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Introduction

The work described in the previous chapters centered on two aspects associated with
salt-marsh restoration. The first aspect involved the evaluation of restoration success.
Surprisingly little information is available on specific targets for salt-marsh restora-
tion, obstructing not only the evaluation of restoration projects but also management
decisions. The present chapter discusses our approach to evaluating restoration suc-
cess and provides suggestions for improving measures of success. The second aspect
focused on factors affecting salt-marsh restoration, with the central question: how do
the target species arrive in the restoration site after de-embankment? A framework,
summarizing the factors associated with salt-marsh development was introduced in
Chapter 1 (see Fig. 8.1) and the present chapter will provide a critical analysis of the
relative importance of these factors based on the work described in the previous chap-
ters. Finally, a summary of management implications is provided at the end of this
chapter.

Evaluating restoration success

Successful restoration of salt-marsh habitats involves many aspects, including struc-
tural components as well as ecosystem functioning (Box 8.1, www.ser.org, see also
Ruiz-Jaen & Aide (2005)). The emphasis in this thesis has been on the establishment
of salt-marsh vegetation. Other aspects of restoration success have been largely ne-
glected, not because they are considered unimportant, but because by definition the
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Restoration of salt marshes : a synthesis

This final chapter sets out what the present thesis has contributed to our understan-
ding of salt-marsh restoration and what the implications of this study are for the
management of current and future de-embankment projects.
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vegetation is the most important trophic level of a salt marsh and hence its restora-
tion is a prerequisite for the occurrence of characteristic animals and for proper
ecosystem functioning. 

At the onset of the present study, no information was available as to what is con-
sidered a salt-marsh target species. Perhaps because it may appear trivial, i.e. a salt-
marsh plant species is a species that tolerates salt, but what about Agrostis stolonifera
or Phragmites australis, which can grow under brackish conditions but would proba-
bly not be regarded as characteristic salt-marsh species? There is clearly a need for an
objective measure to select salt-marsh target species. In Chapter 3, the selection is
based on phytosociological similarity between the target community and the regional
flora, as advocated by Zobel et al. (1998). Target species were selected from National
Vegetation Classification surveys, which list the frequency of occurrence of species
characteristic or common to a certain community within the nation. A threshold level
of more than 60 % frequency was used in Chapter 3 to ensure that non-typical salt-
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Figure 8.1. The framework used in the present thesis for elucidating the mechanisms behind salt-
marsh development after de-embankment (see Chapter 1).
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marsh species were not selected, even though they may be present in a salt-marsh
community. As an alternative, only constant or diagnostic species could have been
included (see e.g. Bekker et al. (2002)), but this selection largely depends on the defi-
nition of constant or diagnostic which may differ between different countries. In both
cases, the selection will be affected by the quality and detail of the National
Vegetation Classification surveys and some typical salt-marsh species may fail to meet
the selection criteria. A refinement of the selection procedure may involve the inclu-
sion of a species’ priority and vulnerability status (Rosenthal 2003). The assignment
of priority status can be based on the rate of decline of a species (Rosenthal 2003),
for example due to agricultural intensification or climate change. Vulnerability indices
can be derived from red data lists or national floras (see e.g. Westhoff et al. (1993);
Doody et al. (1993)). The use of the saturation index of Chapter 3 to evaluate restora-
tion success can thus be improved by giving more weight to vulnerable or rapidly
declining species. Another improvement involves information on species abundance
and composition to identify whether a salt-marsh community has formed. The deter-
mination of salt-marsh communities is usually based on one or a few dominant
species and, with the use of Global Positioning Systems (GPS), areas with similar
species composition can easily be mapped in the field. In addition, data on species
abundance and composition (preferably recorded on standard 2 m x 2 m plots) can be
analyzed by computer programs specifically designed for identifying plant communi-
ties such as SALT 97 (de Jong et al. 1998) or Tablefit (Hill 1996) (see also Chapter 7).

Factors affecting salt-marsh restoration

The evaluation of current and historic de-embankments in north-west Europe has
shown that many sites harbor less than 50 % of the regional target species (Chapter
3). As shown above, the regional species pool contains the sum of all target species
occurring with a minimum frequency of 60 % in a particular salt-marsh community
within the region. These target species have the potential to establish in a restoration
site, but may not actually do so because they fail to reach the site or because site con-
ditions are unsuitable for establishment. A framework summarizing the factors
involved in salt-marsh restoration was presented in Chapter 1 (see Fig. 8.1). The fol-
lowing paragraphs will analyze how the results in the present thesis have contributed
to our understanding of the factors involved in salt-marsh restoration.

