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Chapter 1 General introduction



1.1 What is succession?

Succession is a fundamental concept in ecology. Many definitions are given in the
literature. Simple but straightforward definitions are: the change in species composition or
three-dimensional architecture of the plant cover of a specified place through time (Pickett &
Cadenasso 2005) or the changes observed in an ecological community following a
perturbation that opens up a relatively large space (Connel & Slatyer 1977). In fact,
succession is the continuous change in the species composition of natural communities that
results from many causes and processes (Glenn-Lewin et al. 1992), particularly the
colonization, growth and mortality of organisms under environmental conditions that are
continuously changing as a result of either the actions of the organisms themselves (autogenic
succession) or of externally imposed processes (allogenic succession) or both (Huston 1994).
Grime (1979) considers succession as the change in predominant kinds of life histories of the
plant species, succession being a shift in the relative importance of ruderal, competitive and
stress-tolerant species. Succession occurs, with different rates and patterns, in all natural

communities, and is the fundamental process of vegetation dynamics (Huston 1994).

1.1.1 Temporal and spatial aspects of succession

Vegetation succession has temporal and spatial aspects (e.g. Southall et al. 2003).
Indeed, time and space are related, in that forcing functions for vegetation change over large
areas tend to be the same as those causing change over long time periods, and likewise for
small areas and short time spans the causes of change are supposed to be similar (Shugart &
Urban 1988; Falinski 1988). An inherent property of succession that is responsible for much
of the confusion surrounding the interpretation of successional patterns and the development
of a theory of succession is that succession creates both temporal and spatial patterns (Huston

1994). Temporal succession refers to vegetation changing (progressive or retrogressive) in



time (Glenn-Lewin & van der Maarel 1992), while spatial variation in vegetation can result
from a single successional sequence (sere) that occurs under similar conditions (i.e. resource
availability, soil characteristics, differentiated disturbance; e.g. Olff et al. 1999) and follows
the same pattern of species composition at different locations (Huston 1994). Spatial variation
in vegetation can also be caused by succession that occurs under different conditions in
different locations (Ferreira et al. 2007) and follows different patterns of species composition
toward different endpoints (Huston 1994).

Succession, particularly plant succession, was one of the first major research topics of
the field of ecology (Huston 1994). The observation of temporal and spatial changes in plant
communities has a long history, and use of the term ‘Succession’ dates back at least to
Thoreau, 1860 (cf. Huston 1994) and Clements, 1916 (cf. Pickett & Cadenasso 2005) and has
been a challenging problem in ecological studies up to the present (Drury & Nisbet 1973;
West et al. 1981; Smith & Huston 1989; Prach et al. 2001; Kahmen & Poschlod 2004;
Wolters et al. 2008). The spatio-temporal variation in vegetation patterns and its driving
forces are of great and ongoing concern in ecology and there have been studies dealing with
the theme of succession in various habitats and ecosystems, of which the books and papers of
Connell & Slatyer (1977), Tilman (1985), Huston & Smith (1987), Turner et al. (1998) and

Kahmen & Poschlod (2004) are among the more conceptual ones.

1.2 General considerations on succession in salt-marsh habitat

The succession on salt-marshes, whose pioneer vegetation is regularly submerged by
seawater, is often described as consecutive stages, known as haloseres. Succession may start
in a newly created salt-marsh (primary succession). On the other hand, vegetation may
undergo succession after being damaged but not destroyed, called secondary succession
(Adam 1990). Secondary succession occurs after salt-marsh vegetation has been damaged by

clipping or by excessive trampling and grazing. Wash-over processes in salt-marshes may



completely destroy the existing vegetation by covering it by storm-driven sediment, but in
other cases it can grow through a thin layer of fresh sediment. Secondary succession can also
start on a mature soil if plant propagules are left after the former vegetation has been virtually
destroyed. In such succession most of the plant species are either present from the outset as
buried seeds, bulbs and rhizomes or invade shortly afterwards (Packham & Willis 1997).

Of the three major mechanisms of succession outlined by Connell & Slatyer (1977),
none by itself can account for the complete range of floristic replacements found in salt-

marshes.

