is critical for successful
restoration and management of mangrove forests. We determined how seedling
establishment of Avicennia alba Bl. is affected by the combination of increasing
hydrodynamic forces and sediment dynamics. As the buoyant propagules of A.
alba are dispersed by water, early establishment on bare tidal flats requires
propagules to quickly anchor to stay in place.
Flume studies and field observations showed that 3 thresholds have to be
passed until the seedling is successfully established: (1) stranded propagules need
an inundation-free period to rapidly develop roots that are long enough to withstand
displacement by flooding, (2) roots need to become long enough to withstand
seedling dislodgement by hydrodynamic forces from waves and currents, with the
required root length being proportional to the force that needs to be resisted, (3)
even longer roots are needed to survive high energy events that cause sheet
erosion and can thereby induce seedling dislodgement. This sequence of
thresholds implies that establishment of the pioneer mangrove species A. alba
requires a suitable ‘Window of Opportunity’ to pass all thresholds and underlines
the importance of rapid root expansion as a crucial pioneer trait for the species.
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3.1 Introduction
Mangroves are rapidly declining worldwide, with the largest total loss (1900
million hectares) occurring in Asia from 1980 to 2005 (Duke et al., 2007; FAO,
2007). Once destroyed, restoration of mangroves along the coast is difficult
(Alongi, 2002; Erftemeijer and Lewis III, 2000) unless conditions are favourable
(Field, 1999; Lugo, 1999). Similar problems in restoration have been reported for
other coastal vegetation such as salt marshes (e.g. (Wolters et al., 2005) and
seagrass beds (e.g. van Katwijk et al., 2009). The latter implies that there can be
thresholds for seedling establishment on bare tidal flats that must be surpassed for
successful colonisation. If these thresholds are related to disturbance varying in
space and time, seedling establishment requires windows of opportunity where
disturbance is low or absent (Proisy et al., 2009; Romme et al., 1998). There is a
general lack of mechanistic understanding of processes that cause thresholds to
seedling establishment of coastal pioneer vegetation (Bouma et al., 2009b; Friess
et al., 2012). Generating a mechanistic understanding of the thresholds that limit
colonisation of bare tidal flats by mangroves is a key to identifying boundary
conditions that offer the ‘Window of Opportunity’ for mangrove establishment. This
is of critical importance for mangrove management, e.g. as a decision tool to
determine where proactive versus passive restoration should be attempted.
Avicennia is the most widespread genus of mangrove pioneer trees,
colonising bare tidal flats of tropical regions around the world (see Osborne and
Berjak, 1997 for A. marina in Africa; Lee et al., 1996; Panapitukkul et al., 1998 for
A. alba in SE Asia; Marchand et al., 2004; Proisy et al., 2009 for A. germinans in
South America; Clarke, 1993 for A. marina in Australia). When conditions are
favourable, instantaneous colonisation of tens of hectares by Avicennia can take
place in a few days as reported for migrating mud banks in South America (Proisy
et al., 2009). Avicennia seedlings are well adapted to the harsh intertidal
environment where flooding and anoxic soils limit plant growth (Clarke, 1993;
Osborne and Berjak, 1997), and these species produce relatively large numbers of
cryptoviviparous propagules (i.e. only partly germinating while still on the tree) that
are distributed by the tide (Panapitukkul et al., 1998) and establish rapidly after
stranding (Osborne and Berjak, 1997). Although the embryo is always
developmentally active, recalcitrancy (hence, moisture) is likely to control
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germination after release (Le Tam et al., 2004; Osborne and Berjak, 1997). Up to 6
additional root primordia remain suppressed during the first stranding, enabling
Avicennia propagules to anchor in a second or third stranding (Osborne and
Berjak, 1997). Earlier studies on mangrove establishment mostly focused on
phenology of the parent tree, buoyancy times of propagules or survival of seedlings
in the sapling stage that were already successfully established (Krauss et al., 2008;
Di Nitto et al., 2008). Thampanya et al., (2002a) demonstrated indirectly that
colonisers such as Avicennia alba and Sonneratia alba have greater survival rates
at exposed sites with high hydrodynamic energy than Rhizophora sp. However, still
little is known about how hydrodynamic and geomorphological processes may
hamper the initial establishment of stranded Avicennia propagules.
In this study we quantify the thresholds to initial seedling establishment by
a combination of flume experiments and field measurements. For different
developmental phases of the very young seedling, we determined which factor was
most critical for survival and how this factor changed with root development.

3.2 Materials and Methods
Seedling growth conditions
Propagules of Avicennia alba were collected from Singapore mangroves
and brought to the Netherlands within 48 h in a moist container. They were
cultivated immediately in a climate room, which was held at 30°C and provided an
−1
−2 −1
average of 12 h d of 550 μmol m s photosynthetically active radiation (PAR),
on arrival. The experiment was completed 13 d after receipt and immediate
planting. Propagules were laid on top of marine sand in individual PVC pipes with
dimensions of 150 mm height and 120 mm diameter, which had open bottoms and
were lined with polyethylene bags. The sand was kept waterlogged throughout the
experiment. This setup simulated natural stranding on the tidal flat, free from tidal
inundation. The pot design allowed us to measure in a flume both the
hydrodynamic stress and sediment disturbance that seedlings could withstand
before getting dislodged (see next section for details). Seedcoats were already
shed at the time of planting, and any root primordia were < 5 mm in length. For
simplification, hereafter all propagules showing their first roots are called seedlings.
From Days 5 to 13 after planting, 10 pots were randomly selected each day and
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subjected to the flume experiment. Root growth was measured after the flume
experiments.
Flume experiments on seedling dislodgment
The flume consisted of a 17.5 m long and 0.6 m wide oval racetrack that
could produce currents and waves (Bouma et al., 2009b). A double bottom in the
test section allowed the cut PVC pipes filled with sediment to be inserted flush with
the flume bed, leaving only the seedling exposed (Fig. 3.1). No significant scouring
was observed. Flume water depth was maintained at 32 cm. A constant current of
−1

3.5 cm s

was applied with a conveyor belt, and wave energy was varied by

adjusting the wave paddle. Maximum bed shear stress was calculated from
pressure sensor (GE Druck PTX1830) measurements, as a measure for the
hydrodynamic forcing on the seedling at the bottom of the flume. The experimental
conditions allowed us to apply Jonsson’s (1966) formula to calculate maximum bed
shear stress due to waves. Additional bed shear stresses due to the slow current in
the flume were quantified by calculating the apparent roughness height for the
flume bottom for waves propagating in the same direction as the current (van Rijn,
1993). Time-averaged total bed shear stress was subsequently calculated by
adding both components. A reduction factor for the current induced bed shear
stress due to the presence of the waves was applied (van Rijn, 2008). Maximum
bed shear stress of waves and current have been derived by adding the total timeaveraged bed shear stress and maximum shear stress under waves, as both have
the same direction (Soulsby, 1997) (equations in digital Appendix 3.1).
Three different tests were carried out in the flume. (1) The pots were slowly
submerged to test whether the seedlings would float up. (2) If the seedlings stayed
−2
in place, bed shear stress was increased from 0.17 to 0.52 N m in a maximum of
13 increments with each increment lasting approximately 2 min. (3) For seedlings
−2
that resisted the maximum bottom shear stress of 0.52 N m in Test 2, we
determined their critical vertical erosion, which was defined as the amount of
sediment that needed to be removed from around a seedling in order to dislodge it.
The critical erosion at dislodgement was determined by raising the sediment
incrementally by placing PVC discs of 3 mm thickness underneath the pipe.
Sediment at the top of the PVC pipe was gently removed by hand to keep the
sediment level flush with the flume bottom. After each step-wise sediment removal,
−2
seedlings were exposed to a maximum bed shear stress of 0.27 N m (i.e. wave
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height of 6 cm). This protocol was repeated until dislodgement occurred. After
dislodgement, root length of the longest, last dislodged root was measured. We
observed no root snapping during this experiment that would confound root length
measurements.

Fig. 3.1: Flume setup showing (bronze-coloured area) pots made of PVC pipe that were
filled with marine sand, contained the planted propagules/seedlings and lowered to the
second bottom of the flume so that the top of the sand was flush with the level of the flume
bed. Erosion was mimicked by inserting discs from underneath to lift the ‘sediment core’
inside the PVC pipe, thereafter excess sediment was removed from around the seedling

Seedling dislodgement with drag scale
To corroborate the flume experiments, we conducted field measurements
to determine both the minimum root length that could be observed on established
seedlings in the field and the forces needed to remove recently anchored seedlings
from the mudflat. Avicennia propagules/seedlings were randomly selected within
survey quadrats at 3 contrasting locations (along inundation gradient) in the
Mandai mangrove forest in Singapore. A spring scale with 20% tare error and 1 g
reading error (Pesola Medio-Line 40300 with drag pointer) was clipped to the top of
each propagule/seedling and carefully pulled upward until dislodgement, and the
force needed to dislodge the seedlings was read directly from the scale. If the
propagule/seedling was not anchored yet, i.e. there was no root penetration into
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the substrate, no value was recorded. The frictional force of the attached drag
pointer (40 g; 0.4 N, see www.pesola.com) was accounted for in the analysis. The
weight of the seedling (1 to 3 g ~0.01 to 0.03 N) was deducted from the pulling
force. Maximum root length was measured for all dislodged seedlings.
As we did not find seedlings with root lengths below 2.5 cm, we planted
small propagules in pots with waterlogged mangrove mud. After 2 to 3 d of
establishment, the same pulling test was carried out on these small seedlings.
Snapping of roots did not occur due to the soft substrate and the short roots.

3.3 Results
Seedling root growth
The first root primordia were visible 2 d after simulated stranding, and on
the third day the maximum root length was 1 cm. At least 75% of all propagules
had developed visible roots by Day 4. On Day 6, the first seedlings were found to
be erect due to extension of the hypocotyl. On Day 8, 24.5% of all seedlings had
expanded cotyledons. Root length increased linearly from Days 5 to 13 after
planting (Fig. 3.2). Seedlings developed 1 to 5 roots over the course of the
experiments.
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Fig. 3.2: Maximum root length (Rmax; cm) as a function of time since stranding of the
propagule (T; d). Root growth was measured on a maximum of 10 harvested seedlings per
day (N = 76, nongerminated propagules were excluded). The maximum root length could be
2
characterized by the linear regression: Rmax = 0.75 × T − 1.62 (R = 0.49)

Flume experiments on seedling dislodgement
On average, a minimum root length of 2 cm was required to prevent the
buoyant propagule from floating up when inundated, without hydrodynamic force
from waves or currents (Fig. 3.3). Until the last day (Day 13), seedlings showed
buoyancy after dislodgment. Seedlings with a maximum root length between 2 and
4 cm were sensitive to dislodgement due to wave action. The bed shear stress that
caused seedling dislodgment was linearly related to the length of the longest root
of the seedling (Fig. 3.3). Above a maximum root length of 4 cm (Fig. 3), seedlings
could no longer be dislodged by the maximum bottom shear stress that we could
impose in the flume, which was determined by water height and wave paddle
design. In our study, this root length was reached on average after 8 d (Fig. 3.2).
Critical erosion at dislodgement was linearly correlated with maximum root length
(Fig. 3.4); 4 cm of the longest root needed to remain below ground in order to keep
the seedling in place.

46

−2

Fig. 3.3: The hydrodynamic force expressed as bed shear stress (τb; N m ) that can be
resisted before seedlings (fixed seedlings: N = 28, dislodged seedlings: N = 42) with
maximum root length (Rmax, cm) were dislodged. Seedlings with ≤ 2 cm roots would float
up when flooded, even in the absence of any waves or current. The bed shear stress
experienced by seedlings at the flume bottom at the moment of dislodgment increased
2
linearly with maximum root length: τb = 0.1071 × Rmax − 0.0113 (R = 0.75). Once the
maximum root length exceeded 4 cm, all seedlings were stable and could resist the highest
level of bed shear stress applied in the flume

Fig. 3.4: The critical vertical erosion (Ecrit; cm) that needs to be surpassed to dislodge
seedlings (N = 15) of different root lengths (Rmax; cm). For a constant bed shear stress of
−2

0.27 N m , the maximum root length is linearly correlated with the critical vertical erosion
2
that was mimicked in the flume: Ecrit = 0.93 × Rmax + 3.79 (R = 0.79)
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Seedling dislodgement with drag scale
Based on the flume results, which demonstrated the important role that
roots have in seedling survival (Figs. 3.3 & 3.4), we measured the minimal root
length that can be observed on established seedlings in the field and how root
length affects the (vertical) force seedlings can resist before uprooting. All naturally
established seedlings were found to have at least 1 root with a length greater than
2.5 cm (Fig. 3.5). For both experimentally planted and in situ seedlings, the force
needed to vertically pull a seedling (root anchorage plus seedling weight) out of the
soil increased exponentially with maximum root length (Fig. 3.5). Thus, the length
of the longest root proved to be a good proxy for anchorage strength, both in the
flume (Figs. 3.3 & 3.4) and in the drag scale experiment (Fig. 3.5). A small increase
in root length leads to a large increase in stability during the earliest seedling stage
(i.e. root < 5 cm). The exponential increase of the drag scale field data compared
with the linear relationship obtained in the flume might be explained by increased
soil compaction with depth for the deeper rooting seedlings in the field and
presence of fine roots for seedlings with approximately > 5 cm maximum root
length. Resolving this requires further studies in the future.

Fig. 3.5: The critical vertical drag force needed for seedling (field: N = 26, planted: N = 24)
dislodgement (Fcrit; N) is correlated exponentially to the maximum root length (Rmax; cm): Fcrit
0.3196(Rmax)
2
= 0.2877e
(R = 0.73). Error bars represent the tare error of 20% of the spring
scale. Especially for small seedlings with maximum root lengths of < 5 cm, a small increase
in root length is important to enhance anchorage. As there were no field seedlings with a
maximum root length ≤ 3 cm, we planted seedlings in pots filled with mangrove mud
(‘experiment’)
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3.4 Discussion
Thresholds to early seedling establishment and windows of opportunity
Despite the growing concern for global mangrove loss and the interest in
mangrove dynamics and establishment (Krauss et al., 2008), similar to those for
salt marshes and seagrass beds (Bouma et al., 2009b), a general understanding of
the mechanistic processes underlying the apparent thresholds to early
establishment of pioneer species is lacking (Di Nitto et al., 2008). To our
knowledge the present study is the first to provide a mechanistic insight on how
disturbance by hydrodynamic forces and associated sediment dynamics defines
thresholds to Avicennia colonisation on a tidal flat. Based on our results, we
distinguish 3 thresholds during seedling establishment (Fig. 3.6). First, anchorage
of A. alba propagules requires a minimum period during which it is free from
inundation after stranding. Second, root growth has to surpass a minimum length to
withstand disturbance of hydrodynamic forces by waves and currents imposed on
the seedlings. Third, root length needs to be sufficient to resist disturbances from
removal of sediment around the seedling, which can be caused by sediment mixing
and/or sheet erosion (Fig. 3.6). The latter is important for bare mudflat colonisation,
as previous research has demonstrated that physical mixing of the upper sediment
layer on mudflats is substantial and the mixing depth decreases in a landward
direction (e.g. 4 to 30 cm over a 100 d period for a Brazilian mangrove, (Smoak
and Patchineelam, 1999)). Less disturbance can be expected inside the forest due
to root structures attenuating hydrodynamic energy. By using non-cohesive
sediments in the flume we show that exceeding the critical bed shear stress for
sediment movement (cf. Soulsby, 1997) without dislodging the propagule is
possible, hence supporting the existence of the third threshold in which the
seedling gets excavated. Although the mechanisms of early seedling establishment
will likely be generally valid, the actual threshold values may also vary depending
on local conditions. For example, root extension rate (Fig. 3.2) can be expected to
vary with abiotic conditions such as salinity and temperature (Krauss et al., 2008).
The minimal root length needed to withstand floating immediately following
stranding, and subsequently to withstand hydrodynamic drag forces (which was in
our case 4 cm), will be variable depending on factors such as sediment
composition and the local wave climate. For example, breaking waves at lower
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water levels may impose higher forces in the field with longer durations of exposure
than we mimicked in the flume. In that case, longer roots would be needed to
anchor the seedling. However, cohesive muddy sediments may give more support
to the roots than the loose sand used in present experiments, in which case shorter
roots could be sufficient.

Fig. 3.6: Schematic representation of the 3 thresholds that need to be reached during
establishment of an Avicennia seedling. Magnitude of disturbance increases from left to
right. After the seed coat is shed the propagule starts to put out its roots to anchor in the
sediment. (1) The propagule first has to acquire a minimum root length during an inundationfree period to resist against floating up during tidal inundation. (2) Thereafter, roots need to
be long enough to resist forces by wave and currents. (3) After the roots penetrate several
centimetres into the sediment, only mixing or erosion of the upper sediment layer can still
lead to dislodgement

Being amongst the most successful mangrove colonisers, Avicennia
appears to be well adapted to establish on dynamic bare mudflats. That is,
Avicennia is able to anchor rapidly, resist hydrodynamic forces from waves and
currents within a few days, and then resist sediment movements of the upper
sediment layer. The presence of thresholds (i.e. a seedling either has sufficient
time to anchor or is dislodged), provides an explanation for observations of

50

colonisation of mudflats by Avicennia cohorts (e.g. Proisy et al., 2009), which
presumably occurs whenever windows of opportunity open up and propagules are
available. Such conditions could occur at neap tides during the fruiting season.
Mass establishment of Avicennia may be reflected in even-aged stands of
Avicennia on the tidal flat. The mudflat remains bare in front of more mature
mangrove stands where thresholds can not be surpassed. The experiments
underline the importance of coastal hydrodynamics and resulting sediment
dynamics in mangrove regeneration and colonisation processes (Fromard et al.,
2004). Concurrence of windows of opportunity (e.g. depending on tides and
weather) and propagule availability (i.e. fruiting seasons) are likely to be important
for colonisation success and ecosystem stability.
Implications for application
The demonstration of thresholds for mangrove seedling establishment
implies that gradual change of the drivers (hydrodynamics, sediment dynamics)
may cause an abrupt shift in the success of mangrove seedling establishment.
Anthropogenic processes that change these drivers (e.g. coastal infrastructure
works or increased boat traffic) could affect the boundary conditions for seedling
establishment on a mudflat. The present study indicates that the threshold
dynamics should be considered when impacts of anthropogenic influences or
global change processes are assessed.
Where active reforestation is likely to be limited by disturbance, e.g. in
fringing mangroves, consideration of the threshold dynamics can help to increase
restoration success. A site is only suitable if (1) the inundation frequency is within
acceptable physiological limits for each species (Lewis III, 2005), (2) the phase of
the tidal cycle regularly allows propagules to strand and anchor during windows of
opportunity, and (3) the sediment is firm enough to minimize mixing and erosion.
As emphasized by Lewis (2005), planting mangroves on any convenient bare
mudflat is not wise, as ‘there is a reason why mangroves are not already there (...)
find out why’. The mechanistic approach we used to identify threshold dynamics for
seedling establishment offers an important tool in this process.
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Summary
Vegetated biogeomorphic systems (e.g. mangroves, salt marshes, dunes,
riparian vegetation) have been intensively studied for the impact of the biota on
sediment transport processes and the resulting self-organization of such
landscapes. However, there is a lack of understanding of physical disturbance
mechanisms that limit primary colonisation in active sedimentary environments.
This study elucidates the effect of sediment disturbance during the
seedling stage of pioneer vegetation, using mangroves as a model system. We
performed mesocosm experiments that mimicked sediment disturbance as (i)
accretion/burial of plants and (ii) erosion/excavation of plants of different
magnitudes and temporal distribution in combination with water movement and
inundation stress.
Cumulative sediment disturbance reduced seedling survival, with the
faster-growing Avicennia alba showing less mortality than the slower-growing
Sonneratia alba. The presence of the additional stressors (inundation and water
movement) predominantly reduced the survival of S. alba.
Non-lethal accretion treatments increased shoot biomass of the seedlings,
whereas non-lethal erosion treatments increased root biomass allocation. This
morphological plasticity in combination with the abiotic disturbance history
determined how much maximum erosion the seedlings were able to withstand.
Seedling survival in dynamic sedimentary environments is determined by
the frequency and magnitude of sediment accretion or erosion events, with nonlethal events causing feedbacks to seedling stability. Managers attempting
restoration of mangroves, salt marshes, dunes and riparian vegetation should
recognize sediment dynamics as a main bottleneck to primary colonisation. The
temporal distribution of erosion and accretion events has to be evaluated against
the ability of the seedlings to outgrow or adjust to disturbances. Our results suggest
that selecting fast-growing pioneer species and measures to enhance seedling
growth or temporary reduction in sediment dynamics at the restoration site can aid
restoration success for vegetated biogeomorphic ecosystems.
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4.1 Introduction
Biogeomorphology, the linkage between geomorphology and ecology, has
a strong focus on the impact of vegetation cover on landscape evolution and decay
(Phillips, 2006; Stallins, 2006; Thornes, 1985). In the framework of ecosystem
engineering, vegetation cover in biogeomorphic systems produces positive
feedbacks to the ﬁtness of the engineering species itself and potentially also to
other (associated) organisms (Corenblit et al., 2007a; Hastings et al., 2007; Jones
et al., 1994). These positive feedbacks (e.g. sediment trapping) result in selforganized biogeomorphic landscapes (Phillips, 1995) such as tidal marshes
(Fagherazzi, 2008; Temmerman et al., 2007), river ﬂoodplains (Tal and Paola,
2007) or dunes (Baas, 2002). However, plants only change sediment transport to
their own favour after they surpass a critical biomass density to interact with the
physical processes (Bouma et al., 2009a). Because during primary colonisation
vegetation density is too low to initiate positive feedbacks, the geomorphic
processes exert a one-directional control (i.e. physics on biota) on the
establishment of new seedlings (Corenblit et al., 2007b).
The predominant active sedimentary environments that are vegetated by
vascular plants (grasses, herbs, shrubs and trees) are mainly characterized by
estuarine/coastal (mangrove, tidal marsh), ﬂuvial (ﬂood plain, braided river) or
aeolian (dune, nebkha) sediment transport processes. Sediment transport typically
results in events of accretion and erosion of small to large magnitude (i.e. periods
of high sediment availability or high physical forces), which interrupts more or less
stationary periods without signiﬁcant surface elevation change (e.g. see Deloffre et
al. 2006 for tidal ﬂats). Hence, clastic sediments in unvegetated areas of
biogeomorphic systems get reworked in an irregular temporal pattern, depending
on external forcing. High frequency observations of such sediment mixing are
scarce and often only the integrated maximum sediment mixing depth is known.
For example, sediment mixing on a tidal ﬂat in front of a mangrove can occur down
to depths of 30 cm (Smoak and Patchineelam, 1999).
Establishment of seedlings in dynamic biogeomorphic systems is a critical
phase in vegetation succession (Corenblit et al., 2007b; Friess et al., 2012).
Seedlings make use of short disturbance-free periods to rapidly anchor and gain
stability against subsequent disturbances, as shown for mangrove pioneers
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(‘windows of opportunity’; Chapter 3), and riparian systems (temporal ‘recruitment
box’; Mahoney and Rood, 1998; Nilsson et al., 2010). After this initial anchorage,
remobilization of the sediment can affect seedling survival by (i) surface erosion
and gradual excavation of the seedling until uprooted (Chapter 3) and (ii) sediment
accretion, which can bury and suffocate the seedling (Thampanya et al., 2002b). A
subsequent series of short-term mixing events can also develop into a trend of net
deposition or net erosion, which may affect mature vegetation. Depending on the
force of the ﬂuid motion and the physical structure of the seedling (i.e. the frontal
area), selfscouring can increase the eroded volume and the chance of failure
(Bouma et al., 2009b).
Although the effects of many abiotic factors on seedling establishment
have been well studied (e.g. Krauss et al., 2008), the effect of physical disturbance
originating from sediment dynamics is still poorly understood, even though it has
been suggested to form a main bottleneck for the establishment of biogeomorphic
ecosystems (Corenblit et al., 2007b; Friess et al., 2012). This lack of knowledge
might explain why the restoration of biogeomorphic habitats is often problematic
(e.g. mangroves, Ellison, 2000; Lewis III, 2005; salt marshes, Hughes and
Paramor, 2004; dunes, Webb et al., 2000).
This study focuses on the establishment of mangrove pioneer species,
which are able to colonise dynamic tidal ﬂats and therefore represent a suitable
model system to ﬁll the knowledge gap about physical disturbance as bottlenecks
to seedling survival (Ellison, 2000; Friess et al., 2012). Due to their high
disappearance rate world-wide, the conservation and restoration of mangroves is a
critical need for coastal management (Duke et al., 2007). We question how
sediment dynamics (frequency and magnitude of accretion and erosion events)
affect seedling survival and performance for two mangrove pioneer species: the
fast-growing Avicennia alba and the slower-growing Sonneratia alba. Using
mesocosms with realistic inundation treatments and wave-induced water
movement (Fig. 4.1a,b), we addressed the following questions: (i) what is the effect
of cumulative small magnitude accretion and erosion events on seedling survival
and morphology (Fig. 4.1c, left) and (ii) how do previous disturbance events affect
the maximal erosion event that an individual seedling can withstand (Fig. 4.1c,
right). This study elucidates the effects of sediment disturbance as the principal
bottleneck to vegetation establishment in an active sedimentary environment,
which has direct implications for restoration practice.
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Fig. 4.1: Photographs of (a) the mesocosms and (b) the experimental pots with Avicennia
alba seedlings. (c) Depiction of the cumulative erosion and sediment accretion treatments,
and design of critical erosion test.

