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Mainland salt marsh at Noard Fryslân Bûtendyks with brushwood groynes
and pioneer salt-marsh vegetation 
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Introduction

Salt marshes and their nature conservation interest
Coastal salt marshes are defined as vegetated areas that are subject to periodic floo-
ding as a result of fluctuating water levels of adjacent saline water bodies (Adam
1990).  Salt marshes in Europe generally occur in sheltered conditions, where wave
action is low enough for fine sediment to settle and accumulate (Allen & Pye 1992).
Once the sediment is above the level of mean high water neap tide (MHWN) and
therefore not continuously submerged, terrestrial salt-marsh plants can colonize and
establish (Beeftink 1977). A characteristic feature of salt-marsh vegetation is the spa-
tial distribution of different species or plant communities in parallel zones with eleva-
tion or distance from sea (i.e. zonation) (Chapman 1974; Beeftink 1977; Adam 1990;
Gray 1992). Factors associated with tidal inundation generally determine the seaward
distribution of a species whereas interspecific competition for light or nutrients
becomes increasingly important at higher elevation (Snow & Vince 1984; Greinier La
Peyre et al. 2001). Because salt marshes are restricted to a narrow zone between land
and sea, many salt-marsh plant species and their associated plant communities are
considered rare (Doody et al. 1993) or vulnerable to extinction (Westhoff et al. 1993).
The salt-marsh vegetation itself supports a wide variety of animals (Heydemann
1960; 1962; Adam 1990), many of which are restricted to saline habitats (Doody
1992; see also e.g. Pétillon et al. 2005). Salt marshes are considered particularly
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This chapter outlines the impetus and ideas behind salt-marsh restoration and intro-
duces a conceptual framework to analyze the restoration of salt-marsh plant commu-
nities after de-embankment. This framework particularly emphasizes the role of
species pools and dispersal in the establishment of salt-marsh vegetation. The specific
aims of this thesis are presented at the end of this chapter.

Introduction
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important for migratory birds and waterfowl, which depend on these habitats for
food, nesting and roosting sites (see e.g. Rowcliffe et al. 1995; Zedler & Callaway
1999; van der Wal et al. 2000; Dierschke & Bairlein 2004). This importance is reflected
in the national and international policies on the conservation of salt marshes
(Davidson et al. 1991; Doody et al. 1993; Janssen & Schaminée 2003; Ozinga &
Schaminée 2005) .

Apart from their nature conservation interest, salt marshes are important as a nat-
ural flood control dissipating wave energy (Möller et al. 1999). It has been estimated
that with a six metre wide salt marsh in front, a six metre high seawall would be suffi-
cient to protect the hinterland, whereas in the absence of a salt marsh the seawall
should be 12 metre high (King & Lester 1995). As building and maintaining seawalls
is expensive there are obviously great economic advantages in having a salt marsh in
front of coastal embankments. 

Loss of salt marshes and the coastal squeeze hypothesis
Recently, large losses of salt marsh have been reported globally, including the US
(Phillips 1986; Zedler 1996a; Schwimmer 2001), Spain (Castillo et al. 2000), south-
east England (Burd 1992; Cooper et al. 2001) and the Netherlands (Dijkema 1987;
Cox et al. 2003). These losses have been attributed to several factors associated with
human development and climate change (Goodwin et al. 2001; Adam 2002). In
south-east England, much attention has been given to the combined effect of historic
land claim and current sea-level rise on salt-marsh erosion. In times of relative sea-
level rise (i.e. a combination of land subsidence and eustatic sea-level rise) salt
marshes must increase in elevation to avoid being ‘ecologically drowned’.  This has
generated the assumption that salt marshes have to move inland in order to adjust to
the rising sea level. In situations where land claim has resulted in the construction of
seawalls close to the mean high water level (a common feature in the UK), salt
marshes will not be able to migrate further inland. This phenomenon is called ‘coastal
squeeze’ (Doody 2004). The situation however, is much more complex because the
vertical range of a salt marsh is not only controlled by sea level, but also by tidal
range and sediment supply, whereas the horizontal extent is mainly affected by the
local wind-wave climate (Allen 2000). Whether or not a salt marsh will be sustained
in periods of relative sea-level rise depends on several, locally varying, factors.
Nevertheless, in an attempt to halt any further losses and to promote salt-marsh
development, the UK government has adopted a policy of managed realignment,
which is the breaching or removal of coastal defence structures to allow salt marshes
to develop on formerly reclaimed land (Anon. 1992). 