1.2.1 The facilitation mechanism

In the facilitation mechanism, species replacement is assisted by environmental changes
brought about by organisms in earlier stages in the succession (Packham & Willis 1997). In
this mechanism, the early-succession species modify the environment so that it is more
suitable for late successional species to invade and grow to maturity (Connell & Slatyer
1977). Whittaker (1975) stated that in the facilitation mechanism “one dominant species
modified the soil and microclimate in ways that made the entry of a second species possible,
which then became dominant and modified the environment in ways that suppressed the first
and made the entry of a third dominant possible, which in turn altered its environment.” This
sequence continues until the resident species no longer modifies the site in ways that facilitate

the invasion and growth of a different species (Castellanos et al. 1994; Huckle et al. 2000).

1.2.2 The tolerance mechanism

The tolerance mechanism does not depend on the initial presence of early successional
species. Species, which occupy a site early, have little or no influence on the recruitment of
other species, which grow to maturity despite their presence (Burrows 1990). Any species can

start the succession but those which establish first are replaced by others that are more



tolerant (competitively superior) and usually longer-lived at the habitat. In this mechanism
species that appear later are simply those that arrived either later or at the very beginning, but
germinated and/or grew more slowly. The sequence of species is determined solely by their
life-history characteristics. In contrast to the early species, the propagules of the later ones are
dispersed more slowly and their juveniles grow more slowly to maturity. They are able to
survive and grow despite the presence of early-succession species that are healthy and

undamaged (MacArthur & Connell 1966; Farrell 1991).

1.2.3 The inhibition mechanism

In contrast to the first mechanism, in inhibition mechanism, once earlier colonists
colonize a habitat, they secure the space and/or other resources, and subsequently inhibit the
invasion of new colonists or suppress the growth of those already present. The latter invade or
grow only when the dominating residents are damaged or killed, thus releasing resources
(Connel & Slatyer 1977). In this mechanism, invasion is prevented by the present occupants
of the site, perhaps through heavy shading or allelopathic mechanisms; replacement will
occur only when previous colonists are removed. The species, which colonize the site first,
thus gain a major advantage (Packham & Willis 1997).

In salt-marsh conditions, it is generally expected that vegetation changes in time are
driven by the facilitation mechanism. Soil trapped by early colonizers, that themselves are
able to endure the harsh pioneer stage environmental conditions, elevates the substrate, thus
facilitating the colonization by mid- and late-successional species, which were not able to
endure the early succession conditions of daily inundation with salt water. Beeftink (1965)
and Hoffmann (1993) stated that Salicornia spp. or Spartina townsendii-dominant
communities would eventually change to FElymus athericus (on levees) or Halimione
portulacoides-dominant (on backlands) communities through the facilitation mechanism by

sedimentation (Fig. 1.1). However, inhibition mechanism through spatial competition could



also occur in salt-marsh habitat, as it has been reported by a few authors for Spartina (e.g.

Packham & Willis 1997).

On levee — Elymus
Suaeda Halimione athericus

Sandy environment maritima

A 4

portulacoides

A 4

Salicornia spp.
Spartina townsendii

Halimione
Puccinellia Halimione .
maritima portulacoides p P ortula.co.ldes +
On backland Artemisia sp.
Silty environment

Fig. 1.1. Vegetation succession illustrated with the dominant plant species in consecutive vegetations
i backland and levee in SW- Netherlands (reconstructed from Beeftink 1965; Hoffmann 1993);
grazing 1s believed to set back succession to vegetations dominated by low-sward grasses,
predominantly Puccinellia maritima.

1.3 Whatis known about salt-marsh succession

Vegetation succession in salt-marshes in Europe was described by Beeftink (1962;
1965; 1966; 1977). He distinguished two kinds of vegetation succession in European salt-
marsh: progressive and retrogressive. Changes in the vegetation which involve an increasing
number of species and an increasing complexity of structure are considered to be progressive
succession e.g. the sere Puccinellietum maritimae, Juncetum gerardii, Agropyro-Rumicion
crispi. The sere in the opposite direction is called retrogressive succession. He stated that the
causes of retrogressive succession can be both natural (e.g. erosion and grazing) and man-
made (e.g. grazing and mowing). After Beeftink’s thorough studies of salt-marshes in the
south-western part of the Netherlands (Beeftink 1965; 1966), the effects of biotic and abiotic