Availability of target species
The first step in analyzing the mechanisms behind salt-marsh restoration involved
identifying the source area of the target species and to ascertain their availability.
Using the species pool concept, three species pools related to the same target commu-
nity were distinguished at different spatial scales (Fig. 8.1; Chapter 1). The species
pool concept postulates that species richness of one spatial scale is mainly determined
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by the number of species at the next larger scale (Zobel 1997). In a restoration con-
text, this implies that the probability of a target species establishing in the community
species pool of the target area is highest when the species is present in the community
species pool (including the established vegetation and below-ground diaspore bank),
followed by the local species pool and finally the regional species pool (Fig. 8.1).
Chapter 3 showed that between 48 and 100 % of the species present in the local
species pool of the adjacent marsh established in the restoration sites within 1 to 13
years after de-embankment, compared to 26 to 64 % of the regional species pool. This
agrees with the theory that species richness of one spatial scale is mainly determined
by the number of species at the next larger scale (Zobel 1997). Other studies confirm
that restoration success is largely affected by the abundance of target species in the
established vegetation of a nearby source area (Boedeltje et al. 2003a; Donath et al.
2003).

Apart from the abundance of the target species in the local or regional species
pool, the colonization potential will largely depend on a species’ adaptation to disper-
sal and the presence of dispersal agents. A hypothetical graph of the rate at which
species are expected to enter a restoration site after de-embankment is presented in
Fig. 8.2, which is based on a species’ main dispersal agent as derived from the Leda
Traitbase (Knevel et al. 2003). The target species include all species of the regional
species pool of the southern North-Atlantic region, as shown in Chapter 3. A certain
proportion of target species from this regional species pool will have been present in
the restoration site before it was embanked, but these species will have disappeared
rapidly from the established vegetation once the area was reclaimed and exploited for
agriculture. Upon de-embankment, the most rapid colonization is expected when the
species are still present in the soil seed bank of the restoration site from which they
may emerge when environmental conditions become suitable again (Fig 8.1). A pre-
requisite is that the seeds have retained their viability during the period of embank-
ment. Chapter 4 showed that few salt-marsh species form a persistent seed bank and
a salt-marsh restoration site that had been embanked for 30 years hardly contained
any target species in the soil seed bank prior to de-embankment (Intermezzo 1). The
contribution of the soil seed bank to species establishment during restoration may
thus be neglected. This conclusion is not restricted to salt-marsh habitats (see Bakker
et al. 1996b). Other studies have shown that the soil seed bank is unimportant in the
restoration of species-rich dry alvar grassland (Bakker et al. 1996a), submerged
aquatic vegetation in backwaters along a navigation channel (Boedeltje et al. 2003b)
and hay meadows (Bekker et al. 2000). 

The ecological significance of a persistent seed bank is that it allows the species to
survive adverse conditions and to re-emerge from the soil when conditions become
suitable. It has thus been postulated that persistent seed banks are an adaptation for
species living in high disturbance or stressful areas (Harper 1977). Indeed, a database
of soil seed banks of north-west Europe (Thompson et al. 1997) has shown that per-
sistent soil seed banks are mainly associated with annual or biennial species that are
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characteristic of disturbed habitats (Thompson et al. 1998). These species are general-
ly small-seeded and require light to break their dormancy (Fenner 1985). When artifi-
cial gaps were created in perennial grassland vegetation, 36 % of the colonizing indi-
viduals originated from the soil seed bank (Kalamees & Zobel 2002). These studies,
however, are centered on grassland species and arable weeds and the conclusions do
not appear to extend to salt-marsh species (Chapter 4, Intermezzo 1) despite the
stressful and disturbance-prone environment. The most likely explanation for this dif-
ference is that open space is amply available at the lower part of the salt marsh where
most annuals occur. Germination of these species is therefore not usually inhibited by
competition for light or resources from adult plants. Furthermore, the extent and pe-
riod of tidal inundation is predictable, with neap tides followed by spring tides over a
two-weekly period. Species like Salicornia spp. for example, use the period of neap
tides to germinate and establish (Wiehe 1935). Were these species to have a persis-
tent (dormant) seed bank, their seeds would soon be buried by accreting sediment
after which the chance of germinating would be severely reduced. 