4.2 Materials and Methods
Mesocosm setup
Nine ﬁbreglass tanks with inner dimensions of 3 x 1 x 1 m were housed
outdoors at the National University of Singapore (Fig. 4.1a). Each experimental
tank was elevated above a second tank that served as a reservoir connected by a
-1

pump (Eheim 1260 universal pump, 2400 L h ; EHEIM GmbH & Co. KG, Deizisau,
Germany). Tanks were ﬁlled with a mixture of sea- and freshwater giving a salinity
of 10 to match the salinity of the naturally collected experimental mangrove mud
(see below). A timer on the pump was used to automatically ﬁll and drain the
experimental tanks, while switching off the pump resulted in complete drainage of
the upper tank through the pump back into the reservoir. An overﬂow at a height of
80 cm inside the experimental tank maintained the water depth when ﬁlled.
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Three experimental tanks were equipped with pneumatic wave paddles for
constant water movement; they were powered by an air compressor and
programmed with valve time switches to run during inundation only (cf. La Naﬁe et
al. 2012). The wave paddles extended 100 cm into the middle of the tank with a
stroke of 40 cm and a frequency of 0.5 Hz. Mean orbital velocities were measured
with a laboratory Acoustic Doppler Velocimeter (Nortek Vectrino ADV; Nortek AS,
-1
Rud, Norway) at three central positions at 30 cm water depth: 4.3 cm s at 20 cm,
-1

-1

3.2 cm s at 100 cm and 1.7 cm s at 180 cm distance from the maximum wave
paddle extension.
Materials and experimental design
Fresh Avicennia alba (Avicenniaceae, A. alba Blume) propagules and
Sonneratia alba (Sonneratiaceae, S. alba J. Smith) fruits were collected from the
sediment surface at the Mandai mangrove in Singapore (1°26′22 N, 103°45′51 E).
Avicennia propagules that had just shed or still had the seed coat were considered
fresh. Whole, intact Sonneratia fruits were collected, which had softened and
hence were to soon release the seeds. Avicennia propagules were randomly
assigned to experimental treatments, sown in pots ﬁlled with mangrove mud and
watered with freshwater for 10 days to allow for seedling anchoring (Chapter 3)
inside the mesocosm. For Sonneratia, seeds were removed from the fruits,
germinated in mangrove mud outside the mesocosms and watered with freshwater
for 7 days, after which time the germinated seeds were transferred to randomly
assigned pots inside the mesocosm and allowed to adjust for three more days
before starting the experiments.
Experimental pots were PVC pipes cut to 30 cm length and with a 20 cm
diameter, lined with plastic bags, and ﬁlled with mud collected from the top 10 cm
of a mud ﬂat in front of a mangrove near Lim Chu Kang in northwest Singapore
(1°26′52 N, 103°42′35 E). Salinity of the mud was monitored over the course of the
experiments (PCSTestr35, Eutech Instruments Pte Ltd, Singapore), and remained
between 9 and 10; organic matter of the mud was below 4% as determined by loss
-3
on ignition. Dry bulk density of the mud was 1.3 g cm . Redox potential in the pots
(Eh) at 15 cm depth was between -100 and -300 mV over the course of the
experiments (Platinum electrode according to Mansfeldt), whereas soil pore water
pH was on average 6.8.
Mesocosm experiments lasting for 53 days were carried out for Avicennia
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in December 2010–January 2011 and for Sonneratia in March–April 2011.
Temperatures and daylight hours in Singapore are fairly constant throughout the
year, and the mesocosms were covered by a clear roof to prevent rain from diluting
the saltwater and minimize shading, so that any seasonality effects were
minimized. In both experiments, the nine mesocosms were divided into three
-1

groups with different inundation treatments: (i) short inundation of 5 h day , semi-1
diurnal (ii) long inundation of 10 h day , semi-diurnal and (iii) long inundation of 10
-1

h day with continuous water movement by wave paddles (see van Loon et al.,
2007 for typical inundation duration in mangroves).
To mimic sediment erosion or accretion, sediment was added or removed
from the PVC pots (Fig. 4.1c). Erosion was mimicked by placing discs underneath
the plastic bag and pushing the sediment above the rim of the pipe. Excess
sediment was then gently scraped away from the top without harming the plant.
Sediment accretion was mimicked by removing discs that were placed at the start
of the experiment from underneath the plastic bag, so that the sediment bag would
sink into the pipe and mud was added to level it with the rim (Fig. 4.1c).
Erosion and accretion treatments were applied on days 23, 33 and 43 of
the experiments. Avicennia treatment groups were 2 cm (erosion and accretion), 1
cm (erosion and accretion), or 0 cm (control). For Sonneratia experiments,
treatment groups were 1 cm (erosion and accretion) or 0 cm (control) treatments,
because seedlings were expected to grow slower than Avicennia. In total, 270
Avicennia seedlings (18 replicates, ﬁve sediment treatments, three inundation
treatments) and 162 Sonneratia seedlings (18 replicates, three sediment
treatments, three inundation treatments) were used. All seedlings for each
sediment treatment were equally distributed across three mesocosms. The
seedlings were monitored throughout the experiment for survival and height every
3rd day.
At day 53, all surviving seedlings were subjected to a ﬁnal erosion
treatment to determine the critical erosion depth, deﬁned as the depth of erosion at
which the seedlings toppled under a pre-determined lateral force. This ﬁnal erosion
treatment was used to mimic storm events that rapidly erode layers of sediment by
wave action. To determine the appropriate lateral force, we used a wave ﬂume to
measure the drag forces experienced by seedlings of 5–25 cm under typical
waves. Twelve seedlings were submerged in 30 cm water, attached at the base to
a force transducer, which measured the drag exerted on the seedlings (see digital
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Appendix 4.1). Each seedling was exposed to an 8 cm high regular wave (i.e. the
maximum wave height before the wave would break in the ﬂume at this water
depth). Measured drag forces were translated into the weight
needed to be attached to seedlings of different lengths (Fig. 4.1c), to mimic natural
drag: length <5 cm = 15 g, 5–15 cm = 20 g, 15–25 cm = 25 g, >25 cm = 30 g) (see
digital Appendix 4.1).
The critical erosion depth represented the disturbance magnitude needed
in addition to the previous cumulative sediment treatments to achieve 100% failure.
This was measured by imposing a 1 cm incremental erosion treatment, following
the protocol above, and pulling the seedling using the deﬁned weight attached by
clips at 25% and 75% of the seedling’s height (Fig. 4.1c). The critical erosion depth
was therefore the number of discs needed until the seedling toppled under lateral
force. Toppled seedlings were removed with the sediment and cleaned, so that
length and diameter of roots and shoots could be recorded next to fresh weight.
Finally, seedlings were oven-dried at 80 °C for 48 h, or until constant weight was
reached, and weighed to determine dry biomass.
Statistical Analysis
Survival was analysed for toppling and death hazard separately with the
Kaplan–Meier method applying the Mantel–Cox log-rank for treatment comparison
(SPSS 17.0; SPSS Inc., Chicago, IL, USA). Growth rates of shoot height for each
3-day interval were calculated (GRH = (H2-H1)/(t2-t1)), with H1 and H2 being the stem
height (in cm) on day (d) t1 and t2 in time. Two-way and three-way ANOVAs were
performed for analysis of morphological data, that is, comparing root with shoot
weight at harvest among the treatment groups and species for all surviving
seedlings. A two-way ANOVA was performed for shoot height at harvest of all
surviving seedlings to determine treatment effects on shoot growth within each
species.
ANOVA analysis was carried out for the critical erosion threshold,
represented by the thickness of the eroded sediment layer to cause toppling at day
53. The amount of seedlings that could be used for critical erosion depth and
morphology analysis after harvest was unbalanced because of mortality during the
experiment due to the sediment treatments (see Fig 4.2 for survival). Therefore, the
ANOVA analysis only gave an indication of signiﬁcant differences when comparing
survived plants at harvest for morphology and critical erosion thresholds.
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4.3 Results
Effects of cumulative accretion/erosion treatments
-1
For both Avicennia and Sonneratia, short inundation (5 h day ) without
sediment treatments resulted in 100% survival throughout the experiments (Fig.
4.2). In the absence of sediment treatments (i.e. sediment control), longer
inundation signiﬁcantly increased mortality of Sonneratia but had no effect on
Avicennia (see Table 4.1). Sediment treatments caused a signiﬁcant difference in
survival (Kaplan–Meier Mantel Cox, Avicennia: P < 0.2, Sonneratia: P < 0.05) and
toppling (Kaplan–Meier Mantel Cox, both species P < 0.001) within the short
inundation treatment for both species. Constant water movement by wave paddles
within the long inundation treatment increased mortality and toppling for Sonneratia
only (Kaplan–Meier Mantel Cox, P < 0.001 and P < 0.05, respectively). A
cumulative erosion of 3 x 1 cm throughout the experiments caused signiﬁcantly
greater toppling hazards for Sonneratia than for Avicennia (Kaplan–Meier Mantel–
Cox, P < 0.001), as well as a higher mortality (Kaplan–Meier Mantel–Cox, P <
0.001).
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Fig. 4.2: Percentage survival, toppled but alive and death of seedlings of the mangrove
pioneer species Avicennia alba (top) and Sonneratia alba (bottom). The vertical lines
indicate the moments when cumulative erosion/accretion treatments were applied during the
53 days mesocosm experiments. Inundation treatments in hours per day and water
-1
movement treatments by wave paddles (only for 10 h day ) are indicated on the right side of
the ﬁgures.
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Table 4.1. Results of Kaplan–Meier Mantel–Cox log-rank test on survival and
toppling of seedlings during the course of the mesocosm experiment. For both
species, differences between groups of each variable (inundation treatment and
sediment treatment) were tested at the control level of the other variable (5 h day
inundation treatment and control sediment treatment)

Species

Avicennia

Variable

hydro treatment

Log-rank of survival

Log-rank of toppling

χ2

Sig.

χ2

d.f.

d.f.

-1

Sig.

2.09

2

0.35

2.00

2

0.368

7.24

4

0.12

105.41

4

0.000

8.22

2

0.02

6.04

2

0.049

6.80

2

0.03

43.58

2

0.000

(at control sediment
treatment)
sediment treatment
(at hydro treatment =5 h d-1)
Sonneratia

hydro treatment
(at control sediment
treatment)
sediment treatment
-1

(at hydro treatment = 5 h d )

Growth rates of Avicennia decreased over time but were initially higher
than the more constant growth rates of Sonneratia (Fig. 4.3a). Shoot height at
harvest of Avicennia was not signiﬁcantly different between inundation treatments,
but sediment treatment effects were signiﬁcant at the P < 0.05 level (Table 4.2).
Inundation treatments as well as sediment treatments signiﬁcantly inﬂuenced the
ﬁnal shoot height of Sonneratia (Table 4.2), where long inundation reduced shoot
height but accretion increased shoot height. Differences in root : shoot ratio of
biomass (Fig. 4.3b) of Avicennia and Sonneratia were signiﬁcantly different
between sediment treatment groups (ANOVA, P < 0.001 and ANOVA P < 0.02,
respectively) but not between inundation treatments. Burial decreased biomass
allocation to below-ground tissues, whereas erosion increased root biomass
relative to the shoot in both species (Fig. 4.3b).
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a)

b)

-1

Fig. 4.3: (a) Growth rates (cm day ) of Avicennia alba and Sonneratia alba seedlings
exposed to three hydro treatments over 53 days. Error bars indicate 95% conﬁdence
intervals. N varied according to survival (see Fig. 4.2).
(b) Root : shoot biomass ratio at harvest (day 53) for all surviving A. alba and S. alba
seedlings of each cumulative sediment treatment group. Inundation treatments are pooled.
Error bars indicate 95% conﬁdence intervals, N is variable according to survival (see Fig.
4.2).
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Table 4.2. Two-way ANOVA with between-subjects effects for shoot height of the
survived harvested seedlings of Avicennia alba and Sonneratia alba (including
toppled seedlings)

Avicennia
Corrected Model
Intercept

Type III SS

d.f.

MS

F

Sig.

414,51

14.00

29.61

1.81

.039

41989.68

1.00

41989.68

2566.22

.000

163.26

4.00

40.82

2.49

.044

50.60

2.00

25.30

1.55

.215

217.81

8.00

27.23

1.66

.109

3517.93

215.00

16.36

43,67

8.00

5.46

10.64

.000

1249.08

1.00

1249.08

2433.58

.000

13.10

2.00

6.55

12.76

.000

19.51

2.00

9.75

19.00

.000

0.85

4.00

0.21

0.41

.798

49.27

96.00

0.51

sediment treatment
hydro treatment
sediment treatment * hydro
treatment
Error

Sonneratia
Corrected Model
Intercept
sediment treatment
hydro treatment
sediment treatment * hydro
treatment
Error

65

Final critical erosion threshold in relation to previous cumulative treatments
For both species, the critical erosion depth of the onetime erosion event at
harvest was signiﬁcantly affected by previous sediment treatments (ANOVA, P <
0.001). As inundation treatments did not signiﬁcantly affect the critical erosion
depth, all inundation treatments were pooled for further comparative analysis (Fig.
4.4). The faster-growing Avicennia seedlings (Fig. 4.3a) had on average a critical
erosion threshold >1 cm higher than Sonneratia (Fig. 4.4). Accounting for the
cumulative treatments by adding the previously eroded layers and deducting the
previously accreted layers from the critical erosion threshold (Fig. 4.4), this net
erosion showed the opposite trend as the critical erosion depth at harvest.
Cumulative accretion increased critical erosion compared with cumulative erosion
treatments and control, but reduced the net erosion for both species. Cumulative
erosion reduced critical erosion at harvest compared with the control and accretion
treatment, but increased net erosion.

Fig. 4.4: Critical erosion depth at harvest (black lines) determined by the ﬁnal erosion
treatment with a deﬁned drag force. Previous cumulative accretion (positive values on xaxes) increased critical erosion depth, whereas previous erosion decreased critical erosion
depth. Net erosion (grey lines) as calculated by cumulative treatment + ﬁnal erosion
treatment shows the effect of morphological adjustment during the experiments. Seedlings
are pooled for all inundation treatments, and error bars represent the 95% conﬁdence
interval, N is variable according to survival (Fig. 4.2).
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4.4 Discussion
Vegetated biogeomorphic systems have been extensively studied for the
interaction of the vegetation cover with geomorphic processes (see e.g. Tal and
Paola, 2007; Temmerman et al., 2007), whereas the establishment of
biogeomorphic systems remains largely understudied. The effect of physical
disturbance on seedling establishment has been suggested as a main bottleneck
for primary colonisation in biogeomorphic systems (Friess et al., 2012; Lovelock et
al., 2010) and hence needs to be understood to improve restoration efforts. Our
results demonstrate how sediment disturbance (i.e. vertical accretion and erosion)
in combination with other environmental stressors (ﬂooding and wave action) affect
the growth, survival and stability of mangrove pioneer plants. Our experiments
reveal that resistance to sediment disturbance at a given moment in time is
determined by the disturbance history and the ability of the seedling to outgrow and
adjust to such disturbances.
Comparing the initially faster-growing Avicennia with slower-growing
Sonneratia (Fig. 4.2) indicates that rapid growth during the seedling stage
enhances the ability to resist sediment disturbance. This ﬁnding is particularly
relevant in locations where disturbance poses a signiﬁcant barrier to establishment
as mimicked in the experiments. Environmental stressors may be expected to
indirectly affect the ability to cope with sediment disturbance when reducing the
growth rates. In our experiments, this could indeed be demonstrated for inundation
stress, which reduced growth and hence survival during the cumulative treatments
for slower-growing Sonneratia, whereas Avicennia could maintain sufﬁcient growth
to survive disturbance. Similarly, constant movement by small waves only caused
higher mortality and toppling during cumulative treatments for the slower-growing
Sonneratia (Fig 4.2). Although both Avicennia and Sonneratia naturally colonise
tidal ﬂats (Tomlinson, 1986), our experiments showed that faster growth increased
survival by outgrowing physical disturbance events. High early growth rates are
generally regarded as beneﬁcial for primary colonisation (Grime, 1977); however,
to our knowledge, this has not yet been linked to survival of sediment disturbance.
The present study focuses on the critical erosion threshold after cumulative
sediment disturbance; however, the critical accretion threshold at harvest was not
measured. Assuming that complete burial of the seedling is needed to cause
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failure, Avicennia seedlings with average shoot heights of 12.5 cm would be able to
resist more burial than Sonneratia with 3.4 cm average shoot height (control
sediment treatments at day 53). This threshold would be lower for previously buried
seedlings and higher for previously eroded seedlings opposite to the critical
erosion threshold (Fig. 4.4). In general, erosion of the same magnitude causes
higher mortality than accretion (Fig. 4.2).
Natural sediment disturbance is not a gradual process but rather a result of
short-term events interrupting longer stationary periods. Each individual
disturbance event alters the critical erosion depth of subsequent events, if the
lethal threshold is not surpassed (Fig. 4.5). Whereas disturbance history inﬂuences
subsequent events in a purely abiotic way, for example, when previously accreted
sediments act as a buffer against erosion, each survived change in bed level also
feeds back to the morphology of the seedling and hence alters the critical erosion
threshold indirectly as shown in our experiments (Fig. 4.5). Whereas there is no
delay of the abiotic disturbance history effects, the biotic feedback to seedling
morphology depends on the growth and plasticity of the seedling and the available
time for adjustment.
Seedlings are able to adjust to repeated small magnitude disturbances
when the magnitude–frequency relationship of the disturbance is in balance with
the growth conditions and species traits. If there is enough time available between
the disturbance events (or plant growth is fast enough), seedlings adjust to burial
by an increase in shoot biomass to avoid smothering and to erosion by an increase
in the root biomass to avoid toppling (Fig. 4.3b). This is evident in the present study
as plants with faster growth due to higher adaptability or reduced stress were able
to withstand higher magnitudes of cumulative disturbance. Decreasing the
frequency of the disturbance with the same magnitude would allow more time for
the plants to adjust and hence is expected to increase survival. Plasticity of
seedlings to environmental conditions is not uncommon but has mainly been
related to other abiotic factors such as light or water availability (Sultan, 2000). In
biogeomorphic systems, sediment accretion has previously only been associated
with an increase in shoot growth to outgrow burial (see e.g. Baas, 2002; Boorman
et al., 2001). Thus, the present study ﬁlls an important gap by demonstrating both
above- and below-ground responses to sediment disturbance, providing a more
holistic understanding of morphological plant adaptation after disturbance including
sediment erosion (Deloffre et al., 2006; Viles et al., 2008).
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Fig. 4.5: Conceptual framework showing the effects of sediment disturbance on seedling
survival and potential restoration applications. Each event of accretion or erosion will feed
back to the morphology of the plant if it is below a lethal threshold and inﬂuence the failure
threshold of subsequent events. This biotic feedback is strongly dependent on the species
traits and the local environmental conditions for growth. Disturbance history affects the
failure threshold also in a pure abiotic way by, for example, building up layers that thereafter
can get eroded again or by ﬁlling up previously eroded sediments during accretion events.
The restoration design can help reducing seedling mortality, for example, by temporarily
reducing the physical disturbance or improving the growth conditions.
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This study highlights the importance of incorporating sediment disturbance
mechanisms into restoration planning and implementation. For example, using fastgrowing (pioneer) species and/or by temporarily ameliorating the restoration site to
improve growth conditions, restoration managers can inﬂuence seedling growth
and the feedback to seedling morphology, improving seedling stability and
maximising survival. In addition, our results and that of a previous study (Chapter
3) suggest that propagule or seed planting should be conducted immediately prior
to, or during, a hydrodynamically and geomorphologically calm period, to minimize
seedling dislodgment and/or toppling. Alternatively, a restoration site could require
temporal protection from physical disturbance (e.g. using biodegradable materials
to stabilise the sediment) to allow seedlings to gain stability in their most vulnerable
phase (Fig. 4.5).
Changes in disturbance characteristics (frequency and magnitude) and
growth conditions (temperature and water availability) due to global change
potentially affect the functioning of vegetated biogeomorphic systems, especially
during the establishment phase. The conceptual framework presented here offers a
tool to predict and analyse settling of vegetation in such active sedimentary
environments and thereby provides fundamental insights that can be used to
improve restoration practice and interpret the effect of changes in disturbance
regimes (Gibling and Davies, 2012). Understanding the importance of physical
processes for seedling establishment in threatened biogeomorphic ecosystems
such as mangroves, salt marshes, dunes and riparian vegetation can prevent
restoration failure and reduce associated costs.
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Chapter 5
Conditional outcome of ecosystem
engineering: a case study on tussocks of
the salt marsh pioneer Spartina anglica
Thorsten Balke, Paul C. Klaassen, Angus Garbutt, Daphne van der Wal, Peter M.J.
Herman, Tjeerd J. Bouma

Published in 2012 as: Geomorphology153-154:232-238.