factors on vegetation succession in salt-marsh habitats were further investigated, e.g. tidal



inundation (Egan & Ungar 2000; Wolters et al. 2005), grazing (Bakker & Ruyter 1981,
Pehrsson 1988; van Wijnen et al. 1997; Schroder et al. 2002; Kleyer et al. 2003; Kiehl et al.
2007) and soil factors (Tessier et al. 2000; Schroder et al. 2002; Tessier et al. 2003) (see
details of these and other studies in the introduction of each of the following chapters). Very
generally speaking, the results of these diverse studies showed that the impact of biotic and
abiotic factors on vegetation succession often depends on the study area where the
observations were made. Hence, general conclusions on succession determining process are

difficult to make.

1.3.1 Which species are able to be the first colonizers in a salt-marsh?

The variables that control plant species co-occurrence (Gotelli & McCabe 2002) and
primary succession (Kalliola et al. 1991; Walker et al. 2006; Shiels et al. 2008) are manifold
and interactive (van der Valk 1992; Wiegleb & Felinks 2001).

Initial substrates are colonized by a species through recruitment from viable seeds. Seed
can be available by seed dispersal or from seed buried in the soil (Rand 2001). Seed (or
diaspores in general) availability is only the first step needed to establish a population on a
new substrate; seed availability alone only makes a species a member of the potential flora of
the new site, not necessarily of its actual flora (Major & Pyott 1966). The probability of
successful establishment from dispersed seed depends on several factors, i.e. seed production,
seed dispersion and seed germination (van der Valk 1992). Unfortunately, these factors have
never been examined together in detail in any single study. Many secondary factors affect
each of these processes. For instance, seed production (the number of seeds produced by a
plant or a population during a given growing season or year) depends on such factors as the
age or size of the plant, the abundance of the population in the community or at a higher scale,
environmental conditions during the previous and current growing season, availability of

pollinators, predispersal predation and energetic trade-off between vegetative propagation and



seed production (Willson 1983; Price & Jenkins 1986; Zammit & Westoby 1988; Howe &
Westly 1988; Louda 1989).

Seed dispersal depends on the vector of seed transport (van der Valk 1992) and the
ability of seeds for dispersion (Adam 1990). In coastal marshes, dispersal of seeds by tidal
currents is suggested as the main pathway, as most seeds are able to float in the water column
(Koutstaal et al. 1987; Huiskes et al. 1995). The ability of seeds for dispersal by tidal currents
is affected by seed mass and seed shape (length and width) (Poschlod et al. 2005).

Only part of the colonization process has been completed when seeds are produced,
transported and have reached a site: they must still germinate. Seed germination is a complex
physiological process influenced by many environmental conditions (Mayer & Poljakoff-
Mayber 1982). In salt-marshes, seed germination can be affected by soil salinity, moisture and
nutrition level (Woodell 1985; Shumway & Bertness 1992; Noe & Zedler 2000).

In general, a species can be an early successful colonizer if its parents produce sufficient
seeds at local or regional scale, disperse to new areas very well and germinate successfully.
Fig. 1.2 shows the conceptual framework for exploring constraints in the colonization of salt-
marsh species. At the first step, total seed production can be affected by the abundance of
adults in the old salt-marsh. In chapter 2, the relationship between the frequency of species in
newly created salt-marsh and its adjacent old salt-marsh (functioning as a seed source) will be
examined. It is hypothesized that a species occurring in high abundance in the adjacent old
salt-marsh (the local seed source) has a higher chance of becoming an initial colonizer in the
newly created salt-marsh. In addition, some seed traits (seed shape and mass) which could
affect seed dispersal will be investigated for the new colonizers. Although several studies
dealt with mechanisms of succession in salt-marsh habitat, there are few studies on the

species traits which help species to be initial colonizers. The hypothesis is that initial



colonizers have shorter and lighter seeds than later colonizers. Moreover, it is hypothesised

that initial colonizers are more salt and poor-nutrient tolerant than later colonizers.