The coastal squeeze hypothesis and the effectiveness of managed realignment in
re-creating salt marshes in south-east England has been debated severely (Hughes &
Paramor 2004; Morris et al. 2004) in particular with respect to the potential role of
burrowing invertebrates (Paramor & Hughes 2004). The different issues raised in this
debate form the subject of Chapter 2 of the present thesis.

CHAPTER 1
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Managed realignment and de-embankment of summerpolders
The concept of managed realignment to restore salt marshes is practiced in various
countries, albeit under a different name and driven by different incentives. In the US
for example, the ‘no net loss of wetlands’ policy serves as a major impetus for mitiga-
tion projects in which the area of wetland habitat being damaged or lost is re-created
elsewhere (Zedler 1996b).  The breaching of sea defences is only one option amongst
several mitigation measures (Zedler 2001). Along the Dutch and German Wadden Sea
coast, the option of de-embankment of summerpolders is currently pursued because
of increased awareness of nature conservation issues together with the diminished
value of reclaimed land for agricultural exploitation (Wolff 1992; Alhorn & Kunz
2002). The salt marshes in this area have mainly developed as a result of artificial
reclamation works (Cools 1948; Dijkema et al. 1980), which involved the construc-
tion of sedimentation fields surrounded by brushwood groynes to enhance sediment
accretion, followed by the excavation of ditches to improve drainage and accelerate
plant establishment (Bakker et al. 2002). Once continuous vegetation had developed,
these salt marshes were embanked by a low summerdike that would protect the newly
claimed land from flooding in summer but not during storm surges or high tides in
winter (Bakker et al. 2002; Alhorn & Kunz 2002). The so-called summerpolders were
mainly used for cattle grazing and hay making. 

In the United Kingdom, large areas of high salt marsh have been claimed succes-
sively in the past (Davidson et al. 1991) and mainly used as freshwater grazing marsh
(Doody 1992). When techniques for protection against tidal flooding improved, sever-
al grazing marshes as well as newly enclosed land were transformed into arable fields
(Williams & Hall 1987; Doody 1992) and seawalls were built further seaward.
Nowadays, the diminishing value of arable land together with an increasing cost of
seawall maintenance form the primary motives for managed realignment. In addition,
the UK has a legal requirement to compensate for salt-marsh loss in order to comply
with national and international policies on the conservation of wetland habitat
(Pethick 2002). 

The concept of managed realignment or de-embankment to re-create salt marshes
is not new. In the past, accidental breaches in seawalls have occurred as a result of
storm surges and, when left unrepaired, the newly inundated land often became
transformed into salt marsh (Burd et al. 1994; van Duin et al. 1997). Chapter 3 pro-
vides an overview of accidental and deliberate de-embankments in north-west
Europe. A total area of c. 2700 ha of embanked summerpolders can be found in the
Wadden Sea, with 1000 ha in the Netherlands and 1700 ha in Niedersachsen,
Germany. The total area of land claimed in the UK is 89,000 ha (Davidson et al.
1991), but here the embankment often functions as the main sea defence restricting
the potential for de-embankment.

INTRODUCTION
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Salt-marsh restoration

The species pool concept
Successful restoration of plant communities depends on the availability of target
species, the ability of the species to reach a target area and the presence of suitable
environmental conditions that allow the species to germinate and establish. A useful
starting point for unravelling the importance of these parameters is the concept of the
species pool, first mentioned by Taylor et al. (1990) and later defined by Eriksson
(1993) as a set of species that are potentially capable of co-existing in a certain com-
munity. Initially, the species-pool hypothesis related species diversity of a particular
habitat to the commonness of that habitat (Taylor et al. 1990). This hypothesis
evolved to include aspects of species migration between regions and dispersal
between and within local populations, leading to the statement that species richness
of a certain community on a smaller scale is mainly determined by the number of
species at the next larger scale (Zobel 1997). The definition of the species pool was
thus extended to distinguish different types of species pools related to the same target
community but operating at different spatial scales ( Zobel 1997; Zobel et al. 1998). At
the largest spatial scale, the regional species pool is defined as the set of species occur-
ring in a certain region and capable of co-existing in the target community. At the next
smaller scale, the local species pool specifies the set of species occurring in the land-
scape type around a target community, which is capable of co-existing in that commu-
nity. Finally, the community species pool is the set of species present in the target com-
munity, including the established vegetation and the diaspore bank (Zobel et al. 1998).