71

Summary
The salt marsh grass Spartina anglica is an important habitat-modifying
ecosystem engineering agent that facilitates large-scale salt marsh formation by
enhancing sediment accretion. It dominates many European tidal environments
and is invasive in many other parts of the world. We question (1) to what extent the
ecosystem engineering ability of patchy Spartina vegetation depends on largescale abiotic processes, and (2) whether tussock shape provides an indicator for
future lateral salt marsh development. Analysing the topography of 83 individual
tussocks in contrasting environments revealed that there are 6 clearly
distinguishable tussock shapes, and that the classical example of a sedimentaccumulating dome-shaped tussock only occurs under a limited set of abiotic
conditions. The outcome of habitat modiﬁcation by S. anglica is shown to be
conditional, depending on large-scale morphodynamics and sediment grain size.
Resulting tussock shape provides a clear indication for the long-term development
of the pioneer zone. Understanding of the conditional outcome of ecosystem
engineering is highly relevant in this era of climate change and ongoing
anthropogenic inﬂuences on coastal ecosystems.
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5.1 Introduction
Since the introduction by Jones et al. (1994), the concept of ecosystem
engineering has become an important research area which has yielded important
insights in to the structure and functioning of ecosystems (Wright et al., 2006).
Whereas allogenic ecosystem engineers are biotic agents that actively modify their
environment (e.g., dam building beavers), autogenic ecosystem engineers change
their environment via the interaction between their physical structures and the
abiotic environment (Jones et al., 1994) as present in many bio-geomorphic
systems (e.g. salt marshes, dunes, rivers). Clearly, habitat modiﬁcation by
autogenic ecosystem engineering depends both on organism structure and on
prevailing abiotic conditions also described as context dependency (Jones et al.,
2010). Some recent studies elucidate the role of physical characteristics of the
structures for habitat modiﬁcation (e.g. Bouma et al., 2005; Peralta et al., 2008).
However, to our knowledge relatively little work has been done on how the effect of
autogenic ecosystem engineering varies with abiotic forcing (Hastings et al., 2007;
Jones et al., 1997; Wright et al., 2006) although it is mentioned e.g. in the context
of ‘ecohydrology’ for coastal wetlands (Wolanski et al., 2004). Norkko et al. (2006)
do, however, clearly show that ecosystem engineering effects may differ between
sites with contrasting abiotic conditions. We pose the hypothesis that the outcome
of autogenic ecosystem engineering in biogeomorphic systems is dependent on
large-scale abiotic processes, with positive and negative effects on habitat
modiﬁcation.
The tidal salt marsh grass Spartina anglica is a well-described example of
an autogenic ecosystem engineering agent, which can occur under a broad range
of abiotic conditions (Castellanos et al., 1994; Widdows et al., 2008). It is a
dominant species in the dynamic pioneer zone of European salt marshes and can
alter the salt marsh habitat by trapping large amounts of sediment. Spartina was
widely planted for land claim and coastal protection in the 20th century and is
currently regarded as a threatening invasive species in many places (Nehring and
Hesse, 2008). The ecosystem engineering effect of Spartina is most obvious at the
seaward edge of the salt marsh, where Spartina is often described as forming
dome- or hummock- shaped tussocks due to enhanced sediment accretion
(Castellanos et al., 1994; Sánchez et al., 2001; Ward et al., 2003) similar to
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Puccinellia hummocks (Langlois et al., 2003). We aim to elucidate the importance
of abiotic processes as modulator of the outcomes of autogenic ecosystem
engineering, by analysing the topography of Spartina tussocks in contrasting
environments.
We hypothesize that conditional outcome of ecosystem engineering by
Spartina is reﬂected in tussock shape and size, so that tussock shape may be a
useful indicator of the future pioneer zone development in a speciﬁc area. This
hypothesis was studied in a number of ﬁeld sites that were selected for (1) the
presence of separate Spartina tussocks, (2) contrasting sediment grain size, (3) the
availability of high resolution aerial photographs for calculating long-term lateral
tussock change, and (4) data on the long-term morphodynamics of the pioneer
zone. To unravel the conditional ecosystem engineering ability of Spartina
tussocks, their shape and long-term development (characterised by lateral growth
or shrinkage) were correlated with local morphodynamics and grain size.

5.2 Materials and methods
Fieldsites
Fieldwork was carried out at contrasting locations in the Westerschelde
(SW Netherlands) and the Blackwater estuary (SE England). The Westerschelde is
a meso- to macrotidal well-mixed estuary (semi-diurnal tides, mean tidal range 3.7–
5.2 m). The morphology features tidal ﬂats and shoals interrupted by ebb and ﬂood
channels which are heavily inﬂuence by dredging operations (van der Wal et al.,
2008). The Westerschelde is a tide-dominated estuary and the sediment is mainly
of marine origin with the proportion of marine bed sediment relative to ﬂuvial
sediment gradually decreasing from 95% at the mouth of the Westerschelde to
75% towards the Belgian border (Verlaan et al., 1998). Effects of waves are only
expected to be signiﬁcant in shallow areas with a long fetch (Callaghan et al.,
2010; van Kessel et al., 2011). Shoals tend to be sandy, whereas towards the
fringes of the estuary mean current velocities decrease and the mud content
increases (Oenema et al., 1988; van der Wal et al., 2010; van Kessel et al., 2011).
Intertidal areas on shoals and at the fringe of the estuary that have limited
inundation frequencies are covered by salt marsh vegetation. The pioneer
vegetation consists of Salicornia spp. and S. anglica. Callaghan et al. (2010)
−1

showed that current velocities on selected tidal ﬂats were around 14 cm s , both
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for calm and windy weather, and ca. 7–8 cm s− 1 in the salt marsh pioneer zone. In
contrast, signiﬁcant wave heights (Hm0) were on average 8 cm on the tidal ﬂat
during calm weather and 17 cm during windy weather (5 and 11 cm in the pioneer
zone), with differences for sheltered and exposed sites. The mature salt marsh
vegetation can be inundated up to 0.6 m at high tide (Callaghan et al., 2010). A
study by van der Wal et al. (2008) provides more information on salt marsh
dynamics of some of the ﬁeld sites. Seven locations with patchy Spartina
vegetation were chosen, four fringing salt marshes (Hoofdplaat, Paulinapolder,
Zuidgors, Baarland) and three mid-channel tidal ﬂats (Hooge Springer, Plaat van
Walsoorden, Plaat van Baarland) (see Fig. 5.1). In contrast to the ﬁeld sites in the
Westerschelde, the managed realignment site of Tollesbury in the Blackwater
estuary in SE England offered a more sheltered location with ﬁner sediments (Fig.
5.1). In August 1995 a 60 m wide dyke breach connected 21 ha of formerly
embanked agricultural land to the tidal inﬂuence of the estuary (semi-diurnal tidal
range of 4.5 m) (Reading et al., 2008). Since then, the local average accretion rate
was 30 mm/year and S. anglica tussocks established along with colonisation of
Salicornia spp. Elevation and vegetation data are available from monitoring
(Reading et al., 2008).
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Fig. 5.1: Location of ﬁeld sites within the
Blackwater estuary in the UK (a) and the
Westerschelde estuary in the Netherlands
(b). Location (a): the managed realignment
site of Tollesbury at the Blackwater
estuary in England. A 30 m-wide dyke
breach restored 21 ha of former
agricultural land in 1995. Location (b): the
Westerschelde estuary in the Netherlands
with 7 contrasting ﬁeld sites, 3 shoals and
4 fringing salt marshes: 1) Hoofdplaat, 2)
Hooge Springer (shoal), 3) Paulinapolder,
4) Zuidgors, 5) Baarland, 6) Plaat van
Baarland (shoal), 7) Plaat van Walsoorden
(shoal). The photograph shows Spartina
anglica tussocks at Hooge Springer.
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Tussock topography
The topography of 61 tussocks in the Westerschelde (October/ November
2008) and 22 tussocks at Tollesbury (January 2009) was surveyed with a
differential GPS (DGPS) with an absolute accuracy better than 1 cm horizontally
and 2 cm vertically. We used an adaptive grid of 4 to 12 measuring points per m 2
within and around the tussocks, depending on the complexity of tussock
topography and the surrounding mud ﬂat. To produce a digital elevation model
(DEM) of the tussock bed height in GIS, height measurements were interpolated
with the Kriging method using a best ﬁt spherical semi-variogram model with
nugget effect in ArcView 9.3. The cell size of the output DEM is the shorter of the
width or length of the surveyed area divided by 250. For each tussock, the
maximum slope of the tussock edge was estimated for 8 radiating transects in GIS
based on the DEM top view (Fig. 5.2). Tussocks in a depression have negative
slopes whereas the slopes at the edges of elevated tussocks are positive; slopes at
a micro-cliff were set to 90 degrees. Tussock bed heights were calculated relative
to a reference plane, i.e. a ﬁrst order trend surface derived from interpolation of
elevations measured at points surrounding the tussock.
Sediment grain-size
3

One mixed sediment sample of the upper 3 cm (volume of 19 cm ) was
taken at the seaward side outside each tussock. The sediment was freeze-dried,
dry sieved (2 mm mesh size) and a sub-sample was analysed with a particle size
analyser (Malvern Mastersizer). The samples were used to classify silty (>50%,
<63 μm grain size) and sandy (>50%, >63 μm grain size) locations.
Tussock growth and morphodynamics
Lateral tussock growth/shrinkage was derived by comparing the DGPS
survey with aerial photographs (pixel size 25 × 25 cm) taken during low water in
summer 2004 in the Westerschelde and summer 2005 in Tollesbury. Tussocks that
were not present at the time of the aerial photographs (N = 27) have been
excluded from growth analysis. The tussock radius was calculated from the tussock
area, assuming a circular shape. The rate of net morphological change of the area
surrounding each tussock was obtained from airborne laser altimetry (LIDAR) data
from summer 2001 and 2004 (pixel size 2–5 m, vertical accuracy better than 15
cm) for the Westerschelde by averaging the height difference of all grid cells
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neighbouring the tussock. Tussocks at Plaat van Walsoorden (N = 10) were
excluded for elevation change analysis, by lack of reliable LiDAR data on elevation
changes. For Tollesbury, the net height change of the surrounding of each tussock
was obtained for 2003 until 2007 using the nearest transect of 20 transects in total
where net elevation change was monitored yearly (Reading et al., 2008).

Fig. 5.2: Schematised representation of the 6 tussock shapes that were distinguished from
ﬁeld data (left side) using objective criteria to categorize all tussocks based on their bed
topography (right side). The 3D GIS images provide examples of ﬁeld surveyed Spartina
tussock bed elevations (blue to red colouring), with the black outline indicating the
vegetation. Maximum slope at the vegetation edge for 8 radiating ﬁelds per tussock and their
orientation (front = towards main channel) was used for categorization (right side). Positive
slopes indicated elevated tussocks and negative slopes are characteristic for tussocks in
depressions. The geometric symbols indicate tussock shape categories in the following
graphs.
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5.3 Results
The tussocks were classiﬁed in 6 clearly distinguishable shape categories.
They are based on the maximum slope at the tussock edge within 8 radiating
transects and their position relative to the main channel (Fig. 5.2). Hereafter, we
describe tussock shapes by the names indicated in Fig. 5.2. Analysing the longterm lateral development for those 46 tussocks that were already present on earlier
aerial photographs showed that the average radial lateral growth increased with
initial tussock size whereas shrinkage of tussocks was size-independent (Fig. 5.3).
Lateral development trend was clearly related to tussock shape (Pearson's chisquare test P < 0.05, see digital Appendix 5.1). All cliffed- and mushroom-shaped
tussocks were shrinking; all terrace-shaped tussocks were growing. Depression-,
topography- and dome-shaped tussocks either grew or shrunk (Fig. 5.3).
Tussock topography (shape) is characteristic for the local abiotic conditions
of the tidal ﬂat, i.e. net elevation change (accretion and erosion) and grain-size
(silty and sandy sediments respectively) (Fig. 5.4, Pearson's chi-square test: P <
0.001, see digital Appendix 5.2). The effect of abiotic conditions on tussock shape
was most clear for sandy sites, as tussocks at silty sites had a much more limited
range in height and shapes. Striking differences could be found at accretional sites,
where dome-shaped tussocks dominate in silty areas but depression tussocks in
sandy areas. Terrace shaped tussocks occurred predominantly in silty erosional
sites whereas mushroom-shaped and cliffed tussocks only occurred in sandy
erosional sites. In general tussocks at sandy sites were highest in erosive
environments, whereas tussocks at silty sites were highest in accretional
environments. Note that tussocks of all sizes and ages are plotted (Fig. 5.4).
When focussing on the characteristic dome-shaped tussocks of Spartina,
we observed a striking difference between the domes in erosive environments
(mainly found on the three mid-channel tidal ﬂats of the Westerschelde) and domes
in accreting environments (notably found in Tollesbury) (Fig. 5.5). At all net
accreting sites, dome height is a logarithmic function of tussock size (so-called
‘accretion-induced domes’). No clear size relation for dome height was found at
sites where sheet erosion shapes the tussock (so-called ‘erosion-induced domes’),

79

especially at sites with high erosion rates. Hence this size-height relation for the
classical dome-shaped tussock is an indicator for morphodynamic history of a tidal
ﬂat. Most extreme dome heights can be found on tidal ﬂats with high sheet erosion
rates of about 5–10 cm/year (Fig. 5.4).

Fig. 5.3: Relation between lateral tussock expansion as well as shrinking (negative growth)
−1
(G; cm yr ) and tussock radius calculated from tussock area on aerial photographs (error of
tussock size due to pixel size of 25 cm) in 2004/2005 (R; cm). Whereas lateral tussock
2
growth appeared to be size dependent (G = 7.9212Ln(R) − 11.131; R = 0.36; N = 31)
2
tussock shrinkage was size independent (G = − 0.8153Ln(R) − 0.8824; R = 0.08; N = 15).
Note that the x axis is logarithmic and only tussocks which were already present in
2004/2005 have been analysed (N = 46).

80

Fig. 5.4: Tussock bed height (H; cm) and tussock shapes (symbols as indicated in Fig. 5.2)
−1
as a function of the net elevation change of the tidal ﬂat (D; cm yr ). All tussocks are shown
except Plaat van Walsoorden, where airborne laser altimetry did not represent the recent
morphodynamics. Data were grouped based on the sand/silt content (50% border, silt < 63
μm, sand > 63 μm). The relation between H and D was most clear for tussocks at sandy
2
sites (H = -0.017 D + 0.10; R = 0.54; N = 28). Tussocks at silty sites (N = 45) have no clear
relation but lack large height differences. Different shapes are characteristic for certain
abiotic conditions.

5.4 Discussion
Present results show that ecosystem engineering by S. anglica tussocks is
strongly conditional in that the tussock topography depends both on large-scale
net-sediment dynamics and sediment grain size (Fig. 5.4). This reveals that the
typical dome-shaped tussock (Castellanos et al., 1994; Sánchez et al., 2001; Ward
et al., 2003) is only one of the many ecosystem engineering outcomes of Spartina
(Fig. 5.2). The radius-dome height relationship of the tussock is a good indicator to
whether a tussock is trapping sediment and likely to expand (‘accretion-induced
domes’) or whether it is likely to develop into a cliffed and mushroom-shaped dome
which will eventually completely disappear (‘erosion-induced domes’) (Fig. 5.5),
making tussock shape an indicator for geomorphic development of the pioneer
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zone. Present correlative results on the relation between abiotic conditions (tidalﬂat morphodynamics and sediment grain size) and tussock shape and
development can be generalised showing conditional outcome of ecosystem
engineering ability (Fig. 5.6).

Fig. 5.5: Tussock radius (R; m) versus tussock height (H; cm) of the typical well recognised
dome shaped tussocks. Tussock height is a function of the radius of the vegetation patch for
those domes that are built up by enhancing sediment trapping on accreting tidal ﬂats
2

(‘accretion induced domes’) (H = 0.0276 Ln (R) + 0.1112; R = 0.654; N = 24). Domes in
erosive environments develop due to the dense root system that protects the sediment
locally from erosion (‘erosion induced domes’). Their height (N = 19) is not related to the
tussock size but to elevation changes of the tidal ﬂat (indicated by symbol size, see also Fig.
5.4).
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In accreting environments, tussock morphology can range from slightly
elevated to slightly depressed, with the exact shape depending on the sediment
grain size (silty vs. sandy). The spatial pattern of sediment grain size in the
Westerschelde can be linked to hydrodynamic forcing (Oenema et al., 1988; van
Kessel et al., 2011), hence silty sites could represent low hydrodynamic energy
whereas sandy sites could represent a high hydrodynamic energy location.
Commonly bed shear stress is reduced within the vegetation (see e.g. (Bouma et
al., 2009a; Neumeier, 2007) which favours the settling of sediments (dome shape).
However, at sandy sites (under high energy) accretionary conditions tussocks can
form a depression. This might be due to ﬂow divergence around (or in case of
submergence: over) the tussock (Pujol et al., 2010; Vandenbruwaene et al., 2011)
and the sand can settle before entering the vegetation. Or as shown for patches
with lower stem density, increased turbulence activity, which is typical for the
vegetation edge, reaches far into the tussock and reduces the settling of particles
within the vegetation (Bouma et al., 2007; Zong and Nepf, 2010). In eroding
environments, tussocks become elevated due to reduced erosion in the tussock by
sediment binding of the dense root system (Fig. 5.6). The height of the tussock
increases with sheet erosion rates (Fig. 5.5), resulting in terrace tussocks in silty
(low energy) erosive environments versus cliffed and mushroom-shaped tussocks
in sandy (high energy) environments. These cliffed and mushroom-shaped
tussocks develop from erosion-induced domes and represent the last step before
lateral cliff erosion will deﬁnitely destroy the individual. In those high energy
environments, such tussocks are often accompanied by gully formation (van
Wesenbeeck et al., 2008). Note that although both ecosystem engineering traits
act at the same time, the shoots by reducing hydrodynamic energy and the roots
by stabilising sediment, only one of these traits is predominantly shaping the
tussock, depending on prevailing morphodynamics. The present shapes result in
different perspectives of long-term development (Figs. 5.3, 5.6). Tussocks in sandy
environments without a micro-cliff were found to either expand or shrink, whereas
the dependent factor is unclear. However, tussock expansion itself might also
inﬂuence the morphology, the terrace-shaped tussocks occurring under eroding
conditions have the potential to develop a micro-cliff but lateral expansion could be
fast enough to prevent this. These mechanisms may explain why publications on
ecosystem engineering by Spartina are very variable in their results, i.e. from
positive to negative effects on morphologic pioneer zone development (see e.g.
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Sánchez et al., 2001; Widdows et al., 2008).
Feedback effects in tidal marshes are well studied, but it is not always
acknowledged that the outcome of ecosystem engineering may be positive or
negative depending on prevailing abiotic conditions that change with time. For
example, with Spartina, shoot stiffness is the main trait that drives its ecosystem
engineering ability of trapping sediment (Bouma et al., 2005; Peralta et al., 2008).
However, the same trait can have the opposite negative effect on the morphologic
tidal ﬂat development by creating depressions. S. anglica is a true ecosystem
engineering agent in that it is the basis for creating self-organised salt marshes
(Hastings et al., 2007; Temmerman et al., 2007). Once Spartina has formed a
continuous sward, it will always trap sediment, even when growing in front of an
eroding cliff (van de Koppel et al., 2005). However, in this study we focus on the
most critical pioneer stadium of a Spartina salt marsh, where tussocks have not yet
merged into a continuous sward. Knowledge of this pioneer zone of the salt marsh
is essential for salt marsh management, as the area of European marshes has
decreased, and tussock expansion or contraction determines the future seaward
marsh development. The present study shows that qualitative observations of
tussock shapes can be used as an indicator for the long-term development of the
Spartina pioneer zone in relation to geomorphologic and hydrodynamic changes
that are often induced by human activities such as, for example, site-speciﬁc
dredging and sediment dumping, building of coastal constructions and deepening
of shipping lanes.
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Fig. 5.6: Schematic representation of the conditional outcome of ecosystem engineering by
the pioneer species Spartina anglica indicating how different abiotic conditions result in
speciﬁc tussock topography (i.e., shape and height). Tussocks are divided into sandy
(relatively high energy) sites and silty (relatively low energy) sites. Whenever sheet erosion
prevails tussocks get elevated by reducing erosion in the vegetation patch due to the
sediment stabilisation via the root system (root trait). In sandy environments this can lead to
micro-cliffs and mushroom shapes which develop from ‘erosion-induced domes’. In
accreting sandy environments the stems (stem trait) can cause depressions in the vegetated
area. However they enhance sedimentation at silty locations (‘accretion-induced domes’)
due to reduction of hydrodynamic forcing. Flat topography tussocks exist where there is no
clear indication of morphodynamic history regardless of sediment grain size.
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We speculate that conditional outcome of ecosystem engineering can be
found in other bio-geomorphic systems, even though to our knowledge, few studies
have reported on this. For example, Norkko et al. (2006) found that the facilitation
effect by the suspension feeding bivalve Atrina zelandica depends on suspended
sediment concentrations (SSC), which could even cause “inhibition rather than
facilitation” at high SSC on the tidal ﬂat. Volkenborn et al. (2009) showed that
bioengineering of the bioturbating lugworm Arenicola marina is dependent on
sediment type and supply of colonisers.
The observation that ecosystem engineering outcomes are conditional
adds both simplicity and complexity to the processes in bio-geomorphic systems:
ecosystem engineering may be just limited to a certain range of abiotic conditions,
but the same traits may create contrasting outcomes at different sites. In summary,
there is a strong need for more insight in the generality of conditional outcome of
ecosystem engineering to enhance current understanding of (1) ecosystem
engineering as a strategy, (2) the consequence for ecosystem functioning, and (3)
the potential to use it as an indicator of long-term trends (Boogert et al., 2006).
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Summary
Mangroves may grow in an active sedimentary environment and are
therefore closely linked to physical coastal processes. Seedlings colonise dynamic
tidal flats, after which mangroves have the potential to change their physical
environment by attenuating hydrodynamic energy and trapping sediments.
Disturbance from hydrodynamic energy of waves or currents and the resulting
sediment dynamics appear to be a critical bottleneck for seedling establishment on
tidal flats and at the forest fringe. However, knowledge about the mechanisms at
the single plant level and the spatial pattern of disturbance is limited. By means of
a flume study, we demonstrate that a surface erosion threshold of as little as 1-3
cm depth can lead to failure of young seedlings. By monitoring accretion/erosion
for 8 months along cross-shore transects in southwest Thailand, we show that
especially on the bare mudflat, the physical sediment disturbance regularly exceed
the critical erosion thresholds derived from the flume study. Physical sediment
parameters along the same transects were analysed to deduct patterns of
hydrodynamic energy attenuation. Grain size analysis and erosion/accretion data
showed only limited energy dissipation within the fringing Avicennia/Sonneratia
zone, sediment dynamics only dropped below for seedlings lethal values within the
denser Rhizophora zone. Overall, present results emphasize that i) seedling
survival is extremely sensitive to physical-driven sediment dynamics and ii) that
such physical disturbances are not only present on the tidal flats but can penetrate
a significant distance into the forest. Spatio-temporal patterns in sediment
dynamics should hence be considered when conducting restoration of mangrove
ecosystems.
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6.1 Introduction
Coastal development and mangrove deforestation have significantly
reduced global mangrove area and created a need for restoration (FAO, 2007). In
order to restore degraded mangrove systems, a complete understanding of the
processes that lead to natural changes in mangrove area is necessary. Mangroves
are bio-geomorphic ecosystems that are strongly affected by coastal sediment
dynamics. Newly accreted tidal flats may get rapidly colonised by mangrove
pioneers, whereas coastal erosion can cause lateral retreat of mangrove
vegetation (see e.g. Anthony et al., 2010; Panapitukkul et al., 1998; Thampanya et
al., 2006). Mangroves predominantly occur along sheltered coastlines (Tomlinson,
1986). Nevertheless, even at those areas physical disturbance such as short
periods of increased wave heights or current velocities, sediment deposition, or
erosion can inhibit seedling establishment (Thampanya et al., 2002b, Chapter 3)
and influence the forest structure (Lovelock et al., 2010). Understanding barriers to
mangrove establishment may be particularly important at sites where mangroves
have a coastal protection function. Despite the general importance to understand
seedling survival of mangrove pioneer species in a dynamic coastal setting, this
knowledge gap has yet to be filled (reviewed in Friess et al., 2012).
Seedling establishment in mangroves has been studied in relation to
various factors such as salinity (e.g. Ball and Pidsley, 1995), inundation stress (e.g.
Ashford and Allaway, 1995), predation on propagules or seedlings (e.g. McKee,
1995), pre-dispersal frugivory (e.g. Minchinton and Dalby-Ball, 2001), tidal flat
elevation and morphology (Proisy et al., 2009) as well as soil chemistry,
temperature, light, and CO2 (reviewed in Krauss et al., 2008). Publications on
physical disturbance in mangroves are mainly focused on large infrequent
disturbances, such as tsunamis (Alongi, 2008), hurricanes or lightning (Smith, et
al., 1994). The few studies on seedling mortality of mangrove pioneer species, due
to frequent small physical disturbances of the sediment bed, are scanty and mainly
focussed on high rates of sedimentation (Terrados et al., 1997; Thampanya et al.,
2002b).
In SE Asia, the pioneer species Avicennia alba and Sonneratia alba are
the first to colonise a mudflat and/or are found in the lower and most dynamic
portion of the intertidal zone (Friess et al., 2012; Tomlinson, 1986). A. alba
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develops (crypto-) viviparous propagules whereas S. alba produces fruits
containing many woody seeds. Buoyant propagules of Avicennia alba require a
disturbance-free period to anchor against subsequent flooding and drag forces by
water movement (Chapter 3). Once propagules are anchored, short-term erosion
can still dislodge them (Chapter 3) and excessive sedimentation can kill even
several-month old seedlings of both species due to burial (Thampanya et al.,
2002b). Burial by sediment, as may occur after major storm events (Paling et al.,
2008), can also affect mature mangrove trees when the pneumatophores are
covered and oxygen becomes limiting for the trees (reviewed in Ellison, 1999).
Most of the studies on burial of seedlings and saplings have focused on
one-time experimental sediment burial in the field. For example, Terrados et al.,
(1997) concluded that areas with sudden sedimentation of >4 cm on top the tidal
flat are not suitable for Rhizophora apiculata seedling establishment. Thampanya
et al., (2002b) compared survival after a single burial event between 3 species.
Whereas mortality of Sonneratia caseolaris and Avicennia officinalis seedlings was
significantly increased by different rates of burial, Rhizophora mucronata showed
no significant response to variable burial rates, although natural mortality was
higher compared to the most successful Sonneratia caseolaris. The effect of shortterm erosive events on seedling survival has gained much less attention than
burial, although exposure to hydrodynamics and concomitant surface sediment
mixing (i.e. alternation of erosion and accretion) has been mentioned as a reason
of failure for restoration efforts (see Lewis III, 2005). Other than a single flume
study on propagule dislodgement of Avicennia sp. (Chapter 3) and a single
mesocosm study on the cumulative effects of accretion and erosion around
seedlings for Avicennia and Sonneratia (Chapter 4), to our knowledge no study has
experimentally quantified the erosion limits of recently established mangrove
seedlings and linked this to field observations on actual surface sediment
dynamics.
In addition to the need to further quantify the response of seedlings to
physical sediment disturbance, it is equally critical to quantify the spatial distribution
of such disturbances at the sediment bed across the intertidal zone (i.e., going from
bare tidal flat to the back of the mangrove forest). In general, hydrodynamic energy
(waves and currents) is attenuated from the mudflat to the back mangrove (Mazda
et al., 2006; Quartel et al., 2007) due to the above ground tree structures and
decreasing water depth, so that surface sediment mixing (i.e. erosive forces) is
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similarly reduced (Smoak and Patchineelam, 1999). The attenuation of energy is
evident from decreasing sediment grain sizes from the forest edge towards the
back of the mangrove forest (Saad et al., 1999). Sediment coring studies have
estimated mixing depths in front of a mangrove of maximum 25 cm in New Zealand
(Swales et al., 2007) and 30 cm in Brazil (Smoak and Patchineelam, 1999) which
would exceed critical survival thresholds by far (Chapter 3 and 4). These coring
studies do however not provide insight in the frequency and spatial pattern of this
sediment mixing. In order to obtain a more general insight in the short-term
physical disturbance pattern critical for seedling survival/mortality, there is need to
frequently monitor the sediment dynamics across transects.
In this study, we combine flume experiments to quantify seedling erosion
thresholds with field monitoring of small-scale sediment disturbances along
transects in Thai mangroves (Fig. 6.1). The combination of these measurements
enables us to elucidate the spatial pattern of physical disturbance relevant for
seedling survival. We quantified critical erosion thresholds for young seedlings of
the common pioneer species Sonneratia alba, through a flume experiment to gain
insight in the mechanisms that lead to establishment failure. We analysed the
spatial pattern of surface sediment mixing by using shallow marker plates over an 8
month period along cross-shore transects from the tidal flats towards the back of
the forest in a Thai mangrove ecosystem. Physical sediment parameters were
analysed across the same transects to conclude about attenuation of
hydrodynamic energy. We aim at increasing current understanding of mangroves
as a bio-geomorphic ecosystem, where lateral change at the forest fringe is largely
determined by sediment dynamics and hydrodynamics.