It has also been suggested that a trade-off exists between the building of a persis-
tent seed bank and adaptation to long-distance dispersal (Harper 1977; Venable &
Brown 1988; Ehrlen & van Groenendael 1998), with the latter becoming more impor-
tant for species of unpredictable and rare habitats. Four potential dispersal agents and
their contribution to the dispersal of salt-marsh species have been distinguished in
Fig. 8.2. Wind (anemochory) is considered an important dispersal agent as it is com-
monly available and can transport seeds over several kilometres (Soons & Ozinga
2005). However, very few salt-marsh species (e.g. Aster tripolium) appear to be adap-
ted to wind dispersal. Much better colonization potential is expected via dispersal by
water (hydrochory, Fig. 8.2), because the majority of salt-marsh species is able to
remain afloat in seawater for several hours or days (Koutstaal et al. 1987) and salt
marshes are inundated frequently. Finally, a small proportion of target species may
have to rely on animals (externally: exozoochory, or internally: endozoochory) or
unknown mechanisms for dispersal into the target area (Fig. 8.2). Dispersal of salt-
marsh seeds by the feet or feathers of birds (Vivian-Smith & Stiles 1994) and via
geese and hare (Chang et al. 2005) droppings or cattle dung (Bakker et al. 1985) has
been demonstrated. 

Chapter 4 has shown that large quantities of salt-marsh seeds of different species
are dispersed via driftline material. However, propagules were not homogeneously
distributed across a successional gradient (Chapter 4) and few species were actually
trapped on the salt-marsh surface during restoration (Chapter 6). In contrast, studies
of the colonization of atolls (Carlquist 1967) or volcanic islands in the Pacific Ocean
(Harrison et al. 2001) and islands in the Great Lakes (Morton & Hogg 1989) indicate
that water has been important in long-distance dispersal of seeds as many of the
established species show adaptation to hydrochory. Furthermore, studies of drift
material collected on isolated islands in the Indian Ocean (Green 1999) or on cays of
the Great Barrier reef (Australia) (Smith et al. 1990) showed that many drift dis-
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seminules did not belong to the local established flora and must have originated from
source areas at least 300 km away (Hacker 1990). A large proportion of stranded
seeds, however, failed to establish because they lost viability during immersion in sea-
water (Smith et al. 1990; Green 1999). Other studies have shown that dispersal of
floating seeds is strongly related to the direction of ocean currents and the prevailing
wind (Koutstaal et al. 1987; Smith et al. 1990; Hacker 1990; Huiskes et al. 1995).
Floating seeds may thus behave similar to oil slick (Karafyllidis 1997) and the limited
dispersal of salt-marsh species into the Tollesbury restoration site (Chapter 6) may be
because of the prevailing offshore wind direction. Hence, despite the abundance of
seeds in oceanic drift and the good flotation ability of many species, successful colo-
nization appears to be determined mainly by environmental conditions (Porter 1976). 

Site suitability
In Chapter 3 a significant relationship was found between the number of target
species and surface elevational range in relation to sea level of different de-embank-
ment sites.  In addition, Chapter 7 has shown that colonization rates and species
diversity were highest at the highest elevation of a restoration site. Superimposed on
the importance of surface elevation is the effect of bioturbation and herbivory by the
ragworm Nereis diversicolor (Chapter 2). Ragworms generally occur at the level of low
intertidal flats up to the transition to pioneer salt marsh where vegetation is sparse. In
this transition area they may have a negative effect on the survival of Salicornia
seedlings, but the effect should be viewed in relation to physical parameters of tidal
currents and soil properties (Chapter 2). In general it can be concluded that the high-
er the surface elevation relative to sea level the better the colonization potential for
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Figure 8.2. Hypothetical graph of colonization potential of regional target species after de-
embankment, based on database information on dispersal traits (Leda Traitbase).
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salt-marsh species (see (Cornu & Sadro 2002; Williams & Orr 2002). However, com-
petition from less salt-tolerant species will become increasingly important with
increasing elevation. In this respect, land use before and after de-embankment may
play a role in the establishment of salt-marsh species. A case study of a de-embanked
summerpolder, for example, showed that several of the original non-halophytic
species were able to survive and remain abundant at the highest areas for at least
three years after the restoration of tidal inundation (van Duin et al. 2005).
Colonization of these areas by salt-marsh species has proceeded much slower com-
pared to lower-lying areas. Furthermore, cattle-grazed areas contained a higher num-
ber of halophytic species compared to exclosures (van Duin et al. 2005). Similar con-
clusions were derived from Chapter 3, which showed that the most successful de-
embankment sites in terms of number of target species were those that had a grazing
or management regime. This type of management is of course related to elevation,
with only the higher areas with dense perennial vegetation being suitable for grazing
or mowing. The importance of environmental conditions and management regimes on
plant-community restoration has also been reported for grasslands (Walker et al.
2004) and heathlands (Bakker & Berendse 1999). However, the effect of site suitabili-
ty on species establishment during community restoration has to be viewed in relation
to seed dispersal constraints (Verhagen et al. 2001; Bakker et al. 2002a; Donath et al.
2003; Bissels et al. 2004).  