Regional and local
species pool (seed
sources)

4

Viable seed
production

y
Seed dispersal

Seed mass
Seed length
Seed width

y

Restoration site

AN

ssoﬁillfj:;ﬁ;tgn Safe site Unsuitable condition
Soil moisture
Y \ 4
Germination @
A
Colonization

Fig. 1.2. Framework for exploring constraints in the initial colonization of salt-marsh species



1.3.2 Inundation, vegetation and succession

Once species have colonized a new substrate, the growing and replacement of different
species can be influenced by biotic and abiotic factors (e.g. Bernhardt & Koch 2003). In salt-
marsh habitat, inundation frequency is one of the most important abiotic factors. Inundation
by the tide affects halophytes largely through changes in oxygen availability (or soil aeration)
and soil chemistry (Silvestri & Marani 2004). Additionally, tidal currents may have
mechanical effects on plants, particularly in the lower part of salt-marshes and affect the
growth rate and survival. As the presence of thick cuticles in most salt-marsh species is likely
to prevent direct entry of salt into the plant, the immediate effect on halophyte physiology
could be the flooding of soil pores affecting the availability of oxygen for aerobic root
processes and producing reduced toxic ions (Packham & Willis 1997). The physiology of
water-logging tolerance has been quite widely studied in plant species in salt-marshes (e.g.
Anderson 1974; Cooper 1982 ; Armstrong et al. 1985; Naidoo et al. 1992; Varty & Zedler
2008) and different strategies were reported for salt-marsh plants to adopt and survive in
periodic soil saturation (Visser et al. 2000). Given the complexity and the variability in the
combination of strategies to cope with anaerobic conditions, the effects of tidal flooding on
germination and respiration are also species-dependent. Cooper (1982) found that species
such as Plantago maritima, Puccinellia maritima and Salicornia europaea were particularly
tolerant to water-logging, whereas species generally found higher on the marsh, including
Festuca rubra, Juncus gerardii and Armeria maritima, were less so. As a result, the survival
and stability of different species might be different in relation to inundation frequency; the
rate of species replacement is influenced by inundation frequency.

Classical concepts of succession emphasize the role of organisms in modifying the
environment; the operation of such autogenic factor leads to the gradual development and

replacement of plant species and communities (Clements 1916), which is considered to



exhibit increased species diversity, yield and amounts of organic matter with time (Odum
1969). Succession processes such as “facilitation” and “inhibition” are associated with it
(Connel & Slatyer 1977). Such features (autogenic plant succession) are indeed likely to
predominate at higher elevations, where tidal influence is reduced. Lower elevations,
however, experience frequent tidal inundation, associated with more complete litter removal
and greater likelihood of inorganic sedimentation. This enhancement of the allogenic
(environmental) influence leads to replacement of species by the tides, as for instance Eilers
(1979) found in the lower salt-marshes. Consequently, inundation could influence not only the
germination and growth of species but also the stability and dynamics of different species and
communities. Previous studies have shown that the speed of vegetation succession in salt-
marshes depends on drainage conditions and on sedimentation rates in relation to sea level
rise (Leendertse et al. 1997; Olff et al. 1997, Schroder et al. 2002). Nevertheless, there is a
lack of studies on vegetation replacement and succession related to inundation frequency. The
effect of inundation frequency on vegetation succession (species turnover) will be studied in
chapter 3. We hypothesize there that the rate of species succession and turnover at higher

inundation frequencies is lower.

1.3.3 Grazing and succession

Grazing is one of the most important biotic disturbance factors, affecting the growth rate
of species and the rate of replacement. In terrestrial habitats, animal grazing has been reported
to be an important succession factor (OIff et al. 1999) and nature management tool for poor
and low-productivity habitats (Provoost et al. 2002; Stroh et al. 2002; Hellstrom et al. 2003).
Moderate grazing was beneficial to annual species, whereas ungrazed grassland was
dominated by tall perennial grasses (Noy-Meir et al. 1989). Species richness increased with
increasing grazing pressure, but decreased sharply when the grazing pressure was severe