6.2 Methods
Flume experiments: Establishing critical erosion thresholds for seedlings
A wave flume of 38 m length and 0.9 m width at the National University of
Singapore was filled with 30 cm freshwater and prepared with a test section in the
middle of the flume, containing a second bottom with a hole to insert a 15 cm long
and 12 cm diameter PVC pipe flush with the bed. Within these PVC pipes we
placed mangrove seedlings experiencing different levels of erosion. To grow
mangrove seedlings for the experiment, Sonneratia alba fruits were collected from
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the Mandai mangrove forest and mangrove mud was collected from the mudflat
surface at Sungei Buloh, Singapore. Sonneratia alba seeds were germinated in
trays with mangrove mud and transplanted to the experimental pots (i.e. open PVC
pipes, lined with plastic bags) and filled with mangrove mud to the rim. Seedlings
were kept in the pots for several days until the start of the experiment, and
sediment was kept waterlogged throughout. Seedling height varied between 2.7
and 6.7 cm (N=35) at the time of the erosion experiment. By inserting discs at the
bottom of the PVC pipe, the plastic bag including mud and seedling could be
pushed up above the rim and excess sediment could gently be scraped away to
mimic erosion without destroying the roots (Fig. 6.2, left photo). Erosion was
applied stepwise by 3 mm each run, thereafter the seedlings were exposed to
typical waves (measured in the field, Horstman et al., 2012) with 8 cm wave height
(0.5 Hz) in the flume tank for 150 seconds. If the seedling did not topple, the
erosion treatment was repeated and the seedling put back in to the flume for the
next wave run. The short duration of the repeated exposure to waves did not affect
the seedling stability or stiffness. Upon toppling of the seedling the number of discs
was recorded as critical erosion depth and the seedling was gently removed from
the soil. Each entire seedling was measured, oven dried (48 hours, 80°C) and
weighed for dry biomass. All seedlings were grown from seed and possessed 1 to
4 leaf pairs, which were included for dry biomass.
Field sites: transects for marker plates and sediment properties
The Andaman coast of Trang province, southern Thailand, is characterized
by mangroves and seagrass beds with one of the largest populations of the
threatened Dugong in Thailand (Hines et al., 2005). The rainy season is usually
from May to October/December. We selected two estuaries for this study (Fig. 6.1),
both of which were mesotidal (semidiurnal) and exposed to incoming waves from
the SW. Four cross-shore transects were laid out in the two estuaries (Fig. 6.1);
transects A, B and C were located at the mouth of the Maenam Trang and the
Maenam Palian, Kantang district, and transect D was located at the confluence of
Khong Klak Khan and Khlong Rae, Palian district. All transects exhibited a clear
zonation with a mudflat, the pioneer zone dominated by Avicennia spp. and
Sonneratia spp. trees and a Rhizophora spp. dominated zone. The tidal amplitude
near the fieldsites is between 1-3 m and wave measurements by Horstman et al.
(2012) near transect B and D showed that typical incident wave heights at the
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mudflat fronting the forest did not exceed 10 cm with wave periods of 3 - 5 s during
the measurement campaign. During a stormy period wave heights of up to 30 cm
were measured near transect B (Horstman et al., 2012).
The mudflat at transect B was free from seedlings during the whole
monitoring period, whereas transects A, C and D had very few seedlings close to
the forest fringe (<10 m); no new colonisation was observed throughout the
monitoring season. The transition from mudflat to the pneumatophores of the
Avicennia/Sonneratia zone was very abrupt. The Rizophora zone at all transects
was characterised by monospecific stands of mature trees with the characteristic
stilt roots (see Horstman et al., 2012). Whereas the pioneer zone at transect B was
dominated by mature trees (see Horstman et al., 2012), transects A, C and D were
dominated by younger trees, smaller than app. 5 m in height. Substantial densities
of Rhizophora seedlings were only present in gaps, an understory was largely
absent beside the last plots of transect B and C where Acanthus spp. was present.
The total length of the transects varied between 200 m and 500 m with 8-11 plots
per transect. The plots were closer to each other in the mudflat and pioneer zone
than in the Rhizophora zone because of the greater heterogeneity of the forest in
the front. A total of 37 marker plates were installed in June 2010, and thereafter
revisited bi-monthly until April 2011. Measurements were available for 8 months as
the plots were allowed to recover for the first 2 months after installation.
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Fig. 6.1: Field sites in SW Thailand in the province of Trang. 4 transects were laid out from
the tidal flat towards the back of the mangrove forest (A to D) to measure surface sediment
mixing. Regional map and aerial photograph from ArcGIS basemaps/Bing. Singapore is
located at the southern tip of the Malay peninsular.

Marker plates were made from 40x50 cm sheets cut from thin wall
polycarbonate and buried app. 30 cm deep in the mangrove mud along 4 crossshore transects. After installation the edges of each buried plate were marked with
0.5 mm thin metal pins (Fig. 6.3). After 2 months the filled holes were no longer
visible and the thin pins did not create any visible scouring. During the surveys the
depth of each plate was measured during low tide (each transect on the same day)
with a thin rod of fixed length pushed down to the plate at 5 positions. The 4
marker pins allowed to measure the same spots on the plate each time. Only one
person approached the plate to minimize disturbance of the sediment. The change
of the plate depth was averaged from the 5 measured points and compared in time
and space.
Sediment properties were recorded for all transects in 4 consecutive days
in February 2011 near the marker plates, each transect during a single low tide.
3

Mixed surface soil samples were taken (3.2 cm depth) with a volume of 20 cm with
a cut off 60 ml syringe. Samples were frozen and thereafter taken to the laboratory,

94

analysed for dry weight (24 h at 105 ºC) and organic matter by loss on ignition of
the dried samples (4 h at 550 ºC). Grain size analysis of the dry sieved samples (2
mm mesh size) was performed with a particle size analyser (Malvern Mastersizer).
Prior to the grain size analysis the organic matter was removed with 25 % solution
of H2O2.

6.3 Results
Critical erosion in the flume
The critical erosion, defined as the amount of discs at which the seedling
would topple when exposed to 8 cm high waves, was linearly correlated to dry
biomass of the Sonneratia seedling (Linear model, N= 35, p<0.000) (Fig. 6.2). The
relevance of this type of flume measurements is emphasized by field observations
showing seedlings with exposed roots due to localised erosion (Fig. 6.2, right
photograph of Avicennia sp. seedling).
Surface sediment mixing (accretion/erosion) along individual transects
Accretion events of up to 6 cm in two months as well as erosion events of
up to 3.5 cm in two months were recorded throughout the campaign (Fig. 6.3). All
transects showed periods of both erosion and accretion. Transects A and C
displayed the highest accretion events especially on the mudflat and in the
Avicennia / Sonneratia zone compared to transects B and D. Erosion events were
in general less common than accretion events over the study period, with the
exception of the mudflat of transect B. For all transects, very little mixing (erosion
or accretion) occurred within the Rhizophora zone.
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Fig. 6.2: Results of wave flume experiments on critical erosion depth for Sonneratia alba
seedlings (left photo= S. alba in the flume) and photo of Avicennia sp. seedling showing
exposed roots due to local erosion (right). Critical erosion depth (Ecrit) was linearly correlated
with dry biomass of the seedlings (Bdw); [Ecrit = 11.678*Bdw + 0.7493].
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Fig. 6.3: Change in marker plate depth (positive values = accretion, negative values =
erosion) in time for each plot from the mudflat (left) to the back of the forest (right). 5
measurements of plate depth were taken in 8 month leading to 4 points of change in time.
The magnitude of change is highest on the mudflat and reduces towards the back of the
forest.
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Common pattern of disturbance and sediment parameters along transects
Surface sediment mixing expressed as standard deviation of plate depth
and the surface sediment characteristics (i.e., median grain size and the soil
organic matter content) were pooled for all transects and separated in zones to find
common patterns. The standard deviation of the plate depth (5 measurements in 8
months) decreased from the tidal flat towards the back of the forest (Fig. 6.4a).
However the linear correlation with distance per zone was only significant in the
Rhizophora zone (Linear Model, N=12, p=0.08). On the mudflat and in the
Avicennia / Sonneratia zone no significant trends of plate depth standard deviation
with distance were found.
The median grain size of the surface layer (Fig. 6.4b) decreased with
distance towards the forest fringe (Linear Model, N=12, p=0.07), increased with
distance in the pioneer zone (Linear Model, N=13, p=0.004), followed by a
decrease in the Rhizophora zone (Linear Model, N=12, p=0.002). Organic matter
content of the sediment showed the opposite pattern (Fig. 6.4c), i.e., a significant
increase up to around 15% on the mudflat (Linear Model, N=12, p=0.03), a
decrease in the Avicennia / Sonneratia zone (Linear Model, N=13, p=0.04) and
again an increase from 10% towards 20% in the Rhizophora zone (Linear Model,
N=12, p=0.0006).
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Fig. 6.4: a) The standard deviation of the plate depth in time as a measure for magnitude of
surface sediment mixing, plotted for all transects per zone and distance from the edge of
each zone. While no significant linear relationship is found for the mudflat and the
Avicennia/Sonneratia zone, the standard deviation of plate depth decreases with distance in
the Rhizophora zone.
b) Median grain size (D50) of the surface sediment samples for all transects per zone. Grain
size first decreases towards the forest edge, then increases towards the transition from the
Avicennia/Sonneratia to the Rhizophora zone, and thereafter decreases again. The
coarsening of the grain sizes in the mangrove fringe could be caused by increased
turbulence in the relatively open pioneer zone.
c) Organic matter content of the surface sediment sample for all transects per zone. The
organic matter content shows the opposite pattern as the grain size, hence finer grains are
associated with higher organic matter content.
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6.4 Discussion
Our results highlight the importance of sediment dynamics as an important
driver controlling pioneer-seedling establishment. Young Sonneratia alba seedlings
were very sensitive to sediment erosion of > 1-3 cm while exposed to small waves
in a flume. Field surveys revealed that typical sediment dynamics along crossshore transects in Thai mangroves consistently exceeded the failure threshold for
young seedlings on the mudflat and at the forest fringe. Combining the present
results with other studies examining the effect of physical disturbance (i.e. fluid
motion, erosion, sedimentation) at various stages of the seedling development of
common pioneer species, we present an overview of the failure mechanisms, and
link them to the responsible processes in the intertidal environment (Fig. 6.5).
When the mudflat is inundated during high tide, drag forces by water
movement at the bed can dislodge recently anchored mangrove propagules
(Chapter 3); however with longer roots, higher drag forces by waves and currents
can be resisted (Fig. 6.5). As the roots anchor the propagule in the sediment,
erosion around the roots will reduce the stability against hydrodynamic drag forces
(Fig. 6.5; Balke et al., 2011). Dislodged propagules of Avicennia spp. can strand
again and produce new roots several times (Osborne and Berjak, 1997). In
contrast, as Sonneratia spp. are not viviparous, they most likely have a single
anchoring opportunity. Toppling occurs when seedlings are anchored deep enough
to escape dislodgement, but their architecture is not strong enough to support the
seedling against surface sediment mixing (Fig. 6.5). Our results demonstrate that
young Sonneratia alba seedlings are unable to withstand erosion events of >1-3
cm while exposed to wave action and can gain stability against toppling over time
with increasing biomass (Fig. 6.2). The critical erosion thresholds of >1-3 cm are in
the range of erosion events that were observed in the field over a 2 month period.
Sediment transport can also lead to burial of plants (Fig. 6.5), this has been
experimentally studied in the field for example by applying sediment around
mangrove seedlings (Terrados et al., 1997; Thampanya et al., 2002b). Present field
data with sedimentation of up to 6 cm in 2 month exceeds suggested burial
thresholds of 4 cm for Rhizophora apiculata seedlings (Terrados et al., 1997).
Compared to sudden sediment disturbance events, a more gradual sequence of
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cumulative erosion and accretion events can be less damaging and feed back to
the stability of the seedling by altered shoot/root-ratio’s (Chapter 4).
High frequency measurements of bed level change and sediment mixing
are generally scarce for mangroves, as most data on sediment dynamics in
mangroves are collected and interpreted for long term averaged trends (decades
rather than month) with often limited spatial coverage (e.g. core dating,
Sedimentation-Erosion Table). This is because the main research interest on
sediment dynamics is predominantly focussed on long term accretion rates to see
whether mangroves can keep up with sea-level rise (see e.g. Lovelock et al., 2011;
McKee, 2011; Webb et al., 2013; Woodroffe, 1995). However our results clearly
demonstrate the importance of frequent measurements of sediment dynamics (i.e.
accretion/erosion), which is necessary to infer seedling establishment and survival
probabilities.
The highest magnitude of sediment mixing was found on the tidal flat and
at the forest fringe. This gradient agrees with Saad et al. (1999) and van Santen et
al. (2007) who found decreasing accretion rates with distance towards the back of
the forest. Due to the relatively short time of this study no seasonal variation could
be found, however it might be expected that during the rainy season more
sediment would be available for accretion (but also subsequent resuspension)
compared to the dry season (Saad et al. 1999). Hydrodynamic energy is dissipated
through the above ground structure of the mangroves (Mazda et al., 2006) and
hence materials that settle in the upper intertidal Rhizophora zone are rarely
resuspended (Alongi, 2009; van Santen et al., 2007). The present data confirms
that the back of the mangrove is a zone with minimal sediment disturbance, as
standard deviation of plate depth in the Rhizophora zone was below 1 cm when
passing the transition from the pioneer zone (Fig. 6.4a). This suggests that
sediment disturbance by mixing is not a limiting process in the Rhizophora zone at
present field sites, and should only be accounted for in the Avicennia / Sonneratia
zone.
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Fig. 6.5: Summary of type of seedling failure related to physical disturbance processes
comparing effects on just anchored propagules of Avicennia spp. (based on Chapter 3) with
established pioneer seedlings (Avicennia spp. and Sonneratia spp.), based on this study
and cited literature. Dislodgement occurs due to hydrodynamic drag forces and is especially
relevant to recently anchored (viviparous) propagules (here Avicennia spp.) with short roots.
Erosion around the roots can increase the susceptibility to dislodgement. Bigger seedlings
facing erosion will fail before they get dislodged as remaining roots in the soil are not strong
enough to support the seedling to stand upright, resulting in toppling-failure. Fluid motion
exerts a force on the seedling decreasing the resistance to toppling (i.e. wave in flume
study). New layers of sediment can get deposited and smother established seedlings and
anchored propagules or entirely bury them.

Attenuation of hydrodynamic energy and hence attenuation of sediment
disturbance or drag forces which can dislodge recently anchored propagules of
Avicennia alba (Chapter 3) can be deducted from a gradient in grain size from the
tidal flat towards the back of the mangrove, lower energetic conditions favour the
settling of finer particles. A gradient in grain sizes (from coarse to fine) from high
energy to low energy conditions (waves, currents) is common on tidal flats due to
decreasing water depth and hence decreasing transport capacity (Quartel et al.,
2007). With the presence of vegetation adding roughness, sediment transport
capacity is further reduced and only the finest particles reach the upper intertidal
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zone (or “back mangroves / salt marsh”) (Anthony, 2004; Quartel et al., 2007; Saad
et al., 1999; van Santen et al., 2007; Yang et al., 2008). Whereas we found a
decrease in grain size of the surface layer with distance in the back of the forest
and on the mudflat, a significant increase in grain size with distance form the forest
edge was observed (Fig. 6.4b) in the pioneer zone occupied by Avicennia spp. and
Sonneratia spp. trees. Moreover a reduction in deposited organic material was
observed at the transition from the rather open Avicennia / Sonneratia zone with
their pneumatophores to the denser Rhizophora zone with their stilt roots (Fig.
6.4c). Both suggest that generally attenuation of hydrodynamic energy is very
limited in the open forest fringe at present fieldsites.
Wave height and vegetation density measurements were carried out close
to transect B and transect D during the same field campaign by Horstman et al.
(2012) and confirmed the limited energy attenuation at the open forest fringe. This
was explained by the combination of a low vegetation density (<5‰, above 10 cm)
above the dense pneumatophores (17-23‰, at 5 cm), with inundation heights of up
to 2 m (Horstman et al., 2012). The vegetation density only changes in the
Rhizophora zone, where water levels do not exceed stilt-root heights, contributing
to the attenuation of hydrodynamic energy (Horstman et al., 2012). Literature on
vegetation-hydrodynamics interactions suggests that an abrupt change from
mudflat to vegetation cover can induce turbulence (Nepf, 1999) which reduces
settling of fine particles and can even cause resuspension of deposited material,
for example at the edge of mudflat and salt marsh vegetation (Neumeier, 2007;
Widdows et al., 2008). Within this context, the most likely explanation for the
courser sediment at the mangrove edge is an increased turbulence within the open
pioneer zone, thus keeping fine sediments in suspension and resulting in an initial
increase in grain size. These sediment data suggest that within the open forest
fringe at present field sites, occupied by Avicennia and Sonneratia, hydrodynamic
energy is not sufficiently reduced to facilitate settling and anchorage of propagules
(Chapter 3).
The observed sediment mixing depth in the field, in combination with the
flume experiment on sediment erosion and current literature on seedling burial,
leads to the inference that mangrove pioneer seedling establishment and survival
depends on the timing of the sediment dynamics relative to the development of the
seedling (Chapter 4). Sediment dynamics are event driven and may occur at very
short time scales e.g. during a series of a few high tides or a storm event, in
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general much shorter than the 2 month monitoring interval applied in this study.
Hence, seedlings that establish in a disturbance free period (i.e. ‘Window of
Opportunity’, Chapter 3) might show high survival rates, whereas one storm event
while the seedlings are still small, may wipe out the majority of the recruits and
reduce overall establishment success significantly. These severe disturbance
events are irregular and therefore difficult to capture unless high frequency
monitoring is applied.
Ecological restoration of mangroves (i.e. mangrove restoration by means
of re-creating the suitable environmental conditions; cf. Lewis III, 2005) is
suggested to be more sustainable and often more successful than planting of
mangroves (commonly non-pioneer species) on often unsuitable tidal flats.
Restoring the conditions (mainly elevation and hence tidal inundation) allows
seedlings of mangrove pioneers to establish naturally if dispersal is not limited
(reviewed in Bosire et al., 2008; Lewis III, 2005). However, physical disturbance
can limit restoration success in planted and ecologically restored mangroves if
exposure to waves and/or currents is too high. This physical disturbance of the
sediment by hydrodynamic energy is a natural and highly stochastic process (Fig.
6.3) which may cause failure of seedlings (Fig. 6.2) even within the forest fringe,
depending on the magnitude of the disturbance and the biomass of the seedling
(Fig. 6.5). The variability of the physical coastal environment and temporal
matching with the biota are most likely key mechanisms explaining seedling
establishment success and failure on exposed tidal flats and mangrove fringes.
The present study sets an example on how one might approach further research
on short-term sediment-disturbance dynamics in mangroves, as well as their
translation to restoration practise. Understanding mangroves as bio-geomorphic
ecosystems is an important step towards sustainable management of this valuable
and threatened ecosystem.
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Chapter 7