The importance of this species-pool concept for community restoration is that it
assists in elucidating which species may potentially grow in a specified community
and how they can arrive in a restoration site. A schematic representation of the
species-pool concept and its use in the present thesis is given in Fig. 1.1. The first step
in this figure is to select the species that are capable of co-existing in the target com-
munity from a regional flora. This step, which leads to the determination of the
regional species pool, is addressed in Chapter 3. The actual arrival of species from the
regional species pool in the local or community species pool will depend on different
factors acting as filters or barriers between the different species pools (Fig. 1.1).
These filters can be classified into two types: i) availability of the target species, and
ii) presence of ‘safe’ sites (see also Zobel et al. 1998). The different factors associated
with these filters and their contribution in this thesis are discussed below.

Availability of target species
Potential source areas of target species may be found at each of the three spatial
scales distinguished in Fig. 1.1. In the case of salt-marsh restoration, the source area
of the regional target species pool comprises all salt marshes within a biogeographi-
cally uniform region (see Chapter 3 for further details). Usually, the de-embankment
sites are fronted by existing salt marshes, which then form the source area of the local

CHAPTER 1
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species pool. Finally, the target species may be present in the community species pool
of the restoration site. At each of these three spatial scales, the frequency and abun-
dance of the target species in the established vegetation as well as their fecundity are
important determinants of their availability. In addition, target species can be present
in the diaspore bank of the community species pool, from which they may emerge
when favourable conditions for their establishment appear. The potential role of the
soil seed bank in the re-establishment of salt-marsh vegetation after de-embankment
will largely be determined by the longevity of the seeds of the target species. The
longer the seeds remain viable, the higher the chance that they survive the period of

INTRODUCTION
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Figure 1.1. A framework for elucidating the mechanisms behind salt-marsh development after de-
embankment. The probability of a target species becoming part of the community species pool of
the target area depends on species availability in the regional and local species pool, dispersal con-
straints between the different species pools and the presence of suitable sites for their establish-
ment. The selection of species for the regional species pool is the subject of Chapter 3; Chapter 4
and Intermezzo 1 describe the composition of the soil seed bank of a natural salt marsh and the
soil seed bank prior to, and after de-embankment, respectively; dispersal by tidal water is studied
in Chapters 4, 5 and 6; Chapter 2 surveys the potential role of bioturbating invertebrates on plant
establishment; finally, salt-marsh development after de-embankment and the relative importance
of species availability, dispersal traits and site suitability, with particular emphasis on elevation, are
analyzed in Chapter 7.
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embankment during which the original halophytic species will have been largely
replaced by glycophytes in the established vegetation. A seed bank classification
scheme has been developed to distinguish between transient, short-term persistent
and long-term persistent seed banks (Thompson et al. 1997). Only long-term persis-
tent seed banks are likely to contribute to the restoration of plant communities that
have disappeared from the target area (Bakker et al. 1996). Chapter 4 explores the
composition and longevity of the soil seed bank at different successional stages in a
natural salt marsh, while Intermezzo 1 presents a case study of the soil seed bank
prior to and after de-embankment.

If target species are absent from the established vegetation and long-term persis-
tent seed bank of a restoration site they have to be dispersed into the site from a
source area. Dispersal will be affected by the distance between the source area and
the target area, a species’ adaptation to dispersal, dispersal constraints and the pres-
ence of dispersal agents or vectors. Many salt-marsh species appear to be adapted to
dispersal by water (i.e. hydrochory), as their diaspores such as seeds, fruits, spikes or
entire plants are able to float for a few hours to several months in seawater (Dalby
1963; Koutstaal et al. 1987). Evidence of dispersal by seawater can be found in drift-
line material, which is often deposited at the upper salt marsh or foot of the seawall
after storm and high tide in autumn or winter and usually contains a high concentra-
tion of seeds and vegetative material (Gerlach 1999; Persicke et al. 1999; Gettner
2003). It is often assumed that the action of seawater results in the homogeneous
mixing of diaspores of salt-marsh species. However, Persicke et al. (1999) have shown
that the composition of driftline material largely resembles the fronting salt-marsh
vegetation. Chapter 4 investigates the composition of viable driftline material at dif-
ferent successional stages at a natural salt marsh. 