(Taddese et al. 2002). Although, grazing increased the number of rare species, it negatively
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affected plant species richness in acidic, extremely nutrient poor coastal grasslands, while
species richness was positively affected in more basic, nutrient richer coastal dune grasslands
(Tahmasebi Kohyani et al. 2008). As a result, the effects of livestock on the environment are
numerous and depend on the habitat, grazing intensity and herbivore species (see also Gough
& Grace 1998). Probably the most obvious and most important grazing effect is the selective
phytomass extraction by herbivores. Some plant species or certain plant functional types were
preserved during the course of succession; others were discriminated against by a grazing
impact, depending on the preferences of the livestock species (Hulber et al. 2005).
Additionally, grazing animals influenced their environment when they created gaps by
trampling, scratching or rolling (Lamoot et al. 2004). These micro sites were extremely
important for mid-successional stages, because they represented spots where retrogressive
succession and a regeneration of niches for low-competitive plant species (Bakker et al. 2003)
occur. As a result, it can be expected that during succession some species disappear or
decrease in abundance and some new species appear or increase in abundance by grazing.

For the management of dry and nutrient-poor sandy ecosystems, mainly sheep grazing
is used as a measure of nature management. The effectiveness of sheep grazing as a tool for
protection and restoration has been proven in various studies (Stroh et al. 2002; Hellstrom et
al. 2003). There are, however, few studies that investigated the mechanism of plant succession
induced by sheep grazing in salt-marsh habitat (but see, e.g. Jensen 1985); most researches
have been done about the effect of cattle grazing. Effects of five years of cattle grazing on a
salt-marsh vegetation were investigated by Bakker & Ruyter (1981). They demonstrated that
the ungrazed area showed a progressive succession while in some parts of the grazed area
retrogressive succession took place, i.e. the vegetation became more open and diversity
increased by grazing. Intensive grazing of salt-marshes by cattle can lead to a downward shift

of vegetation zones (Bakker 1989) towards a pioneer succession stage and to a loss of
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grazing-sensitive species, because only a few plant species (e.g. Salicornia spp. and
Puccinellia maritima) tolerate frequent biomass loss and trampling (Kiehl et al. 1996). Gibson
& Brown (1992) showed that the impact of herbivores is considered to induce regressional
trends against successional development.

Short-term investigations showed that plant species density was lowest in intensively
grazed low salt-marshes but did not differ between moderately grazed and ungrazed plots
(Kiehl 1997). A meta-analysis of long-term vegetation changes in the Wadden-Sea salt-
marshes showed, however, that grazing abandonment would have a negative effect on species
density due to the increasing dominance of competitive plant species such as Elymus spp. in
the high marsh (levees) or Halimione portulacoides in the low marsh (backland) (Bos et al.
2002). In contrast, some examples from long-term grazed salt-marshes indicate that species-
rich vegetation mosaics can also persist over long periods (Kiehl et al. 2000). This was
already proven for the study area (see Fig. 1.5) in 1904, when Massart (1908) described the
species rich vegetation of the salt-marsh (salt-marsh with Salicornia europaea, Suaeda
maritima, Glaux maritima, Puccinellia maritima, Armeria maritima and other salt-marsh
species), that was grazed by cattle, horses and hinnies.

Particularly strong competitive species such as Elymus athericus tend to increase their
dominance during progressive succession, resulting in a strong decrease in species diversity in
late successional stages. But there is no study of the effect of sheep grazing on this species.
Whether sheep grazing can reduce the expansion of Elymus athericus is a question which has
not been answered so far.

In addition, studies on the effects of livestock grazing on forage quality can be
important in salt-marsh habitat since forage quality is relevant in the attraction of other
herbivorous animals such as geese (Hupp et al. 1996). Studies on the effect of sheep grazing

on forage quality in salt-marsh habitat are not reported so far.
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In chapter 4, the effects of sheep grazing on vegetation succession will be analyzed
from 2004 to 2007 after the establishment of exclosures in different plant communities in the
salt-marsh and in the ecotone between salt-marsh and sand dune. We will focus on the
variation in abundance of Elymus athericus with and without sheep grazing. In addition, the
effect of sheep grazing on forage quality parameters of some salt tolerant species will also be
investigated in chapter 4. We hypothesize that grazing by sheep in salt-marsh habitat can be
an adequate management method to avoid ruderalisation of salt-marsh habitat by Elymus
athericus, i.e. to maintain pioneer and species rich saline grasslands through selective grazing
on the more competitive species, such as Elymus athericus. Moreover, it is hypothesized that

sheep grazing has a positive influence on forage quality.