Modelling the effects of stochastic
physical disturbance on mangroveseedling establishment: sensitivity to
climate change mechanisms
Thorsten Balke, Andrew Swales, Catherine E. Lovelock, Peter M.J. Herman, Tjeerd
J. Bouma
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Summary
Mangroves are valuable coastal habitats that are globally under pressure
due to climate change and coastal development. Small-scale physical disturbance
by tidal inundation and wave-induced sediment dynamics have been described as
the main bottlenecks to mangrove seedling establishment, imposing a need for
short disturbance-free periods called ‘Windows of Opportunity’ (WoO). Mechanistic
understanding of how stochastic disturbance influences mangrove development is
scarce, but urgently needed to assess the effects of global change.
We first demonstrate that mangrove seedlings have to pass two sequential
WoO. WoO1 is related to the need of an inundation-free period following propagule
dispersal; WoO2 is related to a period with low wind-speeds to prevent waveinduced sediment disturbance. The required WoO length and the disturbance by
inundation and sediment re-suspension were quantified for a New Zealand
mangrove forest. A model was set up for this study site to predict seedling survival
in relation to the stochastic disturbance using the WoO concept.
The combination of stochastically occurring disturbance by tidal inundation
(WoO1) and wave induced sediment disturbance (WoO2) along an elevation
gradient resulted in a seedling survival pattern with increasing seedling numbers
with elevation. A sensitivity analysis of the model to climate change mechanisms
revealed that especially an increase in wind speed may drastically reduce seedling
survival at low elevations. In contrast, changes in sea level had only minor effects
and the shift in fruiting season had no clear effect.
Our study shows that stochastic physical disturbance during the mangrove
seedling phase can strongly influence the spatio-temporal pattern of seedling
survival along an inundation gradient. Climate change processes may challenge
the balance between biology and the abiotic environment. Especially increased
wind forces may confine mangroves to higher elevations.
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7.1 Introduction
Mangrove forests are valuable ecosystems occupying the intertidal zone
along tropical and subtropical coasts. Their numerous ecosystem services (Donato
et al., 2011; Gillanders et al., 2003; Hutchings et al., 2005; Koch et al., 2009), has
not prevented the massive destruction of large mangrove areas for aquaculture
ponds and coastal development (Alongi, 2002; FAO, 2007). Increasing
appreciation of the societal and ecological consequences of mangrove removal
(e.g. the loss of fish habitat and coastal protection function) has created a need for
restoration and a better understanding of the natural dynamics of mangrove
forests.
Mangroves are closely linked to the abiotic processes of the coastal zone
at all life stages and temporal scales. The processes range from small waves that
uproot recently anchored seedlings (Chapter 3) to decennial accretion rates related
to sea level rise (Lovelock et al., 2011; McKee et al., 2007). Sedimentation can
enable mangroves to rapidly colonise tidal flats (Proisy et al., 2009) after the
sediment bed level surpasses a critical elevation for seedling establishment within
the tidal range. Extremely high sedimentation rates, however, may smother
seedlings or aerial roots (Terrados et al., 1997; Thampanya et al., 2002b),
potentially leading to death of seedlings or mature trees (Ellison, 1999). Mangroves
are very sensitive to erosion, as sheet erosion of only a few centimetres depth may
cause mangrove seedlings and even mature trees to topple (Anthony et al., 2010;
Winterwerp et al., 2013, Chapter 4). The impairment of mangrove seedling
establishment on high-energy coasts (see e.g. Bird, 1986; Thom, 1967) is also
supported by a high number of failed restoration (planting) projects on exposed
tidal flats (Primavera and Esteban, 2008). Only a few experimental studies show
that hydrodynamics and related sediment dynamics can hamper mangrove
seedling establishment (Chapter 3, 4).
With recent advances in understanding the physical bottlenecks to
mangrove seedling establishment, a first attempt can be made to model the direct
effects of exposure to stochastic physical disturbance. Linking the physical
disturbance by hydrodynamics to seedling survival in a predictive model is very
valuable, as it can improve the site selection and designs for mangrove restoration
(see Ellison, 2000; Lewis III, 2005). Even more importantly, such a mechanistic
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model would enable us to predict the effects of global change in the coastal
environment. Currently discussed effects of accelerated sea-level rise on
mangroves are e.g. insufficient sediment accretion (drowning) and hard boundaries
at the landward side (coastal squeeze) (Lovelock et al., 2011; Nicholls and
Cazenave, 2010). However an increased flooding frequency may also directly
affect mangrove seedling establishment. Increasing storminess, as predicted for
many parts of the world (Donat et al., 2011; Young et al., 2011), may cause coastal
erosion but also directly affect seedling establishment due to increased disturbance
by waves. Climate change effects on the match-mismatch of biota and its
environment has increasingly gained attention (Edwards and Richardson, 2004;
Stenseth and Mysterud, 2002; Walther et al., 2002). To our knowledge, it is
unknown whether mangrove phenology may be linked to periods with favourable
conditions for seedling survival.
Two types of physical disturbance that may hamper mangrove seedling
establishment were recently identified. Firstly, rooted propagules may be disturbed
by tidal inundation directly after stranding. Flooding creates a combination of a
lifting force due to buoyancy and wave or flow induced drag forces which can pull
the recently anchored seedling out of the sediment (Chapter 3). Secondly, deeperrooted seedlings can still be disturbed by wave induced short term erosion around
the base of the seedling, which results in seedling toppling (Chapter 4). Both
disturbance mechanisms can vary in magnitude with a regular (i.e. the tidal cycle)
and a stochastic component (i.e. wind induced wave action). On a tidal flat, short
stochastic events with a high disturbance magnitude (e.g. high tidal water-levels,
high waves) alternate with periods of relatively low potential for disturbance (i.e.
low tidal water levels, small waves) (Deloffre et al., 2006, Chapter 6). During the
disturbance event, older plants can typically resist higher magnitudes of
disturbance than younger plants (Chapter 4). The described failure mechanisms
have led to the development of the ‘Window of Opportunity’ (WoO) concept. During
a WoO the disturbance magnitude remains below a critical failure threshold to
allow the seedling to gain stability against average conditions and hence increase
its survival chances in the long term. The two disturbance mechanisms can be
linked to two WoO. 1) An inundation free period (WoO1) is needed to anchor
against water movement and 2) a calm weather period without wave induced shortterm erosion (WoO2) is needed to withstand frequent sediment disturbance events.
Evidence for the existence of these WoO in mangroves is mainly based on
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laboratory experiments (Chapter 3) and supported by field observations which link
the absence of physical disturbance to mangrove establishment (Lovelock et al.,
2010; Rabinowitz, 1978). Due to the stochasticity a modelling approach (Fig. 7.1) is
required to understand the effects of physical disturbance on mangrove seedling
establishment and to elucidate how this may be affected by global change
processes.
In this paper, we aim at developing a model to study the effects of
stochastic physical disturbance on mangrove seedling establishment, applying the
WoO concept. Furthermore we explore the sensitivity of the model to a number of
climate change processes (i.e. sea level rise, changed wind speeds, and a shift in
the mangrove fruiting season) which could potentially change the modelled
mechanisms. We start with demonstrating the relevance of both disturbance
mechanisms (i.e., inundation and sediment disturbance) by field observations and
manipulative field experiments in an area where the mangrove forest is expanding
in a seaward direction on a rapidly accreting coast. For the model, sea level and
wind speed/direction data are translated into time series of disturbance magnitude
which act on a number of modelled individual seedlings (Fig. 7.1). The length of the
WoO1 and WoO2 was experimentally determined to parameterize the model for
the field site. By varying the boundary conditions in the model, we analysed how
accelerated sea-level rise and changed wind speeds affect seedling establishment
due to changes in the disturbance regime. Moreover a shift in the fruiting season
was simulated to investigate potential match-mismatch effects between mangrove
phenology and the physical environment.
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Fig. 7.1: Flow chart of the ‘Window of Opportunity’ model using water level and wind speed
data to predict mangrove seedling establishment at the Firth of Thames mangrove.
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7.2 Materials and Methods
Firth of Thames field site and available data
2

The Firth of Thames is an 800 m mesotidal coastal embayment in the
Northeast of New Zealand which receives freshwater runoff from the Piako and
Waihou Rivers (Fig. 7.2). The study site along the southern shore of the Firth has
evolved from a sandy intertidal flat to a 1 km wide mangrove forest with accreting
mud flats since the 1950s. The forest has been expanding in the seaward direction
with stepwise recruitment events on the tidal flat in years with favourable
conditions, likely linked to prevailing wind direction (Lovelock et al., 2010; Swales
et al., 2007). The Firth of Thames mangrove forest is located close to the southern
latitudinal limit of mangrove distribution in New Zealand and consists of a
monospecific stand of Avicennia marina var australasica (Fig. 7.2). A mixing depth
of up to 7 cm on the tidal flat fronting the forest edge has been estimated in 2006
and net deposition of fine sediments was shown to be 2 cm/y on average (Swales
et al. 2007). The wave induced sediment mixing is most likely the main cause of
failure of recently established A. marina seedlings on the tidal flat (Swales et al.,
2007).
The Firth of Thames field site is located in the vicinity of long term
monitoring stations and measuring equipment has been installed inside the
mangrove forest. Long term wind records (1995 – 2013) are available from the
Paeroa climate station (B75362) and were correlated with wind data from a climate
station deployed at the field site since December 2011. Long term measured sea
levels are available from the Tararu tide gauge approximately 12 km NE of the field
site (Fig 7.2.). Time-series of sea level at the field site was provided by a
Greenspan PS1000 vented pressure sensor deployed at an instrument station in
the fringe forest ~40 m from the mud flat. Data from May to December 2012 were
used to compare water levels with the Tararu tide gauge. A continuous record (May
2102 to February 2013) of suspended sediment concentration (SSC) was provided
by a Seapoint optical backscatter sensor (OBS) deployed at the instrument station,
with SSC burst-sampled at ten-minute intervals (4 Hz, 480 samples/burst) while the
sensor was submerged. The OBS was calibrated in a laboratory tank with
concentrations up to 2400 mg/l using mud collected from the field site. Data from
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the field site were recorded by a Campbell CX-1000 logger and retrieved via a
cellular-modem telemetry system.

Fig. 7.2: Location of the Firth of Thames mangrove and the monitoring stations. The
elevation of the forest fringe was mapped in February 2013 with a RTK GPS and is
compared to an earlier survey in 2006 (Swales et al., 2007). The forest edge is not very well
defined, with single trees on the tidal flat, but roughly located at an elevation of 900 mm
TVD-52.
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Assessment of physical disturbance mechanisms in the field:
WoO1 – disturbance due to inundation: The effects of disturbance due to
tidal flooding on mangrove seedling establishment was tested by means of a
manipulative field experiment along an intertidal elevation gradient from the bare
mudflat to the forest at the field site. Recently dropped mature Avicennia marina
propagules were collected from the mangrove forest, removed from their seedcoat, randomized with a random number list and applied to the mud in 5 plots along
a cross-shore transect (see Fig. 7.3a). At each plot, 10 propagules were anchored
with fishing line to a wooden stake pushed into the sediment to prevent
th

displacement, and 10 loose propagules were applied on 24 January 2013. Both
sets of propagules were covered by cages (20 x 20 x 10 cm) made from wire mesh
with aperture of 1 cm to prevent loss of the propagules from the site and prevent
possible predation. In addition 10 loose propagules were applied adjacent to the
cages. These “loose” propagules were washed away by the next high tide when
the plots were inundated (lower 3 plots) and were not considered further in our
analysis. The caged propagules were monitored and root length was recorded after
14 days.
WoO2 – wave induced sediment disturbance: We present data of a
previous survey of seedling mortality on the tidal flat from Swales et al. (2007), to
demonstrate the above mentioned sediment disturbance effect (WoO2). Briefly,
th
starting on 28 of January 2006, mangrove seedling survival of naturally
established seedlings on the tidal flat fronting the mangrove forest was monitored
for 180 days. The number of established seedlings was counted within 3x10
2
quadrants of 0.16 m located along three parallel transects 20, 70 and 120 metres
from the seaward edge of the mangrove forest.
Modelling approach
A model was developed to analyse time series for periods with disturbance
magnitudes below a critical threshold that would otherwise lead to mangrove
seedling failure, so called ‘Windows of Opportunity (WoO)’. The model incorporates
two WoO. The first, WoO1, represents a critical time period without inundation that
allows propagules to strand and anchor. The second, WoO2 represents a time
period without wave-driven sediment re-suspension/bed erosion (i.e. sediment
disturbance) to allow seedlings to gain stability against toppling (see Fig. 7.1).
Individual seedlings must surpass both WoO1 and WoO2 to develop into a sapling
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that is likely to survive to become an adult tree. As a model platform the statistical
computing software R was used (see digital Appendix 7.1). The model was
parameterized for the Firth of Thames mangrove forest with monitoring data from
the fieldsite and by means of experiments in the lab and in situ.
Model formulation:

N ( x, a, t  1)  N ( x, a  1, t )  R( MWL(t ), seas(t ))
 N ( x, a, t ) [ D1( MWL(t ), a)  D 2( x, a, t )]

(Equation 1)

Where N(x,a,t) denotes the number of individuals of age a at height x and at time t
R, a function of maximum daily water level MWL (t) and of season seas(t), denotes
the recruitment of individuals aged 0 into the population. R is given as:

R( x, 0, t )  seas(t )

100,

 0,

MWL(t )  x
MWL(t )  x

(Equation 2)

Where seas(t) assumes the value 1 if t is inside the fruiting season, and 0 at all
other times.
D1 is a mortality function representing the first ‘Window of Opportunity’ (WoO1). It
is given as:

0, MWL(t )  x or a  a 0
D1( x, a, t )  
1, MWL(t )  x and a  a 0

(Equation 3)

Where a0 is a critical age after which the propagules are invulnerable to flotation,
a0={2,3,4,5}.
D2 is a mortality function representing the second ‘Window of Opportunity’ (WoO2).
It is given as:

D2 

i  N ( x , a ,t )



( RSi  B)  S max

(Equation 4)

i 1

114

Where (RSi+B<Smax) assumes the value 1 if the sum of the strength RS i of plant i
plus the burial rate B increasing the stability of plant i is smaller than the
environmental stress Smax and 0 when it is larger or equal to Smax. The sum over all
individuals of the age class then gives the number of deaths from the disturbance
events on day t.
RSi is expressed as the maximum depth of sediment disturbance [cm] that plant i
can withstand at age a. Burial by the long-term sediment accretion in the area adds
to this maximum depth. This burial depth B is defined as B=bur * a, where bur is
the average burial rate [cm/day] in the area and a is age [day].
The environmental stress Smax(x,t) is the maximum sediment depth disturbed by
waves at height x and day t. It is calculated as a function of daily maximum wind
speed for all heights below MWL(t):

S max  k1 ^ (W max k 2)

(Equation 5)

The plant strengths RSi are modelled as normally distributed variables with:

RSi  randi ln(a)  k 3

(Equation 6)

and was derived from the experimentally determined maximal plant stability:

RS max  k 4 ln(a)  k 2

(Equation 7)

The randomly distributed variable randi is generated with a normal distribution
random number generator with a mean of k 4/2 and a standard deviation of
k4/4.8025 with fixed boundaries of rand > 0 and rand ≤ k 4. Every individual
seedling is attributed a randomly generated relative strength rand i at the moment of
recruitment. This individual strength is conserved through life, but the absolute
strength of the sapling increases with age according to equation 6.
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Model parameterization WoO1
Propagule flotation and root growth: To assess the influence of salinity and
substrate on flotation, germination and root growth after stranding, propagules of A.
st

marina were collected from the field site on 31 January 2013. The propagules
were randomized with a random number list and then placed within solution baths
with varying concentrations of salt (salinity: 0, 5,15, 30) for flotation experiments
and also on mangrove mud in plastic containers (30 x 20 x 15 cm). Mud was
collected from the tidal flat in front of the mangrove forest (collected the same day,
salinity = 25). Flotation and root development were monitored for 12 days after
placing the propagules in solution baths. The flotation experiment had 12 replicates
per salinity treatment. Root growth in mud was determined by harvesting a
subsample of 10 propagules at day 5, 7 and 9 after placing the propagules on top
of the mud. The salinity of the sediment was maintained throughout the experiment
by watering pots with freshwater from a spray bottle.
Dislodgement by waves: We carried out our experiments on the effects of
waves on anchored propagule dislodgement using a wave flume in Singapore with
Avicennia alba. For this experiment, mud was collected from the upper layer of a
tidal flat near the Sungei Buloh Wetland Reserve (1°26′52 N, 103°42′35 E) in
Singapore and propagules of A. alba were collected from the Mandai mangrove
forest (1°26′22 N, 103°45′51 E) in April 2010. The rooted propagules of A. alba and
A. marina have a similar morphology and both are generally buoyant. A. alba
propagules from Singapore are however slightly longer and narrower (length: 3.7 ±
0.2 cm, width: 1.6 ± 0.2 cm, N=10) than A. marina from the Firth of Thames
(length: 2.9 ± 0.1 cm, width: 2.3 ± 0.1 cm, N=10). In a flume study the critical root
length needed to resist wave forces was determined for 37 A. alba propagules
growing in mud. Propagules of different root length were placed at the flume bed
within the pots they were germinated in, thereafter wave height was increased
stepwise until uprooting occurred and root length was recorded (see Balke et al.
2011 for detailed methods). The wave flume of 38 m length and 0.9 m width was
filled with freshwater of 30 cm depth and waves were generated with a frequency
of 0.5 Hz from 0 to 12.6 cm wave height. Each propagule was exposed to waves
for 150 s per step (5 wave height steps, see Fig. 7.4) until uprooted or the
maximum wave height was reached.
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WoO1 parameters used in model: For the analysis of WoO1 tidal water
levels recorded at the Tararu tide gauge were reduced to daily maximum water
levels between January 1995 and December 2012. From the propagule
germination experiment (Fig. 7.4a) and the flume study on wave dislodgement (Fig.
7.4b) a minimum required inundation free period for anchorage [a 0] was estimated.
The entire time series is analysed for these inundation-free periods that exceed the
input value. The water level [MWL(t)] represents the elevation of the WoO1 event
i.e. the elevation of propagule stranding (see Equation 2). Thereafter the WoO1
output is reduced to the events that occur during the fruiting season of A. marina
seas(t) at the field site. The main fruiting is estimated to occur during the summer
months of December to the end of February (Gladstone-Gallagher et al. 2013).
Model parameterization WoO2
Determining the critical erosion depth: In situ experiments were carried out
to establish the critical erosion depth [RSi]; i.e. the sediment layers removed when
seedlings can no longer maintain an upright position. 12 established A. marina
seedlings were selected at the seaward fringe at the Firth of Thames mangrove.
The sample was divided in four recently established seedlings (≤ 2 leaf pairs,
average shoot height = 10.3cm) with cotelydons still attached and eight seedlings
(≥ 3 leaf pairs, average shoot height = 22.5 cm) without cotelydons. Since the
survey was done early during the fruiting season (January 2013) the latter were
assumed to be seedlings from the previous year’s season (i.e. 1 year old). The
critical erosion depth for each seedling was determined from progressive removal
of the surrounding mud by extracting the seedling from the bed inside a PVC pipe
(15 cm length, 12 cm diameter). After excavation, 3-mm thick plastic discs were
pushed into the core from below to progressively extrude the seedling and its
substrate from the top end. Excess sediment above the rim level was removed by
scraping to mimic stepwise bed erosion until the seedling toppled under its own
weight (see Balke et al. 2013 for detailed methods). Due to previous partial burial
of the seedlings the burial depth of the shoot was recorded and subtracted from the
critical erosion threshold (see Balke et al. 2013). The in situ net critical erosion data
for A. marina was compared with a mesocosm study performed on seedlings of the
morphologically similar tropical species A. alba (Balke et al. 2013). We assumed an
average age of the current years’ seedlings of 30 days and previous years’

117

seedlings of 365 days to establish the maximum critical erosion depth i.e. plant
strength for the model:

RS max  1.921 ln(a)  3.2337

(parameter for Equation 7)

where RSmax [cm] is the maximum critical erosion depth that can be resisted and a
is the age of the seedling. For each WoO1 event a matrix with 100 individually
modelled seedlings with the plant strength RSi were generated (see Equation 6).
Gradual burial of the seedlings increases the stability against erosion (Chapter 4).
210

Sedimentation rates of on average 2 cm/year were estimated from
Pb dated
sediment cores (Swales et al., 2007). This was used as the basis to estimate the
daily burial rate bur as 0.00548 cm/d.
Sediment disturbance time series: Seedlings that surpass the WoO1
continue to the WoO2 (see Equation 1), where wind speed records are utilised as a
signal for wave induced sediment disturbance (see Equation 4). The process of
wave generation by wind is not only depending on wind speed but also on duration
and fetch and may be site dependent. Moreover waves are damped on the tidal flat
which is not included here (Winterwerp et al., 2007). For this mechanistic model
measured wind speeds are directly correlated with sediment disturbance depth
close to the forest fringe of the particular field site. Wind speed records from
January 1995 to December 2012 of the Paeroa weather station were reduced to
winds coming from the seaward direction of the field site (248-68 degrees) and
thereafter to the daily maximum wind speed. This time series was correlated with
suspended sediment concentration (SSC) data from the optical backscatter (OBS)
measurements at the field site. The correlation shows that when the daily
maximum wind speed from seaward direction exceeds 5 m/s 95% of the days have
a SSC close to the maximum measured concentration (~1200 mg/l). This is
considered as the critical wind speed above which large quantities of mud are resuspended from the tidal flat and cause short term erosion on the intertidal flats
7

immediately seaward of the mangrove forest. The Be penetration depth (53 d days
half-life) and the absence of layering up to 7 cm depth in a mudflat core sampled
on 13 March 2006 was attributed to wave induced sediment mixing (Swales et al.,
2007). Daily maximum wind speeds prior to this date were peaking at 13.9 m/s on
23rd of January 2006, which may have mainly contributed to this mixing depth. An
exponential relationship between maximum wind speed and sediment disturbance
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was assumed using these two data points (5 m/s = 0.1 cm mixing, 13.9 m/s = 7 cm
mixing). Daily maximum sediment disturbance Smax is therefore a function of the
daily maximum wind speed from the seaward direction (W max).

S max  0.0092 ^ (0.4774 W max)

(parameter for Equation 5)

Sensitivity to climate change mechanisms
A mechanistic sensitivity analysis of the model was carried out by
separately changing the input for: sea-level, wind speed and fruiting season. Three
rates of sea-level rise (1 mm/y, 5 mm/y and 10 mm/y) were added to the daily
maximum water levels. The wind speed input was reduced and increased by 10%
and 20%. The standard fruiting season was changed to a one month earlier
season (beginning of November to end of January) and a one month later season
(beginning of January to end of March). This sensitivity analysis is not linked to
climate change model predictions or scenarios as the model is merely a simplified
tool to understand the mechanism. Input parameters were altered to get insights in
possible effects of typical climate change processes on stochastic disturbance
mechanisms to seedling establishment.