Although large quantities of seeds can be dispersed into driftline material, the
material is usually concentrated in a small area and species establishment may not be
successful as the seedlings often desiccate in the thick litter before their roots reach
the soil (Boorman 1968). Furthermore, the occurrence of driftline depends on weath-
er and tidal conditions, making it hard to predict when and where the seeds will be
deposited. For salt-marsh restoration after de-embankment, insight into the possibili-
ties of seed dispersal by regular tidal inundation is important. Huiskes et al. (1995)
investigated dispersal of halophytes by tidal water by trapping seeds in standing or
floating nets during ebb and flood tides at different months. Their results show that
there is considerable movement of propagules with tidal water within a salt marsh
and net export of species growing at the lower marsh. It is not clear whether salt-
marsh propagules are homogeneously distributed by tidal water and where the seeds
will eventually land as they can move back and forth with the tide for some time. In
order to investigate actual seed dispersal, seeds should be trapped at the surface of a
salt marsh. Chapter 5 introduces the use of astroturf seed traps to study actual seed
dispersal by tidal water, while in Chapter 6 this seed trapping method is applied to a
restoration site. 

CHAPTER 1
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Site suitability
When seeds of the target species have arrived in a restoration site, their germination
and subsequent establishment will depend on abiotic and biotic conditions of the
environment. For de-embankment sites, which are usually devoid of (halophytic) ve-
getation, successful germination and seedling establishment are mainly affected by
factors associated with tidal inundation, such as high salinity (Alvarez Rogel et al.
2000), waterlogging (Armstrong et al. 1985) and wave action (Wiehe 1935). In addi-
tion, Hughes & Paramor (2004) and Paramor & Hughes (2004) postulated that pio-
neer plant species may fail to germinate and establish because of bioturbation and
herbivory by the ragworm Nereis diversicolor. Chapter 2 provides a literature survey of
the potential role of invertebrates in salt-marsh plant establishment. The relationship
between elevation and salt-marsh development is described in Chapter 7, and this last
chapter also brings together the role of species availability and site suitability in the
development of salt-marsh vegetation after de-embankment.

Aims of the thesis

In the previous sections, the incentives for salt-marsh restoration, the evaluation of
success and a framework summarizing the factors that are involved in salt-marsh
restoration have been presented. The following questions will be addressed in this
thesis:
1. What is the relative importance of physical and biological processes related to salt-

marsh erosion, and what is the effect of bioturbation and herbivory by Nereis
diversicolor on plant establishment? A literature survey is conducted in Chapter 2
to address these questions. 

2. What are the target species for salt-marsh restoration, how can we evaluate and
compare success of different de-embankment sites and what can we learn from
historic breaches? An overview of de-embankment sites in north-west Europe and
their plant species assemblages are presented in Chapter 3.

3. What is the composition and longevity of the soil seed bank at different succes-
sional stages in a natural salt marsh? What is the composition of driftline material
and are seeds homogeneously distributed along different successional stages?
These topics are discussed in Chapter 4.

4. Are target species present in the soil seed bank of the community species pool
before de-embankment and, if not, how long will it take for salt-marsh species to
form a seed bank and for non-target species to disappear from the seed bank after
de-embankment? Intermezzo 1 answers these questions for a restoration site that
had been embanked for only 30 years.

5. How can we assess actual dispersal (i.e. the deposition of seeds at the soil surface)
of salt-marsh species by tidal water? Chapter 5 provides a technical account of the
use of astroturf seed traps for studying hydrochory. 

INTRODUCTION
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6. Which salt-marsh species are dispersed into a restoration site after de-embank-
ment and what is the relationship with the established vegetation? (Chapter 6). 

7. How does the vegetation develop after de-embankment and what is the impor-
tance of the species pools, dispersal traits and site suitability for salt-marsh
restoration? These questions are analyzed in Chapter 7.

Finally, Chapter 8 will set out what the different chapters have contributed to our
understanding of salt-marsh development and the evaluation of restoration success
and what the implications for future restoration are.

The thesis focuses on salt marshes in north-west Europe with particular emphasis
on the Tollesbury managed-realignment site in south-east England and the barrier
island of Schiermonnikoog in the Dutch Wadden Sea. 
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