1.3.4 The effect of soil conditions on vegetation in different successional stages

Soil characteristics constrain plant performance and community composition (Grime
2001; Pywell et al. 2003), and attempts to restore plant communities are likely to fail if they
do not consider the limitations imposed by soil conditions (Eviner 2008). Understanding the
effects of soil conditions on above-ground vegetation is critical since it can help to predict
plant responses to soil conditions, determining which species can thrive at a given site and
which will outcompete others (Eviner 2008).

Salt-marshes are habitats with extreme environmental conditions due to regular flooding
by saline water. Gradients of water-logging and salinity from the pioneer zone over the low to
the high marsh induce a distinct vegetation zonation depending on the tolerance ranges of
different plant species (Adam 1990). Soil is the substrate from which the roots of plants
absorb water and mineral salts. Plant community distribution and species composition are
known to be related to specific soil properties such as soil texture, pH, salinity and toxic

influences (e.g. Funk et al. 2004).
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The ability of certain plants to survive in particular salt-marsh environments is often
related to water and mineral nutrient availability, soil aeration and oxygen diffusion rates,
redox potential and the presence or absence of toxic ions (Adam 2002). As soil aeration and
oxygen diffusion rates are correlated with soil texture, the distribution, frequency and
abundance of plant species will be strongly affected by soil texture. Another soil factor,
salinity, is one of the most important edaphic factors governing the distribution of salt-marsh
plant species (Packham & Willis 1997). Elevation is also one the most important indirect
abiotic factors, influencing the distribution and occurrence of species in salt-marsh habitat
through other ecological determinants associated with elevation, and hence with inundation
frequency. Indeed, several studies were carried out on the effect of different abiotic factors on
distribution and occurrence of species in salt-marshes (e.g. Huckle et al. 2000). Nevertheless,
vegetation-soil relationships for different successional stages in salt-marshes have not been
addressed so far.

It has been demonstrated that stochastic factors, such as seed availability, are important
in plant distribution and occurrence in early successional stages (Walker et al. 2006), while in
late successional stages, more deterministic factors such as abiotic characteristics play a more
important role in the distribution and occurrence of species (Leps & Rejmanek 1991). In other
words, early in the succession process, species establishment would be largely stochastic
(@kland 1999; del Moral et al. 2005), and eventually, deterministic processes should produce
predictable relationships between species and their environments (del Moral & Lacher 2005).
Community structure in mature systems is often assumed to result from deterministic links
between plants and their environment (del Moral 1999). Therefore, it is to be expected that
species distribution and occurrence are more predictable by abiotic factors in late successional

stages in comparison to early successional stages. In chapter 5, we hypothesize that the
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relationship between soil characteristics and vegetation is stronger in late successional than in

early successional stages.

1.3.5 Seed bank and succession

Depth distribution of viable seeds is not merely of academic interest (Espinar et al.
2005). Indeed, for some restoration measures the knowledge of the depth distribution of
viable seeds in soil is indispensable, e.g. for topsoil removal, a regularly applied restoration
measure in some habitats (Grootjans et al. 2001), has a significant impact on seed availability.
The soil removal treatment dramatically decreased the availability of seeds in the seed bank in
dune slacks (Grootjans et al. 2001), flood meadows (Holzel & Otte 2003) and fen meadows
(Ramseier 2000), indicating that soil seed bank density and composition decline
monotonically with soil depth. Some studies conversely stated that viable seed density in
deeper layers is higher than in shallow layers or that the distribution of seeds along depth is
binomial (Espinar et al. 2005). Depth distribution is often a reasonably good indicator of seed
longevity (Thompson et al. 1997; Bekker et al. 1998).

Salt-marshes can differ in salt concentration (Adam 1990). Several studies have proven
that salinity can delay or hamper the germination (Rubio-Casal et al. 2003). As a result, in
higher salinity conditions it can be expected that a relatively higher number of seeds may
penetrate to the soil compared with less saline conditions. In chapter 6, we will compare the
depth distribution of seeds in two salt-marshes differing in salt concentration (euhaline and
mesohaline).