Results
Validation of physical disturbance mechanisms in the field:
WoO1: The lower three experimental plots (at 650, 790 and 890 mm TVD52) with fixed and loose propagules were inundated daily during the course of the
experiment. Only the plot at 1220 mm TVD-52 had a two day inundation free
period (WoO1) and the plot at 1530 mm TVD-52 had a 7 day inundation free
period, as shown by the water-level records from the nearby tide gauge (Fig. 7.3a).
Loose propagules could only develop roots in the upper two plots with inundation
free WoO. Artificially fixed propagules were not tossed around in the cages and
developed roots in all plots with a maximum at 890 mm and 1220 mm TVD-52. The
root length of fixed propagules at 1220 mm TVD-52 exceeded the root length of the
loose propagules but both fixed and loose propagules had similar root length at
1530 mm TVD-52.
WoO2: The observations of mangrove seedling survival starting 28

th

of
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January 2006 on the tidal flat seaward of the mangrove forest showed an
exponential decline in seedling number from over 500 recently established
seedlings to below 100 individuals in less than 50 days (Fig. 7.3b). As shown on
the photograph (Fig. 7.3b), after initial establishment the roots of the seedlings
were excavated by wave induced sediment disturbance causing seedlings to
topple.

Fig. 7.3: a) Mean root length of germinated Avicennia marina propagules (N=10) within
cages deployed on the tidal flat. Propagules were anchored to the sediment to inhibit
displacement by the tide vs. loose in the cage which allowed uprooting/displacement of
propagules. The lower 3 plots were located on the tidal flat, whereas the upper two plots
were located inside the forest. The records of the nearby Tararu tide gauge indicate daily
maximum water levels at the site.
b) Survey of seedling survival on the tidal flat fronting the mangrove forest in 2006. The
photos show that the rapid reduction in seedling numbers is caused by physical disturbance
of the sediment excavating the seedlings.
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Model parameterization WoO1: Germination, flotation and wave dislodgement of
propagules
First expansion of the root tips of the mangrove propagules growing in mud
from the tidal flat was visible on day 3. Average root expansion during the first 6
days after germination was linear at approximately 0.3 cm per day (Fig. 7.4a).
Propagules in the solution baths started to germinate on day 3 in 5, 15 and 30 ppt
and on day 4 in freshwater (0 ppt) solution, however root length did not exceed 1
cm after 12 days in any of the treatments (see digital Appendix 7.2). After a gradual
increase in the number of buoyant propagules from day 1 to day 5 (0 and 5 ppt:
20%; 15 ppt: 50%, 30 ppt: 70% at start of experiment) more than 80% of all
propagules were floating in all solutions from day 5 until the end of the experiment
(day 12) (see digital Appendix 7.2).
In the flume experiments, propagules of A. alba growing in mud required
up to 0.5 cm of maximum root length to stay anchored while inundated (without
waves). Thereafter wave height at dislodgement increased linearly with maximum
root length. Above 1.6 cm maximum root length, the propagules could not be
dislodged with the maximum wave height applied in the flume (Fig. 7.4b).
Our results indicate that on average five days would be required for A.
marina to reach a root length of 1.6 cm (Fig. 7.3a) and hence remain securely
anchored against wave action, without sediment erosion at the bed. Approximately
two days of root growth (to reach > 0.5 cm root length) would be needed to resist
inundation only (no waves). Both calculations were based on the assumption that
propagules readily germinate without delay upon stranding as our laboratory
experiments indicated that propagules initiate rooting while floating. A sensitivity
analysis was done for the input of the minimal required WoO1 duration a 0 between
2 and 5 days (see Equation 3, see paragraph on model output).
Model parameterization WoO2: Determining the critical erosion depth in situ
The critical erosion depth of A. marina was strongly correlated to the
logarithm of the seedling shoot height (Fig. 7.4c). Whereas seedlings from the
current season were able to tolerate up to approximately 4 cm of instantaneous
erosion, one year old seedlings (from the previous season) could tolerate up to
approximately 8 cm without toppling. Although the results of the in situ experiments
had a high variability, all 3 treatments (5 hour inundation per day, 10 hour
inundation per day and 10 hour inundation + constant water movement by waves)
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of a mesocosm study on A. alba were consistent with the seedling size - erosion
relationship for A. marina (data reproduced from Chapter 4). The in situ
measurements were used to model individual seedling stability RSi against
sediment disturbance (see paragraph on model parameterization WoO2).
Model output: WoO1 and WoO2
The distribution of inundation free periods ≥ a0 which allow propagule
anchorage (WoO1) shows a unimodal distribution (Fig. 7.5a). When taking wave
disturbance (WoO2) into account, the form and location of the distribution is
changed. Fig. 7.5a shows this as the height distribution of seedlings with a WoO2
for at least 365 days. The number of surviving seedlings is highest at intermediate
to high elevations and 0 at the lowest elevation. Assuming different required time
periods for anchorage (a0, see flume and growth experiments) the distribution shifts
slightly along the elevation gradient but the effect on the distribution of seedlings
surviving WoO2 is small. Longer required inundation-free periods for a WoO1 (a0=
2,3,5 days) reduce the overall WoO1 frequency and hence potential seedling
numbers for the WoO2 (Fig. 7.5a). The vegetation edge in 2006 and 2013 was
located at ~900mm TVD-52 height (Fig. 7.2), leaving most of the predicted
seedlings above this elevation. The majority of the simulated seedlings fail during
the first weeks (Fig. 7.5b, a0=3). In general, the duration of seedling survival shows
a strong biweekly pattern, due to the spring-neap tidal cycle, as seedlings only fail
when they are inundated (Fig. 7.5b).
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Fig. 7.4: a) Initial root growth after stranding of Avicennia marina propagules. Maximum root
length of each propagule (RPmax) is linearly correlated with time (t) since start of the
2
experiment: (RPmax = 0.3266*t-1.443; R = 0.62).
b) Critical root length of anchored propagules needed to resist dislodgement at a given wave
height. This study was performed on morphologically similar Avicennia alba propagules
growing in mangrove mud. Wave height at dislodgement (Wdisl) is linearly correlated with the
2
maximum root length of the propagules (RPmax): (Wdisl = 8.4566* RPmax-0.9959; R =0.70).
c) Critical erosion depth causing toppling of Avicennia marina seedlings determined by an in
situ erosion experiment at the study site compared with the critical erosion depth of a
mesocosm study on tropical Avicennia alba (both growing in muddy substrate) (Balke et al.
2013 = Chapter 4). The critical erosion depth of A. marina (Ecrit) is correlated with the
2
logarithm of the shoot height (Sh): (Ecrit=3.5058*Ln(Sh)-5.0584; R =0.57).
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Fig. 7.5: a) Model output comparing 2, 3 and 5 day WoO1, all showing cumulative seedling
numbers for the entire model run from Jan 1995 to Jan 2011. Initial seedling anchorage
(WoO1) is compared with survivors for defined elevation classes (WoO2). Seedlings are
considered successful when they survive for 365 days.
b) Modelled seedling survival duration for a 3 day WoO1, showing biweekly peaks of
seedling failure. The sum of the seedlings that survive longer than 365 days for the whole
elevation gradient is shown.

124

Model output: climate change sensitivity
For the climate change sensitivity analysis an intermediate WoO1 setting
of a0 = 3 days was chosen. Adding different rates of sea level rise to the model
input resulted in a reduction of seedling numbers between 1300 and 1700 mm
TVD-52 elevation (Fig. 7.6a). The lowest elevation where seedling establishment
could occur showed little variation.
Increasing or decreasing the daily maximum wind speed (only affecting
WoO2) had a major effect on modelled seedling numbers. Increased wind speeds
suppressed seedling establishment throughout the elevation gradient, with almost
no establishment below 1400 mm TVD-52. Decreasing wind speeds allowed for
higher seedling survival also below 1400 mm TVD-52.
Shifting the fruiting season one month earlier or later did not result in
changes in seedling numbers below 1500 mm TVD-52. At higher elevations
seedling survival of early and late season deviated from the mid season but did not
show a clear trend (Fig. 7.6c top). Year to year total seedling numbers of the whole
transect showed strong variability (Fig. 7.6c bottom) and differed between timing of
propagule maturation. Alteration of the fruiting season did however not change the
overall temporal pattern in seedling survivorship.

7.4 Discussion
A model was developed for the Firth of Thames mangrove forest to study
the effects of stochastic disturbance by inundation and wave driven sediment
disturbance on mangrove seedling establishment. Disturbance mechanisms were
validated by means of field experiments and model parameterization was achieved
through experimental work and analysis of monitoring data for the field site. The
model confirmed the strong influence of physical disturbance (water level and
waves) on development of mangrove forests and was able to predict the elevation
of the present vegetation edge. A sensitivity analysis of the model to factors likely
to be altered by climate change (i.e. sea-level rise, changed wind speeds, shifting
fruiting season) indicated that especially increasing wind speeds may limit seedling
establishment to higher elevations on the tidal flat.
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Fig. 7.6: a) Adding different
rates of yearly sea-level rise to
the tide gauge data resulted in
a reduction of seedling numbers
between 1300 and 1700 mm
TVD-52 on the mudflat.
b) Increasing the wind speeds
by 10 % and 20 % reduced
seedling numbers along the
whole transect, decreasing wind
speeds had the opposite effect
and
allowed
substantial
establishment of seedlings also
below 1300 mm TVD-52 on the
tidal flat.
c) Shifting the fruiting season
(Dec-Feb) one month earlier or
later did not show a consistent
effect on seedling numbers.
Below 1500 mm TVD-52 on the
tidal flat no affect was found
(upper graph). Year to year
variation of total seedling
number (lower graph) is strong
however shifting the fruiting
season did not change the
temporal pattern.
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Small scale physical disturbance and Windows of Opportunity
Whereas physical disturbance mechanisms have mainly been studied for
the effects of large infrequent disturbances (Romme et al., 1998), the effects of
small, frequent physical disturbances to seedlings are important but less well
understood (Friess et al., 2012). The seedling phase directly after dispersal of the
diaspores is the most critical life stage of plants and thus disturbance to seedlings
determines the development of a range of biogeomorphic ecosystems such as
mangroves, salt marshes, riparian vegetation, seagrass meadows and dune
vegetation (Infantes et al., 2011; Mahoney and Rood, 1998; Wiehe, 1935, Chapter
4). The mechanisms of dispersal and seedling establishment in mangroves may be
more important in structuring the vegetation than biological interactions after
seedling establishment (Sousa et al., 2007). The analysis of time series for
Windows of Opportunity (WoO) may offer an analytical approach to study the
effects of stochasticity in disturbance driven ecosystems (Chapter 2). Here we
validated the WoO concept with field experiments (Fig. 7.3) and demonstrate that
two Windows of Opportunity need to be present for a mangrove seedling to
successfully establish. Seedling establishment on a tidal flat requires the presence
of an inundation free period of sufficient length in the fruiting season (Fig. 7.3a,
WoO1) and a calm period without wave induced sediment disturbance to avoid
excavation of the seedlings (Fig. 7.3b, WoO2). We were able to determine the
failure thresholds, i.e. the required minimum duration of a WoO by experiments in
the field, flume and laboratory (Fig. 7.4)
Model output and knowledge gaps: towards a predictive model
Stranding and early anchorage of progagules (WoO1) is predicted to have
a unimodal distribution along the elevation gradient. This pattern arises due to lack
of inundation events at higher elevations and lack of sufficiently long inundationfree periods at lower elevations (Fig. 7.5). However the model predicts that only a
fraction will survive the stochastic sediment disturbance (WoO2), with higher
survival at high elevations, where the chances of high tides and sediment
disturbance coinciding are smaller. This nearly 100% loss of seedlings on the low
tidal flat due to frequent disturbance was also observed in the field (Fig. 7.3b).
Our model does not include attenuation of energy due to reducing water
depth or the presence of mangrove trees nor does it include increasing shear
strength of the sediment with elevation. However, the model predicts that the
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exposure to different frequencies of disturbance can create similar patterns in
seedling survival compared to the patterns arising from an average disturbance
magnitude gradient (Thampanya et al., 2002a). The cumulative results of our
model reveal a general biweekly pattern of seedling failure, due to the spring-neap
tidal cycle (Fig. 7.5, lower panel). Observations of mangrove forests that colonise
tidal flats suggest that forest establishment occurs at irregular intervals, with
sudden mangrove recruitment events, resulting in relatively even aged mangrove
stands on the colonised tidal flats (Proisy et al., 2009). Parallel bands of
mangroves forests with similar age classes (Lovelock et al., 2010) are the result of
mass recruitment events. The temporal variability of seedling survival from year to
year in the model (Fig. 7.6) suggests that this may not only be a result of increasing
tidal flat elevation and mangrove tree phenology. We show that this may occur due
to the complex interplay of tidal flat elevation and stochastic external forcing (sea
level, wind and waves) generating a sequence of Windows of Opportunity at
suitable intertidal elevations on the shore. Although our model does not include
year to year variability in numbers of available propagules it predicts that the abiotic
external forcing (tide and weather) also determines which years will generally have
high or low seedling survival (Fig. 7.6c). The model highlights that a small
difference in elevation can determine whether a WoO will be present or absent.
Especially on a gently sloping tidal flat this can result in a relatively wide band with
suddenly occurring seedling establishment, which has been observed in the field
(Lovelock et al., 2010; Proisy et al., 2009).
The predicted minimum elevation of seedling establishment using a WoO1
of a0=2 days, agrees best with the elevation at the forest edge in 2006 and 2013 at
around 900 mm TVD-52. Seasonally developing mud mounds on the tidal flat of up
to 20 cm in height were present during the seedling survey in 2006 (Swales et al.,
2007) but were not present during the elevation survey in 2013. Hence the tidal flat
elevation may have fluctuated in the past with the formation of bed forms
(Whitehouse et al., 2000) giving rise to locally elevated areas where WoO occurred
(Fig. 7.2). Moreover the minimum elevation of seedling establishment is
determined by the root growth after stranding and the hydrodynamic forcing at first
inundation, both processes are modelled as a constant however they may be
variable in time. Although the water levels measured within the forest at the field
site correlated well with the Tararu tide gauge, the pressure sensor in the
mangrove forest was not inundated during neap high water. Therefore we could
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not asses the correlation for all neap high water levels. This is however essential
for the prediction of the minimum elevation of potential seedling establishment.
Future experiments on environmental effects on seedling growth and including the
detailed tidal flat morphodynamics and hydrodynamics may increase the accuracy
of the seedling elevation predictions of the model.
Sensitivity to Climate change
Seasonal matching of the biology of organisms and their physical
environment is important to the maintenance of ecosystems with climate change
(Stenseth and Mysterud 2002, Edwards and Richardson 2004). Whereas variability
in timing of propagule maturation events in a survey in Australia was found to be
minimal, year to year differences in the quantity of propagule production were large
(Duke 1990). Although our model predicts a high variability of seedling
establishment with a constant input of propagules from year to year, further
investigations should also include seasonal variations in propagule supply. Shifting
fruiting seasons did have an effect on seedling establishment in the model however
this did not change the year to year recruitment pattern.
Climate change may have severe effects on the coastal zone and has so
far mainly been discussed in relation to geomorphological development of the
mangrove i.e. sediment accretion rates that may or may not keep up with sea-level
rise (Lovelock et al., 2011; Webb et al., 2013) or latitudinal shifts of mangrove and
salt marsh competition with rising temperatures (Guo et al., 2013; Osland et al.,
2013). However in mangroves global change may also directly impact vegetation
development in the seedling phase, as predicted by our model. While we did not
vary global change effects on the geomorphology of the system (e.g. sedimentation
rate), we show that sea-level rise may hamper seedling establishment at lower
elevations due to the absence of inundation free periods, assuming that the tidal
flat elevation remains constant. Also changes in wind speed and hence wave
induced sediment disturbance mainly affect the lower half of the mangrove
elevation gradient (i.e. less survival with increasing wind speed and vice versa),
where disturbance is most frequent. Both findings highlight that seedling
establishment at the forest edge may directly be affected by climate change. If bed
morphology does not change, sea-level change and wind speed will nevertheless
change the lateral extent of the mangrove forest. Increasing wind speeds will have
a larger influence than sea level changes on mangrove development. It is important
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to notice that our model does not include changes in coupled hydro-geomorphic
processes at the tidal flat or landscape scale. However, our mechanistic approach
could easily be incorporated in sediment transport models to produce actual
climate change predictions.
Small stochastic disturbances causing bottlenecks to seedling survival can
play an important role in determining the development of mangrove forests as
shown by experiments and modelling. Deriving physical disturbance from
monitoring time series and applying the Windows of Opportunity concept to these
data is an important step towards predicting mangrove dynamics in a changing
environment.
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Chapter 8

General discussion
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Summary
Mangrove and salt marsh ecosystems provide numerous ecosystem
services. However, their existence is threatened by anthropogenic activities in the
coastal zone. Beside the potential biodiversity loss, intertidal wetland destruction
has severe societal consequences such as reduced coastal protection,
deteriorating water quality and coastal fisheries. Mangrove and salt marsh
vegetation differ in their life history but they thrive in the same geomorphic coastal
setting. Their interactions with the hydro-geomorphic processes is an integral part
of mangrove and salt marsh ecosystem functioning. Although studies on the
biogeomorphology of intertidal wetlands are increasing, the bottlenecks to seedling
establishment are still poorly understood (Friess et al., 2012). By gaining
fundamental insight in the establishment processes of vegetated biogeomorphic
ecosystems widely applicable concepts and tools were developed to predict
colonisation events on tidal flats (Chapter 2, 3, 7) and estimate the survival chance
of pioneer vegetation (Chapter 4, 5, 6, 7). Understanding the biogeomorphology of
mangroves and salt marshes is needed to better manage and restore these
valuable ecosystems.
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8.1 Dispersal-disturbance mechanisms in intertidal wetlands
Some mangrove (Tomlinson, 1986) and salt marsh pioneers (Nehring and
Hesse, 2008) can clonally expand. Nevertheless, sudden recruitment of
unvegetated tidal flats has to occur from seed dispersal or (in some cases)
dislodged rhizome fragments. Salt marsh seeds can be dormant, but burial and
frequent disturbance by inundation may suppress the development of a persistent
seedbank on the tidal flat (Gerdol and Hughes, 1993; Ungar, 2001; Xiao et al.,
2009). Most mangroves produce non dormant, viviparous or crypto- viviparous
propagules (i.e., germinating or partly germinating while still on the tree). They are
fully developed embryos and not resistant against desiccation, so that mangrove
propagules do not form a seedbank (Harun-or-Rashid et al., 2009). The only
mangrove pioneer that produces seed bearing fruits is Sonneratia spp. (Harun-orRashid et al., 2009). Mangrove and salt marsh diaspores are dispersed by water
(hydrochorous dispersal) to the tidal flat. Dispersal takes place either directly after
abscission from the plant or by means of secondary dispersal following previous
stranding. As soon as the diaspores have stranded and the roots enter the
sediment, currents and waves which were previously acting as the dispersal vector
now turn into a disturbance agent that can uproot the recently anchored seedlings.
Whereas dislodged propagules of e.g. Avicennia spp. can re-root multiple times
(Osborne and Berjak, 1997), germinated seeds of Sonneratia spp. or Salicornia
spp. and Spartina spp. may not root again after dislodgement. By means of a flume
experiment it has been shown that to prevent dislodgement of the recently rooted
propagule/seedling, a disturbance free period is needed directly after stranding
creating a so-called ‘Window of Opportunity’ (Chapter 3). Windows of Opportunity
can occur relatively often, as fluctuating tidal water levels along an elevation
gradient can create sufficiently long inundation free periods for anchorage after
potential dispersal. This temporal variability in disturbance may be a key
mechanism for the recruitment of bare areas also in other biogoemorphic
ecosystems such as dunes and river floodplains (Chapter 2).
Species distribution in intertidal wetlands is characterized by a distinct
zonation along an elevation gradient, which is mainly described to be the result of
post dispersal processes. To what extent processes such as competition or
herbivory, salinity and inundation stress create zonation is still discussed for
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mangroves (Ellison et al., 2000; Feller et al., 2010) and salt marshes (Costa et al.,
2003; Pennings et al., 2005). Several authors have stressed the fact that dispersal
mechanisms in mangroves (Clarke et al., 2001; Rabinowitz, 1978; Sousa et al.,
2007) and salt marshes (Rand, 2000) may also have an effect on species zonation,
especially at lower elevations. For mangroves this is supported by the observation
that transplanted seedlings grew as good or better in areas dominated by another
species (Rabinowitz, 1978; Sousa et al., 2007) and by the general absence of
dormancy (Clarke et al., 2001). Although the tidal sorting hypothesis linking
propagule size to stranding elevation has been rejected (Clarke et al., 2001),
buoyancy and early growth may partially determine mangrove species distribution
(Clarke et al., 2001) during or directly after dispersal. The ‘Window of Opportunity’
concept (Chapter 2) can explain how the need for different inundation free periods
for initial establishment may partly determine the species distribution. Faster
rooting pioneer species (e.g. Avicennia spp.) may have an advantage in anchoring
at low elevations with more frequent disturbance. Climax species (e.g. Rhizophora)
may still be able to survive at the same elevation, but lack the chance to establish.
For mangroves, salinity and desiccation (rather than propagule size) are the critical
factors influencing initial growth after stranding (Clarke et al., 2001) and hence
determine the required ‘Window of Opportunity’ length for each species differently.
Especially viviparous propagules do not depend on external nutrients during initial
anchorage (Osborne and Berjak, 1997; Tomlinson, 1986).The size of the diaspore
however matters for the drag force during anchorage, as smaller seeds have less
surface area and are therefore less affected by water movement at the bed.
The importance of dispersal mechanisms in determining species
distribution has also been acknowledged for salt marsh vegetation (Rand, 2000).
Although dispersal distances may be small higher up in the marsh and limit
seedling establishment to the vicinity of the seed source (Rand, 2000), seed export
from the pioneer zone is substantial (Huiskes et al., 1995). The need for an
inundation free period for pioneer seedling establishment has qualitatively been
reported (Boorman et al., 2001; Wiehe, 1935) and shown to be predictive for
colonisation events (Chapter 2), but not yet linked to salt marsh species zonation.
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8.2 Stochastic disturbance and external forcing to establishment
On a bare tidal flat, where no vegetation is present to attenuate waves
and/or currents individual plants are exposed to the full force of physical
disturbance by hydrodynamics and sediment transport (erosion/burial). The
resistance of a single plant for example to a defined magnitude of disturbance can
relatively easy be measured in experiments (Chapter 3, 4). However, physical
disturbance in an intertidal environment is extremely variable in space and time
(Chapter 2, 6). Additionally, plant stability is not constant in time, plants grow and
the disturbance history of non-lethal events feeds back to the stability of the plant
(Chapter 3, 4). As an example, a previously buried seedling may have greater
resistance against erosion than a plant that was already partly excavated by
previous events. However, it depends on how long ago the last disturbance event
occurred as plants adapt to burial or excavation (Chapter 4). This disturbancegrowth relation determines whether a stochastically disturbed bare area in any
biogeomorphic ecosystem can get colonised by vegetation or remains bare
(Chapter 4). We demonstrated a modelling approach to the long-term effects of
stochastic disturbance on establishment of a mangrove forest (Chapter 7).
After seedlings have established from seed on the tidal flat (Chapter 2)
some salt marsh plants can form clonal tussocks (i.e. Spartina spp.) and already
create biogeomorphic feedbacks before merging into a continuous sward (Chapter
5). At this early stage tussocks may already increase their stability against physical
disturbance by preventing erosion and increasing sedimentation inside the
vegetation patch (Bouma et al., 2007). As a consequence, these Spartina tussocks
are often elevated above the tidal flat and may create scouring next to the
vegetation (van Wesenbeeck et al., 2008). Despite the strong local biogeomorphic
feedbacks to the tussock and its immediate surrounding, large scale processes that
drive tidal flat morphodynamics will change the tussock bed morphology in relation
to its surrounding. This context-dependent biogeomorphic feedback to the bed
morphology determines individual lateral tussock development and therefore the
future of the pioneer zone (Chapter 5). When tussocks expand and the gap
between two growing tussocks becomes smaller they will start to interact and
enhance current velocities in the bare space between the patches preventing them
from merging. Only if they are close enough they will act as one vegetation patch
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and flow velocities will decrease between the patches allowing them to merge
(Temmerman et al., 2007; Vandenbruwaene et al., 2011).