In Chapter 7, the arrival order of different salt-marsh species has been tested
against abundance in the regional and local species pool, dispersal traits and
Ellenberg’s indicator values for salinity and moisture. The indicator value for salinity
was by far the most important factor explaining the arrival order of species during the
first eight years of restoration. But does this mean that the target species are being
dispersed into the restoration site but fail to establish due to unsuitable site condi-
tions? Astroturf seed trap data for the Tollesbury managed-realignment site have
shown that dispersal of late-successional or higher-marsh species is limited and that
the diaspore pool is dominated by species that are abundant in the local vegetation
(Chapter 6). But as with all dispersal studies, the tail of a dispersal curve is difficult to
predict (Bullock & Clarke 2000) and rare species are easily missed as a result of
restricted sampling effort. To disentangle the relative importance of site suitability
and dispersal constraints, seed addition experiments can be applied. Several studies
have shown that adding seeds will aid the establishment of species that failed to colo-
nize naturally in inland grasslands (Pywell et al. 2002) and floodplains (Donath et al.
2003; Hölzel & Otte 2003). Very few seed addition experiments have been performed
on salt-marsh systems (but see Bakker et al. (1985); Bakker & de Vries (1992); Rand
(2000)), not least because of the inherent difficulties of retaining the seeds during
tidal inundation. At Tollesbury for example, seeds of six salt-marsh species were sown
at densities of 500 m-2 and 5000 m-2 at four different elevations within the restora-
tion site, but no germination was observed (Reading et al. 2002; Garbutt et al. 2005).
Seed trapping, seed addition and transplanting experiments should (continue to) be
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performed on existing salt marshes and salt-marsh restoration sites in order to get a
better understanding of the possibilities and constraints of seed dispersal in relation
to site suitability.

Management implications

The present thesis has provided insight into the restoration of salt-marsh vegetation
after de-embankment, with particular emphasis on seed dispersal. Many questions,
however, remain unanswered and long-term results are still to be awaited.
Nevertheless, the prospect for salt-marsh restoration after de-embankment is good,
with target species coming in naturally and vegetation succession taking place.
Pioneer and low-marsh species (in particular Salicornia and Suaeda) are the most suc-
cessful colonizers after de-embankment (Chapter 3), not because they are better
adapted to dispersal (based on flotation time and seed weight, Chapter 7) but more
likely because their source areas are regularly inundated, thus increasing the chance
of dispersal by tidal water. Moreover, chances of establishment are better because
these species are relatively salt-tolerant and they do not need to compete with other
species as established vegetation is initially absent. A prerequisite for successful
restoration, therefore, is that sites are at a proper elevation with respect to tidal inun-
dation for vegetation development (Cornu & Sadro 2002; Williams & Orr 2002;
Morris et al. 2004; see also Chapters 3 and 7). When the surface elevation is high
enough for the establishment of dense perennial vegetation, grazing and mowing
regimes may be implemented to ensure higher species diversity. Otherwise, the tall-
grass Elytrigia atherica may become dominant (Bakker et al. 2002b). In addition, the
potential for seed dispersal into the restoration site is enhanced when target species
are present in the local species pool of an adjacent marsh. The construction of
drainage ditches will further enhance colonization rates by facilitating the distribution
of species (Zedler & Callaway 2001; Eertman et al. 2002; Chapter 3). Furthermore,
species can extend their lower elevational limits when the soil is well aerated (Bakker
et al. 2002b). Drainage structures are especially important in sites that have been
embanked for a long period and, as a result, feature over-consolidated surface soils
that impede subsurface drainage (Crooks et al. 2002).  The natural formation of
creeks on these soils may take a long time. 

In general, it can be concluded that de-embankment is a suitable means for the
restoration of salt marshes on formerly reclaimed land and offers an excellent oppor-
tunity to study the initial stages of salt-marsh development and primary succession.
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Box 8.1. Attributes for guiding the evaluation of ecological restoration success (from the Society
for Ecological Restoration, www.ser.org)

1. the restored ecosystem contains a characteristic set of species that occur in the reference system
2. the restored ecosystem consists of indigenous species to the greatest practical extent 
3. all functional groups necessary for the continued development and/or stability of the restored 

ecosystem are represented or have the potential to colonize
4. the physical environment of the restored ecosystem is capable of reproducing populations of the 

species necessary for its continued stability or development
5. the restored ecosystem functions normally for its ecological stage of development
6. the restored ecosystem is suitably integrated into a larger ecological matrix of landscape
7. potential threats to the health and integrity of the restored ecosystem from the surrounding land-

scape have been eliminated or reduced as much as possible
8. the restored ecosystem is sufficiently resilient to endure the normal periodic stress events in the 

local environment that serve to maintain the integrity of the ecosystem
9. the restored ecosystem is self-sustaining to the same degree as the reference ecosystem and has 

the potential to persist indefinitely under existing environmental conditions
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