Seed bank and above-ground vegetation can have a mutual interaction. This interaction
can be influenced by age (Wolters et al. 2002), as the above-ground vegetation changes
during succession. In terrestrial habitats, several studies reported on the vertical and
horizontal distribution of seeds in soil with respect to age (e.g. Bossuyt & Hermy 2003), while

knowledge is scant for salt-marsh habitats (but see Wolters & Bakker 2002). Early
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successional species tend to form persistent seed banks and late successional species tend to
show a more transient seed bank (Bossuyt & Hermy, 2004). Therefore it can be expected that
seed density and similarity between seed bank and above ground vegetation decrease along
time. Seed bank density and similarity with above-ground vegetation will be compared for
early and late successional stages in chapter 6. It is hypothesized that the vertical distribution
of seeds is different for euhaline and mesohaline salt-marshes. In addition, it is further
hypothesized that seed density and similarity between seed bank and above-ground vegetation

in old salt-marsh is lower than in new salt-marsh.

1.4 The reasons why to study succession in a restoration program

Successional vegetation processes are an important aspect in ecological restoration,
because they determine the type and timing of restoration measures used and affect the final
success. Therefore, vegetation succession and its study should be taken into account in
virtually any restoration program. On the other hand, results of both spontaneous processes
and restoration measures are usually intermingled and influence each other (Luken 1990). In
some restoration programs, we can completely rely on spontaneous succession (Prach et al.
2001). Spontaneous succession is affected by many local biotic and abiotic factors and their
interactions and, hence, will be different in different places. It is not possible to extrapolate
the results of a study in a particular location to other locations (Eviner & Hawkes 2008).
Many restoration failures can be attributed to site-specific issues that were not taken into
account (Wassenaar et al. 2007), indicating the importance of studies on natural plant
succession in each site separately.

Beside the importance of vegetation succession studies in restoration programs, newly
(by man or naturally) created substrates offer us unique opportunities to study plant
succession fundamentally, in which salt-marshes are a remarkable habitat. Salt-marsh

communities normally arise on bare substrate and when mature are often eroded, creating bare
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areas which are re-colonized. They are thus very suitable habitats to study processes of
vegetation change (Packham & Willis 1997). Previous studies showed that the kind of pioneer
species, the way of succession and the speed of species turnover are different in different salt-
marshes. For instance, Wolters et al. (2008) showed that annual species were the new
colonizers in salt-marshes in the north of the Netherlands and perennial species only started to
colonize or increase notably in abundance after a relative long time after restoration. In
contrast, Odland & del Moral (2002) demonstrated that in wetland conditions perennial herbs
soon invaded and came to dominance, although annuals together with acrocarpous mosses
were the first colonizers in this case also. Sometimes vegetation changed and replaced quickly
and in other cases vegetation was stable for several years. Therefore, plant succession will be
unique in each (salt-marsh) habitat, indicating again the necessity to study plant succession in

each salt-marsh separately.

1.5 Material and methods

1.5.1 The recently history of the study area

The study area is part of the Flemish Nature Reserve the IJzermonding and is located along
the right hand bank of the IJzermonding in the city of Nieuwpoort (Prov. West-Flanders),
Belgium (Fig. 1.3). It consists of two parts: an old, more or less untouched salt-marsh and a
recently created intertidal area, where a new salt-marsh came to development (Fig. 1.4). The
IJzermonding salt-marshes are one of the only four daily-inundated salt-marsh areas in
Belgium. The other three are the Baai van Heist, the Zwin with true salt-marshes and the
Scheldt estuary with brackish salt-marshes. The history of the old salt-marsh area during the
last century is one of constant deterioration and regression, caused by many kinds of