8.3 Biogeomorphic feedbacks and stable states
Salt marsh and mangrove vegetation that passed a critical density, can
effectively contribute to the attenuation of hydrodynamic energy (Bouma et al.,
2005; Mazda et al., 2006; Möller et al., 1999), increase sedimentation and reduce
erosion (Bouma et al., 2009a; Neumeier, 2007; Temmerman et al., 2005). These
biogeomorphic feedbacks stabilise the ecosystem, and can in theory be sufficient
to create a self-organized landscape (D’Alpaos et al., 2007; Marani et al., 2013;
Temmerman et al., 2007; van de Koppel et al., 2005). On bare tidal flats, sedimentstabilising feedbacks are absent and the sediment may additionally be disturbed by
bioturbation inhibiting seedling establishment (Suykerbuyk et al., 2012; van
Wesenbeeck et al., 2007) and leading to a stable bare state. Several studies
describe the bare tidal flat and the vegetated salt marsh as alternative stable states
(ASS) (Marani et al., 2013; Wang and Temmerman, 2013). Changes in ASS
systems are characterized by sudden state shifts, occurring when the gradually
changing conditions surpass a critical threshold, beyond which the system is
attracted to another stable state (Scheffer et al., 2001). Such state shifts are
difficult to reverse due to hysteresis effects, ‘locking’ the ecosystem in the new
state (Scheffer et al., 2001).
Most studies on alternative stable states in intertidal wetlands are
modelling studies on salt marsh vegetation (D’Alpaos et al., 2007; Marani et al.,
2013; Temmerman et al., 2007; van de Koppel et al., 2005). However, it has been
suggested that biota in soft sediment environments of the coastal zone may
generally display stable state behaviour (Knowlton, 2004; van de Koppel et al.,
2001). As mangroves are considered to be a biogeomorphic agent that influences
its sedimentary environment (Corenblit et al., 2007a; Perry and Berkeley, 2009),
they are also expected to exhibit alternative stable state behaviour, similar to that
of salt marshes (Wang and Temmerman, 2013). Critical transitions in alternative
stable state systems are still poorly understood. Especially the establishment
thresholds for vegetation in sedimentary environments, that creates a shift from a
bare stable state to a vegetated stable state, are understudied. We show for a salt
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marsh that a shift from a bare to a vegetated state may depend on the occurrence
of short-term stochastic ‘Windows of Opportunity’ (WoO), and that this may be of
general importance for alternative stable states in vegetated biogeomorphic
systems (Chapter 2). Such WoO can temporarily suppress the feedbacks to the
bare state and allow vegetation to colonise and pass a stability threshold to
withstand subsequent disturbances. Whereas a short-term increase in external
forcing (i.e. large infrequent disturbances) may overrule the stabilising feedbacks to
the vegetated state and erode enough sediment to allow for a sudden shift back to
the bare state (Chapter 2).
To what extent intertidal vegetation can generate such biogeomorphic
feedbacks to the stability of the system, depends on their density, flexibility, and
vegetation height relative to the inundation depth (Bouma et al., 2009a, 2005;
Nepf, 1999; Neumeier, 2007). The feedback mechanism may also depend on
external forcing at the tidal flat (Chapter 5). Wave attenuation over flexible and
often submerged herbaceous vegetation is different from wave attenuation in
emergent trees with various shapes of aerial roots. The wave attenuation capacity
of mangrove vegetation mainly depends on the vertical structure of the forest, as
determined by tree size and aerial root types. Young seedlings on a tidal flat do not
have a sufficient biomass per surface area on the mudflat to attenuate waves.
However, a case study on a 6 year old dense plantation of mangroves, showed
that these plantings already reduced up to 20% of the wave height over 100 m
(Mazda et al., 1997).
Compared to the stilt roots of Rhizophora spp. the pneumatophores of e.g.
Avicennia and Sonneratia spp. have little effect on wave attenuation, especially
during high water levels (Horstman et al., 2012; Mazda et al., 2006). Dense salt
marsh pioneer vegetation of Spartina spp. reduces the energy at the bed within the
first few meters of the leading edge (Widdows et al., 2008). However, the sharp
border of a high energy to a low energy regime at the edge of Spartina marshes
may come at a cost, wave scour at the vegetation edge and elevation differences
between the low lying tidal flat and a marsh plateau may generate lateral cliff
erosion that undercuts the dense rhizome network (van de Koppel et al., 2005;
Widdows et al., 2008). Whereas sediment disturbance induced by waves and
currents in a dense Spartina salt marsh was shown to be reduced within the first 6
meters from the leading edge (Widdows et al., 2008), sediment disturbance in open
mangrove vegetation was only reduced after approximately a ten times bigger
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distance from the vegetation edge (Chapter 6). This difference in energy
dissipation at the marsh or mangrove fringe may generate contrasting facilitative
effects at the leading edge. The open structure of a mangrove pioneer zone may
delay the succession by limiting the establishment of Rhizophora, which requires
reduced physical disturbance for seedling survival (Thampanya et al., 2002a).

8.4 Understanding biogeomorphology for management and
restoration
Human have influenced the sediment transport and hydrodynamics in
estuaries and shallow coastal areas. Effects can be direct, for example by land
reclamation and enclosure of wetlands, or indirect, for example by changing
sediment budgets due to agricultural intensification or dredging. The interventions
in the coastal processes have led to unwanted and unnatural lateral retreat or
progradation of salt marsh and mangrove vegetation, which resulted in a wide
range of local measures. In many cases only the effect but not the cause of
vegetation spread or retreat has/can been managed. Managers have often tried to
counteract mangrove and salt marsh loss by planting seedlings on tidal flats
(Ellison, 2000) or preventing erosion at the vegetation edge by placing artificial
breakwaters (Kamali and Hashim, 2011). Unwanted mangrove expansion, for
example where open tidal flat habitat for wading birds has been lost due to
mangrove encroachment or where flood hazards arise from mangrove spread
blocking dewatering from the hinterland, has been met with clear cutting (Lee and
Shih, 2004). More holistic large-scale approaches to counteract vegetation loss are
available with ecological mangrove restoration (Lewis III, 2005), conversion of
aquaculture ponds back to mangrove forests (Primavera and Esteban, 2008) or
managed realignment of dykes especially for salt marshes (Wolters et al., 2008).
However, this often requires to solve ownership issues and political will (Myatt-Bell
et al., 2002; Primavera and Esteban, 2008). Only spatial planning and
management of the relevant processes at a landscape scale may restore the
balance between coastal sediment transport/hydrodynamics and intertidal wetland
development. Seaward extension by planting seedlings on bare tidal flats does not
compensate for landward destruction and enclosure of mangroves and salt
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marshes. Seaward restoration changes the tidal flat habitat and is more likely to fail
than landward rehabilitation of ponds and dyke realignment.
Management and restoration practice can be better evaluated when
thinking in a biogeomorphic context. Understanding the bottlenecks to seedling
establishment (Chapter 2, 3) and pioneer vegetation survival (Chapter 4, 5, 7) can
improve restoration designs and aid site selection for attempted restoration. A good
example is the restoration of aquaculture ponds, which are one of the main
reasons of mangrove loss in SE Asia. Re-connecting the ponds to the tidal
influence can easily restore the mangroves without active planting, as long as
propagule dispersal is not limited, tidal inundation allows for Windows of
Opportunity (Chapter2, 3) and sedimentation rates (or erosion events) do not
exceed lethal thresholds (Chapter 4).
The pioneer zone is a naturally dynamic system with stochastic lateral
changes of the seaward vegetation edge (Chapter 1, 7). Managers should allow for
natural dynamics at the marsh or mangrove edge and not rush into preventive
measures if the dynamics are within the natural variability. For this to happen
managers need to truly understand the natural dynamics and hence the
biogeomorphology of mangroves and salt marshes. With still many unknowns
about biogeomorphic stable states, at the same time managers need to anticipate
unexpected sudden state shifts which may be induced by anthropogenic influences
in the coastal zone and take measures before such shifts occur. The future
challenge is to protect and regenerate these valuable biogeomorphic habitats at
the border of land and sea with a holistic approach and a knowledge-based
sustainable coastal zone management plan.
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Summary
Intertidal wetlands such as mangroves and salt marshes are valuable
ecosystems at the interface between land and sea. Despite their numerous
ecosystem services, land reclamation and coastal development have lead to a
global decline in intertidal wetlands. In the past decades vast areas of tropical
mangroves have been cut down and replaced by aquaculture ponds. The loss of
these intertidal wetlands has societal consequences with the increase in coastal
vulnerability to storm surges and sea level rise, the deterioration of water quality
and the loss of valuable habitats.
Mangroves and salt marshes grow in a similar geomorphic setting, along
wave sheltered and often muddy coasts, but both differ markedly in biology and
latitudinal distribution. Salt marshes consist of herbaceous plants mainly growing in
the temperate zone while mangrove trees occur along tropical and subtropical
coasts. Mangrove and salt marsh vegetation interacts with its physical
environment. Whereas geomorphic processes determine vegetation establishment
in the pioneer phase, established vegetation may in turn change the geomorphic
development for example by dissipating hydrodynamic energy and increasing
sedimentation. These biogeomorphic feedbacks determine the development of
intertidal wetlands and need to be understood for better management and
restoration. This thesis focuses on the establishment phase, which is critical in
determining whether new salt marshes or mangroves can develop.
(Chapter 2) Tidal inundation is often coupled with waves or currents and
resulting sedimentation or erosion. This physical disturbance is often regarded as
the main bottleneck to seedling establishment of mangroves and salt marsh plants
on a bare tidal flat. Similarly, a flood event in riparian ecosystems or aeolian sand
transport in a dune ecosystem may limit seedling establishment. A concept was
developed to analyse time series of external forcing for the presence and absence
of such disturbance following a dispersal event in a range of biogeomorphic
ecosystems. These so called ‘Windows of Opportunity’ allow for germination and
anchorage of the seedling to withstand subsequent disturbance. The occurrence of
‘Windows of Opportunity’ explained sudden recruitment of a tidal flat by salt marsh
pioneers in a remote sensing case study. Such ‘Windows of Opportunity’ may be of
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general importance to trigger sudden state shifts in biogeomorphic ecosystems
from the bare to the vegetated state. This chapter emphasizes the importance of
stochastic disturbance for understanding state transitions in alternative stable state
systems.
(Chapter 3) The buoyant propgaules of the mangrove pioneer Avicennia
alba illustrate the mechanisms and thresholds of such ‘Windows of Opportunity’ for
seedling establishment on a tidal flat. A flume study showed that initial rooting after
stranding is required to resist lifting of the propagule due to its own buoyancy.
Thereafter, longer roots are needed to resist drag forces at the bed by waves and
currents, which can dislodge the rooted propagule. Even longer roots are needed
for the anchored propagule to resist short-term erosion i.e. sediment re-suspension
at the bed. This chapter elucidates the threshold dynamics of Windows of
Opportunity and how they may be quantified.
(Chapter 4) Anchored mangrove seedlings that cannot get dislodged
anymore, can still fail if they are smothered by sedimentation or if they topple when
sediment is eroded. These sediment disturbance mechanisms were elucidated in a
mesocosm study for the mangrove pioneer species Avicennia alba and Sonneratia
alba, where different rates of sedimentation and erosion were mimicked in pots
while exposing the seedlings to inundation. The frequency and magnitude of
disturbance in relation to the ability of the seedlings to outgrow burial or erosion
determined their survival. Avicennia was found to initially grow faster than
Sonneratia and was better able to outgrow the disturbance, even under increased
inundation stress. A conceptual model was developed to show the importance of
species traits and growth conditions in relation to the physical disturbance regime
for the seedling survival in sedimentary environments.
(Chapter 5) The salt marsh pioneer Spartina anglica forms dense clonal
tussocks after it has initially established. These vegetation patches create
biogeomorphic feedbacks at a very early stage. In a field survey the bed
morphology of Spartina tussocks was analysed in different geomorphic settings.
The patchy vegetation developed a variety of bed-morphologies from depressions
to mushroom like forms. It was shown that the shape of the tussock depends on
the physical state of the tidal flat (eroding vs. accreting, muddy vs. sandy). Despite
the biogeomorphic feedbacks that stabilise the tussock, solitary tussock
development is determined by tidal flat morphology and hydrodynamics exposure.
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This chapter shows that tussock shape is a good indicator for lateral marsh
development.
(Chapter 6) Salt marsh or mangrove vegetation attenuates hydrodynamic
energy and hence reduces physical disturbance to seedling establishment inside
the vegetation. This is relevant for later successional species that establish in the
present vegetation. Marker plates were installed along cross-shore transects in a
mangrove forest in Thailand to demonstrate the spatial pattern of sediment
disturbance. Short-term erosion and sedimentation at the bed was measured bimonthly, which was shown to be potentially lethal for mangrove seedlings (Chapter
4). This chapter demonstrates that due to the open structure of the pioneer
mangrove zone, sediment disturbance was not sufficiently reduced to sub-lethal
levels at the seaward pioneer fringe for approximately 50 m. This finding stands in
contrast to the dense vegetation edge of a Spartina marsh which reduces
disturbance within a few meters from the edge
(Chapter 7) Studying stochastic disturbance is time-limited in experimental
work or field observations. The long-term effects of stochastic disturbance on
mangrove seedling establishment were therefore studied in a modelling case study
for a New Zealand field site. After parameterization of the model, local water level
and wind data were translated into disturbance time series for Avicennia marina
seedling establishment. Propagule stranding and anchorage (Chapter 2, 3) and
mortality due to sediment disturbance (Chapter 4) were simulated, and explained
pattern of seedling survival along an elevation gradient. The sensitivity of the model
to typical climate change processes (sea level rise, increase in windspeeds,
changes in phenology) was elucidated. This chapter shows how important small
but frequent physical disturbance is in structuring a mangrove forest during the
most critical seedling phase.
Linking physical processes with the biology and vice versa remains
challenging, but is needed to assess intertidal wetland dynamics under changing
conditions. Comparing biogeomorphic ecosystems, while using a wide range of
methods from field to modelling studies, supported the development of applicable
concepts for a better management of these valuable ecosystems. This thesis
demonstrates that the initial establishment of salt marsh and mangrove vegetation
is driven by large-scale hydro-geomorphic processes. Management of mangroves
and salt marshes should acknowledge that problems created at a large-scale
cannot be solved sustainably by small-scale measures.
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Samenvatting
Vestiging van biogeomorfologische ecosystemen.
Een studie naar pioniersvegetatie in mangrovebossen en schorren.
Kustvegetaties zoals mangroves en schorren zijn waardevolle
ecosystemen op het grensvlak tussen land en zee. Ondanks hun talrijke
ecosysteemdiensten, neemt hun areaal wereldwijd af door landaanwinning en
kustontwikkeling. In de afgelopen decennia is heel veel tropisch mangrovebos
gekapt en vervangen door kweekvijvers voor aquacultuur. Het verlies van deze
getijdengebieden heeft maatschappelijke gevolgen. De kwetsbaarheid voor
stormvloeden en zeespiegelstijging neemt toe, de waterkwaliteit verslechtert en
waardevol habitat gaat verloren.
Mangroves en schorren groeien in vergelijkbare geomorfologische
omstandigheden - relatief goed tegen golven beschut en met een slibrijk sediment
- maar ze verschillen in biologische eigenschappen en geografische distributie.
Schorren bestaan uit kruidachtige planten en komen vooral voor in de gematigde
zone; mangroves bestaan uit bomen en treden op langs tropische en subtropische
kusten. Beide vegetaties hebben een intense wisselwerking met de fysische
omgeving. Geomorfologische processen bepalen de vestiging van vegetatie tijdens
de pioniersfase, maar na vestiging kan de vegetatie invloed uitoefenen op de
geomorfologische ontwikkeling door dissipatie van hydrodynamische energie, wat
de sedimentdynamiek sterk kan veranderen. Deze biogeomorfologische
terugkoppeling bepaalt de verdere ontwikkeling van dit kustsysteem. Beheer en
herstel van de vegetaties is niet mogelijk zonder een goed begrip van deze
wisselwerking. Dit proefschrift richt zich op dit probleem, en onderzoekt in het
bijzonder de fase van vestiging van de vegetatie.
(Hoofdstuk 2) Tijdens hoog water bereiken golven en stroming de
vegetatie, waardoor sedimentatie of erosie kan voorkomen en de planten de
krachten van het water ondergaan. Deze fysische verstoring is het belangrijkste
knelpunt voor de vestiging van zaailingen van mangroves en schorplanten op het
kale slik. Op vergelijkbare wijze wordt de vestiging van planten langs rivieroevers
door overstroming bepaald, of kan windgedreven zandtransport zaailingvestiging in
duinen beperken. Het concept ‘Windows of Opportunity’ wordt voorgesteld om de
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invloed van extern opgelegde verstoringen op de ontwikkeling van het ecosysteem
te analyseren. Voor kieming en verankering van de zaailing is een periode nodig
met minimale verstoring. Als een dergelijke kans zich voordoet zal de zaailing
ontwikkelen en geleidelijk in staat worden grotere verstoringen te weerstaan.
Frequente verstoring in de reproductieperiode verhindert vestiging, waardoor ook
later geen planten aanwezig zullen zijn die verder kunnen ontwikkelen. Het
optreden van 'Windows of Opportunity' verklaart de plotselinge vestiging van
schorvegetatie op een slik in een remote sensing studie. Zulke 'Windows of
Opportunity' zijn van belang om veranderingen in alternatieve stabiele toestanden
van biogeomorfologische ecosystemen te verklaren. Dit hoofdstuk benadrukt dit
algemene conceptuele kader.
(Hoofdstuk 3) Het lot van de drijvende zaden (propagules) van de
mangrovepionier Avicennia alba illustreert de mechanismen en drempels van
dergelijke 'Windows of Opportunity' voor de vestiging van kiemplanten op het slik.
In een stroomgoot toonden we aan dat de zaden tijd nodig hebben, na hun
aanvankelijke afzetting op het slik, om zich te verankeren tegen het losslaan als
gevolg van hun eigen drijfvermogen. Daartoe volstaan relatief korte wortels, maar
in een volgende fase zijn langere wortels nodig om waterbeweging door golven en
stroming te weerstaan. Nog langere wortels zijn nodig voor de verankerde zaailing
om erosie van het sediment te weerstaan. Dit hoofdstuk belicht de grenswaarden
van de ‘Windows of Opportunity’ en hoe ze gekwantificeerd kunnen worden.
(Hoofdstuk 4) Verankerde mangrovezaailingen die niet meer los kunnen
raken, kunnen nog steeds falen als ze door sedimentatie begraven worden of als
ze omvallen door erosie om de zaailing heen. Deze invloed van sedimentverstoring
werd onderzocht in een mesocosmosstudie met de mangrovepioniers Avicennia
alba en Sonneratia alba. Verschillende snelheden van sedimentatie en erosie
werden nagebootst, terwijl de zaailingen aan overstroming blootgesteld werden.
De overlevingskansen van de zaailingen hangen af van de frequentie en grootte
van de verstoringen, relatief tot het vermogen van de zaailingen om ondergraving
of erosie te ontgroeien. Avicennia groeide aanvankelijk sneller dan Sonneratia en
was beter in staat om de verstoring te ontkomen, zelfs onder verhoogde
inundatiestress. In een conceptueel model werd het verband aangetoond tussen
soortskenmerken aan de ene kant, en groeiomstandigheden (vooral frequentie en
intensiteit van fysische verstoringen) aan de andere kant. Deze factoren bepalen
uiteindelijk de overlevingskansen van zaailingen.
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(Hoofdstuk 5) De schorpionier Spartina spp. vormt dichte vegetatieve
pollen nadat hij zich als zaailing gevestigd heeft. Deze pollen hebben sterke
biogeomorfologische terugkoppelingen. In een veldstudie werd de morfologie van
Spartina-pollen
geanalyseerd
in
verschillende
hydro-geomorfologische
omstandigheden. De vegetatiepollen vertoonden een verscheidenheid aan
morfologische verschijningsvormen, van depressies tot paddestoelachtige vormen.
De vorm van de pollen is afhankelijk van de sedimentsamenstelling en het
sedimentatie/erosie regime op het slik. Ondanks de biogeomorfologische
terugkoppeling die de vegetatie stabiliseert, wordt de polontwikkeling door de
morfologische ontwikkeling van het slik en de hydrodynamica bepaald. Dit
hoofdstuk laat zien dat de morfologie van de Spartina pollen een goede indicator is
voor de mogelijke toekomstige schorontwikkeling.
(Hoofdstuk 6) Schor- of mangrovevegetatie remt hydrodynamische energie
en vermindert daardoor fysische verstoring van zaailingvestiging in de vegetatie.
Dit is relevant voor de vestiging van niet-pioniersoorten in de bestaande vegetatie.
Zogenaamde ‘marker plates’ werden geïnstalleerd in een mangrovebos in Thailand
om het ruimtelijk patroon van sedimentverstoring aan te tonen. Erosie en
sedimentatie op de korte tijdschaal werd tweemaandelijks gemeten en bleek de
grenswaarden voor vestiging van zaailingen regelmatig te overtreden (Hoofdstuk
4). De pioniersvegetatie in een mangrovebos heeft een open structuur. Daardoor
wordt sedimentverstoring niet sterk gereduceerd aan de zeewaartse kant van het
mangrovebos. Pas waar de pionierszone overgaat in de dichtere Rhizophora-zone,
na ongeveer 50 m, treedt sterke demping op. Dit contrasteert met de dichte
vegetatie van een Spartina-schor waarin sedimentverstoring binnen een paar
meter van de rand verminderd werd.
(Hoofdstuk 7) Het bestuderen van stochastische verstoring is beperkt tot
de tijd waarin het experimentele werk of de veldwaarnemingen uitgevoerd kan
worden. De lange-termijn effecten van stochastische verstoring op de vestiging van
mangroven werden daarom in een model onderzocht voor een Nieuw-Zeelands
mangrovegebied. Na de bepaling van parameters van het model, werden de lokale
waterstands- en windgegevens vertaald in tijdsreeksen van verstoring. Aanlanden
en verankeren van zaden (hoofdstukken 2, 3) en omvallen van zaailingen als
gevolg van sedimentverstoring (hoofdstuk 4) werden gesimuleerd om het patroon
van zaailingvestiging langs een hoogtegradiënt te verklaren. De gevoeligheid van
het model voor typische klimaatveranderingsprocessen (zeespiegelstijging,
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toename van windsnelheden, verandering in de fenologie van mangroven) werd
geanalyseerd. Dit hoofdstuk laat zien hoe belangrijk kleine, maar frequente,
fysische verstoring tijdens het kritieke zaailingstadium is in het structureren van
een mangrovebos.
Koppeling van fysische processen met de biologie blijft uitdagend, maar is
nodig om de dynamiek van zilte vegetaties onder veranderende omstandigheden
te begrijpen. Vergelijkende studie van biogeomorfologische ecosystemen, en
gebruik van een breed scala aan methoden van veld- tot modelstudies,
ondersteunen de ontwikkeling van toepasselijke concepten voor een beter beheer
van deze waardevolle ecosystemen. Dit proefschrift toont aan dat de vroege
vestiging van schorren en mangrovebossen door grootschalige hydrogeomorfologische processen bepaald wordt. Het beheer van mangroves en
schorren moet er rekening mee houden dat problemen veroorzaakt door
grootschalige processen niet duurzaam kunnen opgelost worden met kleinschalige
maatregelen.
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Zusammenfassung
Entstehung von biogeomorphologischen Ökosystemen:
Eine Studie über die Pioniervegetation der Mangroven und Salzwiesen
Mangroven und Salzwiesen sind Feuchtgebiete der Gezeitenzone und
stellen wertvolle Ökosysteme an der Grenze zwischen Land und Meer dar. Trotz
ihrer zahlreichen Ökosystemleistungen, haben Landgewinnung und die
Entwicklung der Küstengebiete zu einem weltweiten Rückgang dieser
Feuchtgebiete geführt. In den vergangenen Jahrzehnten mussten weitreichende
Gebiete der tropischen Mangroven, Farmen der Aquakultur weichen. Der Verlust
der Vegetation in der Gezeitenzone hat gesellschaftliche Konsequenzen, wie
beispielsweise eine erhöhte Anfälligkeit gegenüber Sturmfluten und
beschleunigtem Anstieg des Meeresspiegels, Verschlechterung der Wasserqualität
und den Verlust wertvoller Lebensräume.
Mangroven und Salzwiesen kommen unter ähnlichen geomorphologischen
Voraussetzungen vor, sie sind hauptsächlich entlang vor Wellengang geschützten
und oft schlickigen Küstengebieten und Flussmündungen zu finden. Trotz dieser
grundlegenden Gemeinsamkeit unterscheiden sie sich deutlich in ihrer Biologie
und auch in ihrer geographischen Verbreitung. Salzwiesen bestehen vorwiegend
aus krautiger salztoleranter Vegetation und dominieren die Gezeitenzonen der
gemäßigten Breiten, während Mangrovenbäume auf Küstengebiete tropischer und
subtropischer Breiten begrenzt sind. Die Vegetation der Mangroven und
Salzwiesen steht in Wechselwirkung mit ihrer Umgebung. Einerseits bestimmen
die geomorphologischen Prozesse der Gezeitenzone die Besiedlung des Watts
durch Pionierpflanzen, andererseits kann auch die Vegetation Einfluss auf die
Sedimentationsvorgänge nehmen, indem sie die vorherrschenden Wellen und
Strömungen abschwächt. Diese biogeomorphologischen Wechselwirkungen haben
maßgeblichen Einfluss auf die Entwicklung der Gezeitenzone. Für das nachhaltige
Wiederherstellen und zum besseren Schutz beeinträchtigter Mangroven Wälder
und Salzwiesen ist fundiertes Wissen zum Ablauf dieser Prozesse unumgänglich.
Diese Dissertation beschäftigt sich eingehend mit den Pionierpflanzen, die als
erstes die vegetationsfreien Wattflächen besiedeln und damit den Anfang jeder
neuen Salzwiese oder jedes neuen Mangrovenwaldes darstellen.
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(Kapitel 2) Während der Überflutung der Gezeitenzone erzeugen
Wellengang und Strömung stetige Sedimentations- und Erosionsprozesse. Die
durch die Überflutung auftretende Störung und der damit einhergehende
Sedimenttransport, wird oft als limitierender Faktor für die Kolonisation
unbewachsener Wattflächen durch Keimlinge von Mangroven oder Salzwiesen
angesehen. Ebenso kann die Überschwemmung der Uferzone von Flüssen oder
äolischer Sandtransport in Dünen die Ansiedlung von Pionierpflanzen auf
unbewachsenem Untergrund verhindern. In diesem Zusammenhang wurde ein
Konzept entwickelt welches die Zeitreihen externer Störfaktoren auf die Dauer von
störungsfreien

Perioden

analysiert.

Diese

sogenannten

störungsfreien

„Gelegenheitsfenster“ (Windows of Opportunity) ermöglichen die Ansiedlung von
Keimlingen, die andernfalls den verstörten Perioden direkt nach der Keimung nicht
standhalten
könnten.
Das
Auftreten
dieser
überströmungsfreien
Gelegenheitsfenster in einem Gezeitengebiet kann die plötzliche Kolonisation der
Wattflächen durch Pionierpflanzen ermöglichen, dies konnte für eine Salzwiese
anhand von Luftbildern nachgewiesen
Gelegenheitsfenster
könnten
von

werden. Solche störungsfreien
allgemeiner
Bedeutung
für

biogeomorphologische Ökosysteme sein, ohne die die plötzliche Besiedlung der
unbewachsenen Flächen nicht möglich wäre. Dieses Kapitel behandelt die
Bedeutung stochastisch auftretender Störungen und die damit einhergehenden
Gelegenheitsfenster für Zustandsveränderungen in Ökosystemen mit alternativen
stabilen Zuständen.
(Kapitel 3) Mit schwimmfähigen Samen (propagules) der Pionier-Mangrove
Avicennia alba kann deutlich gemacht werden, warum solche Gelegenheitsfenster
für die Verankerung der Keimlinge notwendig sind. Im Rahmen eines Versuchs in
einem Wellenkanal wurde deutlich, dass eine schnelles Wurzeln nach dem
Stranden der Samen notwendig ist, um nicht durch den eigenen Auftrieb, bei der
nächsten Überflutung wieder auf zu schwimmen und folglich weggespült zu
werden. Wenn die Wurzeln dafür lang genug sind, müssen noch längere Wurzeln
gebildet werden, um der Bodenschubspannung, die durch Wellen und Strömungen
erzeugt wird und in der Lage ist den Keimling loszureißen, stand zu halten. Noch
längere Wurzeln sind für die Stabilisierung der Keimlinge notwendig, um sich
gegen kurzzeitige, meist durch Wellen verursachte, Erosion des Sediments zu
schützen.

Dieses

Kapitel

veranschaulicht

die

Grenzwerte

die

für

ein
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„Gelegenheitsfenster“ zur Ansiedlung von Avicennia Keimlingen notwendig sind
und wie diese quantifiziert werden können.
(Kapitel 4) Auch wenn die Mangrovenkeimlinge

aufgrund

ihrer

Verwurzelung nicht mehr losgerissen werden können, besteht dennoch stets die
Gefahr, dass diese durch Sedimentation begraben werden. Außerdem können
durch Erosion des Sediments in unmittelbarer Nähe des Keimlings die Wurzeln
teilweise freigelegt werden, was zum Umfallen des Keimlings führen kann. In
diesem Zusammenhang wurde ein Mesokosmos Experiment durchgeführt, um die
Sterblichkeit der Keimlinge durch Störung des Sediments, in Kombination mit dem
Überflutungsstress, für die Mangroven Pionierpflanzen Avicennia alba und
Sonneratia alba zu bestimmen. Die Frequenz und die Stärke der Störung muss
dabei mit der Fähigkeit des Keimlings, gegen Sedimentation oder Erosion
anzuwachsen, verglichen werden, um die Überlebenschancen zu quantifizieren.
Avicennia wuchs zunächst schneller als Sonneratia und war damit besser in der
Lage, gegen die Störung anzuwachsen, selbst unter erhöhtem Stress durch
Überflutung. Ein konzeptionelles Model wurde entwickelt, um die Bedeutung der
Wachstumseigenschaften
beider
Arten
und
die
vorherrschenden
Wachstumsbedingungen in Bezug auf das Störungsregime für die Besiedlung
sedimentärer Systeme zu beurteilen.
(Kapitel 5) Der Salzwiesen Pionier Spartina anglica bildet dichte klonale
Horste die oft aus einem einzelnen Keimling entstehen. Diese Horste erzeugen
schon in einem sehr frühen Stadium biogeomorphologische Rückkopplungen. In
einer Feldstudie wurde die Sedimentoberfläche verschiedener Spartina Horste in
der Westerschelde und dem Blackwater Ästuar vermessen. Die Horste bilden eine
Vielzahl von Oberflächenformen die durch die Vegetation bedeckt sind. Sie
erzeugen z.B. Vertiefungen, kleine Hügel und herausragende Pilzformen durch
Sedimentation in der Vegetation und Erosion an der Vegetationskante. Diese
verschiedenen Oberflächenformen konnten durch eine Auswertung des
geomorphologischen Zustandes der Wattflächen (erodierend oder sedimentierend,
schlickig oder sandig) erklärt werden. Trotz der stabilisierenden Wirkung von
Vegetation auf die bewachsene Sedimentoberfläche, wird die Entwicklung des
Horstes durch die morphologische Entwicklung und die hydrodynamischen
Prozesse der Wattfläche bestimmt. Dieses Kapitel zeigt, dass die
Oberflächenformen der Horste ein guter Indikator für die zukünftige Entwicklung
der Pionierzone sind.
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(Kapitel

6)

Salzwiesen-

oder

Mangrovenvegetation

verringert

hydrodynamische Energie (Wellen und Strömung) und folglich die auf Keimlinge
wirkende Störung innerhalb des Bewuchses. Dies ist relevant für die Sukzession,
die auf die Etablierung der Pioniervegetation folgt. In diesem Zusammenhang
wurden Markerplatten in einem Mangrovenwald in Thailand entlang eines
Überflutungsgradienten im Schlick vergraben um die räumliche Variation von
Sedimentation und Erosion zu erfassen. Kurzfristige Veränderungen der Sediment
Oberfläche wurden in einem zweimonatigen Intervall relativ zu den Markerplatten
gemessen. Dieses Kapitel zeigt, dass aufgrund der offenen Struktur der
Pionierzone die Störung des Sediments in den vordersten 50 m nicht ausreichend
verringert wird um die Ansiedlung von Keimlingen zu fördern. Im Gegensatz dazu
wird die Störung des Sediments in einer Spartina Salzwiese innerhalb weniger
Meter reduziert.
(Kapitel 7) Es ist nur begrenzt möglich um stochastisch auftretende
Störung in Feld- oder Laborversuchen zu untersuchen. Die Auswirkungen
kumulativer Beeinträchtigungen durch Überflutung und Störung des Sediments
wurden daher mit Hilfe einer Modellstudie für einen Mangrovenbestand in
Neuseeland untersucht. Nach der experimentellen Bestimmung der
Modelparameter wurden lokale Wasserstands- und Winddaten in Zeitreihen
umgewandelt, die die Störung von Avicennia marina Keimlingen simulieren. Dabei
wurden das Stranden und Wurzeln der Samen (siehe Kapitel 2 und 3) sowie die
Mortalität aufgrund der Störung des Sediments (siehe Kapitel 4) simuliert. Diese
erklärten
die
räumliche
Verteilung
der
Keimlinge
entlang
eines
Überströmungsgradienten. Außerdem wurde das Modell auf die Sensitivität
gegenüber Prozesse des Klimawandels geprüft, speziell dem Anstieg des
Meeresspiegels, der Zunahme von Windgeschwindigkeiten und der zeitlichen
Verschiebung der Fruchtbildung. Dieses Kapitel zeigt wie wichtig minimale, aber
häufige Störungen während der Keimling-Phase, für die Strukturierung eines
Mangrovenwaldes sind.
Die Beschreibung von Wechselwirkungen zwischen physikalischen
Prozessen und Pflanzen bleibt nach wie vor eine Herausforderung. Sie ist jedoch
eine Notwendigkeit um die Entwicklung von Feuchtgebieten in der Gezeitenzone
vorherzusagen, insbesondere mit Bezug auf den Klimawandel. Mit vergleichenden
Studien zwischen biogeomorphologischen Ökosystemen und mit einem breiten
Spektrum von Methoden konnten allgemeingültige Konzepte erarbeitet werden, die
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zu einem verbesserten Verständnis und daher zu einem Maßnahmenkatalog zur
besseren Erhaltung dieser wertvollen Ökosysteme führen können. Diese
Dissertation zeigt, dass die Entstehung von Salzwiesen und Mangroven von
großräumigen hydro-geomorphologischen Prozessen abhängt. Bei der Erhaltung
und Renaturierung von Mangroven und Salzwiesen sollte daher berücksichtigt
werden, dass großräumig entstehende Probleme
kleinräumige Maßnahmen gelößt werden können.

nicht

nachhaltig

durch
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Chapter 2: Appendix 1
R script for the WoO data analysis (same as WoO1 for chapter 7):
# import data file: daily maximum water levels/windspeed, called h
######## INPUT ################
strand <- 1
# >= 1 minimum inundation free period of 1 day for stranding of diaspores
failure <- 3
# > 3, period free from inundation which needs to be exceeded for seedlings to anchor after
stranding

# this is the loop to calculate inundation free d ays
diff <- 0
maxdur <- array(data = NA, dim = (length(h)), dimnames = NULL)
# array for output: inundation free period
maxel <- array(data = NA, dim = (length(h)), dimnames = NULL)
# array for output: water level which inundation free period is
# calculated for
for (i in 1:paste(length(h) - 1)) {
maxdur[i] <- 0
maxel[i] <- h[i]
diff <- h[i] > h[i + 1]
if (diff == TRUE) {
q=i+1
while (((h[i] > h[q])) && (q < length(h))) {
maxdur[i] <- maxdur[i] + 1
q=q+1
}
}
}
# ------------------------------------WoONa <- cbind(maxel, maxdur, deparse.level = 1)
WoO <- na.omit(WoONa)
# deletes last day for which maxduur is NA
disperse <- WoO[WoO[, 2] >= strand, ]
# selects all days where diaspore strand all WoO >= 1 day no inundation,
# all potential WoO
plot(density(disperse[, 1])) ##density of all WoO <=1 day
plot(disperse[, 1], disperse[, 2], xlab = "elevation", ylab = "WoO duration [days]")
# plots elevation against duration of WoO i.e. inundation free period all
# WoO which are defined as successful (longer than failure input)
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# selection<- WoO [WoO[,2]>= strand,]
# select all where windows occured
defWoO <- disperse[disperse[, 2] > failure, ]
density(defWoO[, 1])
plot(density(defWoO[, 1]))
# density of all WoO which are defined successful
############# calculate P success ##########
establish <- array(data = NA, dim = length(disperse[, 1]), dimnames = NULL)
# marks for all dispersal events, if minimum duration of WoO is >
# failure threshold
for (i in 1:length(disperse[, 1])) {
dispersal <- (disperse[i, 2]) > failure
seedling <- dispersal == TRUE
if (seedling == TRUE) {
establish[i] <- 1
} else {
establish[i] <- 0
}
}
WoOfin <- cbind(establish, disperse)
# probability of survival for different elevations, P success ####
d1 <- WoOfin[WoOfin[, 1] == 1, ]
step <- 0:ceiling(sqrt(length(d1[, 1])))
# sqrt of N,round up, define numebr of steps for propability analysis
# along height gradient
Pvalue <- array(data = NA, dim = max(step), dimnames = NULL)
fromheight <- array(data = NA, dim = max(step), dimnames = NULL)
toheight <- array(data = NA, dim = max(step), dimnames = NULL)
PvalueNo <- array(data = NA, dim = max(step), dimnames = NULL)
stepvector <- array(data = NA, dim = max(step), dimnames = NULL)
startel <- min(WoOfin[, 2])
stepsize <- as.numeric((max(WoOfin[, 2]) - min(WoOfin[, 2]))/max(step))
# calculate size of steps probability calculation
for (i in 0:(max(step) - 1)) {
Pselect2 <Pselect1 <Pselect2 <Pselect1 <Pvalue[i] <PvalueNo[i]

0
0
subset(WoOfin, (WoOfin[, 2] >= (startel + (stepsize * i))),)
subset(Pselect2, (Pselect2[, 2] <= (startel + (stepsize * (1 +i)))), )
(sum(Pselect1[, 1])/c(length(Pselect1[, 1])))
<- (sum(Pselect1[, 1])/c(length(Pselect1[, 1]))) * sum(Pselect1[,1])
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fromheight[i] <- as.numeric(startel + (stepsize * (i - 1)))
toheight[i] <- as.numeric(startel + (stepsize * (i)))
}
Pvaluedeath <- c(1 - Pvalue)
# P value for failure
# plot results: density for all successful WoO and Psuccess
b3 <- density(defWoO[, 1])
# all established seedlings density
plot(fromheight, Pvalue, type = "l", col = "red", axes = "false", lwd = 4, xlab = "elevation",
ylab = "P success")
par(mar = c(5, 4, 4, 4))
box(which = "plot", lty = "solid", lwd = 3)
mtext(4, text = "density", line = 2)
axis(2, col = "red", lwd = 3, ylim = c(0, 1), cex.axis = 1.5) par(usr = c(par("usr")[1:2], 0,
c((max(b3$y)) + 1e-05)))
lines(b3, lwd = 3)
axis(4, lwd = 3, cex.axis = 1.5)
axis(1, lwd = 3, cex.axis = 1.5)
# show histogramm of duration of all WoO >=1 day for max 100 days
hist(disperse[, 2], breaks = c(max(disperse[, 2])), xlim = c(0, 100), cex.axis = 1.5,
xlab = "WoO length", ylab = "frequency")
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Chapter 4: Appendix 1
Drag measurements expressed in grams (i.e. used weights for pulling mechanisms
at mesocosm harvest) determined for the final treatment of the mesocosm
experiments. Avicennia alba seedlings were exposed to 8 cm high waves (f = 0.78
Hz) in the flume at 32 cm water depth.

170

Chapter 5: Appendix 1
Pearson’s chi-Square test for tussock shape and growth/shrinkage of tussock
(SPSS 17.0)

shape * growth/shrinkage Crosstabulation
tussock development
Count

shrinkage
2

expansion
5

Total
7

Expected Count

2.3

4.7

7.0

Count

7

14

21

Expected Count

6.8

14.2

21.0

Count

2

0

2

Expected Count

.7

1.3

2.0

Count

2

0

2

Expected Count

.7

1.3

2.0

tussock shape depression

dome

dome with cliff

mushroom

terrace

Count

0

9

9

Expected Count

2.9

6.1

9.0

Count

2

3

5

Expected Count

1.6

3.4

5.0

Count

15

31

46

Expected Count

15.0

31.0

46.0

topography

Total

Chi-Square Tests

Pearson ChiSquare
Likelihood Ratio
N of Valid Cases

Value
12.803

df
5

Asymp. Sig.
(2-sided)
.025

16.247

5

.006

46
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Pearson’s chi-Square test for tussock shapes and physical state of the tidal flat
(SPSS 17.0)

tussock
shape

depression
dome
dome with
cliff
mushroom
terrace
topography

Total

45.095

Chi-Square Tests
Asymp. Sig.
(2-sided)
15
.000

44.467

15

Value
Pearson
ChiSquare
Likelihood
Ratio
N of Valid
Cases

shape * physical state of tidal flat Crosstabulation
physical state of tidal flat
accreting/ accreting/
eroding/
sandy
silty
sandy
Count
4
3
0
Expected Count
1.4
3.7
2.5
Count
3
22
11
Expected Count
5.6
15.2
10.1
Count
0
0
2
Expected Count
.3
.7
.5
Count
0
0
2
Expected Count
.3
.7
.5
Count
1
0
1
Expected Count
1.4
3.7
2.5
Count
2
2
2
Expected Count
1.1
3.0
2.0
Count
10
27
18
Expected Count
10.0
27.0
18.0

Total
eroding/
silty
3
2.5
5
10.1
0
.5
0
.5
8
2.5
2
2.0
18
18.0

10
10.0
41
41.0
2
2.0
2
2.0
10
10.0
8
8.0
73
73.0

df

.000

73
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R script:
#WoO1: see Chapter 2 Appendix 1 for how to calculate the WoO1
#WoO2:
# create 100 random seedling growth curves for all WoO1 called
# matseedl numbered from 1 to length of WoOa
#burial function to add to stability
burial<- function(tbur) 0.005479452*(tbur)
#######
for (l in 1: length(WoOaseason[,1])){
rm(seeddate)
rm(seedtime)
seeddate <- as.character(seq(as.Date(paste(WoOaseason[l,1])),
as.Date("2012-12-31"), by="1 day"))
seedtime <- c(1:length(seeddate))
matse<-matrix(data=NA,ncol=102,nrow=length(seeddate))
for (i in 1:100){
randstd<-rnorm(1,mean=1.921/2,sd=0.4)
# creates random (rand)
randstd[randstd[1] < 0 | randstd[1] > 1.921]<- randstd<-rnorm(1,mean=1.921/2,sd=0.4)
stabilityrandom<-function(tr) c(randstd)*log(tr)-3.2337
matse[,i]<-stabilityrandom(seedtime)
# function stabilityrandom see top
matse[,i]<-matse[,i] + burial (seedtime)
# add burial by sedimentation each day,function burial see top
matse[matse<0]<- 0
# all negative values as 0
}
matse[,101]<-seedtime
matse[,102]<-seeddate write.table(matse,paste('matseedl',l,'.txt',sep=''))
rm(matse)
gc(reset=TRUE)
}
########## generate disturbance sequence from wind input
w2<- daily maximum windspeed
w1<-w2
w1[which(w1[,2]<=5),] <- NA
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mixingrel<- function (ui) 0.0092*(exp(0.4774*(ui)))
w<-matrix(data=NA,nrow=length(w2[,1]),ncol=2)
w[,1]<-as.character(w2[,1])
w5<-mixingrel(w1[,2])
w5[is.na(w5)]<--9999 # NA to -9999
w[,2]<-w5
wind<-cbind(w,h[1:length(w[,1])])
# bind mixing with date and water level
##LOOP START## to calculate survival time for each seedling
for (kk in 1: length(WoOaseason[,1])) {
# for all WoO1
survWoO<-0
survWoO<-read.table(paste('matseedl',kk,'.txt',sep=''),header=TRUE)
# for each matseedl paste k
windsel<-0
windsel<-wind[as.Date(wind[,1])>= as.Date(survWoO[1,102]),]
# select wind dates after WoO1
######delete all wind events which elevation does not reach the elevation
of the WoO 1
for (s in 2:length(windsel[,1])){
if ( as.numeric(windsel[s,3]) < as.numeric(windsel[1,3]))
# select only wind dates with elevation > WoO1 elevation : make all wind dates which do
not reach this elevation 0
windsel[s,2]<-c(-9999)
}
# calculate survival time for each WoO1 for each random seedling growth rate
surcount<-0
surcount<-vector(mode='numeric', length=100)
# make matrix with count survived days, named for each k
windselloop<-c(as.numeric(windsel[,2]))
for(ii in 1:100){
diff<-0
diff1<-0
diff2<-0
diff0<-matrix(data=NA,ncol=2,nrow=1)
colo<-0
colo<- survWoO[,ii]
diff<- lapply(as.numeric(colo)>=as.numeric(windselloop),isTRUE)
diff1<-cbind(diff[2:length(diff)],c(2:length(diff)))
# start here with two to not include the same day as WoO1
diff2<-diff0
diff2<-rbind(diff1[diff1[,1]=='FALSE',],diff0)
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if (diff2[1,1]=='FALSE')
surcount[ii]<-as.numeric(diff2[1,2])
else surcount[ii]<-9999
# every seedling that does not fail has a duration of 9999
}
write.table(surcount,paste('survivecount',kk,'.txt',sep=''))
}
##LOOP END##
# the survival duration output for WoO2 can now be linked to the WoO1

175

Chapter 7: Appendix 2
a) Percentage of floating propagules of A. marina in the solution baths.

b) Root growth since placing the propagules of A. marina in solution baths
(0,5,15,30 ppt) and on mud collected from the Firth of Thames tidal flat.
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