destruction.
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Fig. 1.3. The position of the study area (the asterisk). The study area is located in the city of
Nieuwpoort, Belgium. Two other study areas are used in this PhD to study seed bank characteristics
(chapter 6): the Zwin area is located at the fdled circle; the Verdronken Land van Saeftinghe is located
at the open circle.
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Fig. 1.4. The position ofthe newly (2002) created salt-marsh (N) and the old salt-marsh (01 and 02)
in the Flemish Nature Reserve "De IJzermonding'’ at Nieuwpoort.
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Fig. 1.5. Photos taken by Massart in 1904 (Massart 1908). (A) The surprisingly narrow ecotone
between salt-marsh (left) and coastal dune (right) with floodmark conditions in between in the former
IJzer estuary, before this area was raised with slurry and sand in the mid-20th century; the picture was
taken in northern direction, in between the middle part of transect 3 and 4 (Fig. 1.6) in the present
study; the vegetation was described as follows: "left of a central floodmark, a salt-marsh vegetation,
grazed by cows, horses and hinnies (both latter not in the picture), appears with Salicornia europaea.
Suaeda maritima, Glcnix maritima. Puccinellia maritima. Armeria maritima and other salt-marsh
species, right of the floodmark a classical dune grassland appears, with species like Festuca rubra,
Agrostis sp., mosses and lichens (descriptions, translated from Vanhecke et al. 1981). (B) Creek of
Lombartsyde in the IJzer estuary at low tide with a non-grazed vegetation of Puccinellia maritima.
Aster tripolium. Triglochin maritimum. Plantago maritima. Halimione portulacoides. Suaeda
maritima and other salt-marsh species; the picture was taken in a western direction (descriptions,
translated from Vanhecke et al. 1981).
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There are some photos available dating from the turn of the last century (Massart 1908)
from the old salt-marshes (e.g. Fig. 1.5). A comparison of the vegetation between Massarts’s
photos and vegetation in 1974 by Goetghebeur (1976) showed that the surface of salt-marsh
vegetation steadily diminished in time. There were 60-70ha of salt-marsh vegetation in 1913,
while it decreased to less than Sha in 1974. On the other hand, some species were always
reported as occurring in high abundance, e.g. Aster fripolium in the higher parts. Spartina
townsendii was only present from the mid-20™ century onwards; it was not yet described by
Hocquette (1927) and Isadcson & Magnel (1929), while Duvigneaud & Lambinon 1963
described it for the first time from the area in 1963. Some species were reported as being rare
and only present in small spots, e.g. Armeria maritima. Several species have disappeared
since 1913; the vegetation has totally changed (Goetghebeur 1976). From 1976 onwards, the
vegetation was further disturbed by military, agricultural and fishery activities.

The new intertidal area was created between 1999 and 2002 within the framework of a
large-scale LIFE restoration project. General aim of the initiative was to restore or create
beach-salt-marsh-dune ecotones with gradual salt-fresh, dynamic-stable, wet-dry and mud-
sand gradients. In order to reach this goal, several large buildings and roads were broken
down, an entire tidal dock was restructured and some 500,000m* of dredging material was
removed to restore or create intertidal and coastal dune habitats and their intermediate
ecotones.

It was decided to monitor changes from the very start of the restoration process in both
habitats giving the opportunity to study vascular plant succession in old and new salt-marshes.
Investigations were multidisciplinary and were realized in a partnership between several
scientific institutes: Ghent University, Catholic University of Louvain, Royal Belgian Institute
of Natural Science and the Institute of Nature Conservation with facility support of VLIZ

(Hoffmann 2006a). Studies included the most relevant abiotic conditions, such as
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Sedimentation and erosion, topography and ground water fluctuations, biotic conditions,
particularly available seed bank and biological response variables, i.e. flora and vegetation,

benthic macrofauna, terrestrial arthropods and birds. To study vegetation succession, data

Meters

Fig. 1.6. The positioning of the quadrates in the old and new salt-marshes. Black circles show the
quadrates which were sampled in 2003; white and red circles show the poles located along transects
with 50m distance between each other, white poles are located in the old salt-marsh and red poles are
located in the newly created salt-marsh or on the mud flats, which have no macrophytic vegetation.
The aerial photo has been taken at low tide on the 28th July, 2002, after the majority of restoration
works were realised in early spring of 2002; in the summer of 2002 the first colonizers (Salicornia
spp., Suaeda maritima and others) were already observed in the newly created intertidal area. The
numbers show different transects.
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were collected systematically along transects perpendicular to the most important gradients in
both habitats, new and old salt-marshes. Vegetation changes were followed through yearly
sampling of permanent plots in the growing season. Dune vegetation was sampled in July and
August; salt-marsh vegetation was sampled in late August and September. Dune data are not
considered in this study, since we here focus on succession processes in estuarine intertidal
conditions. Within this intertidal part of the nature reserve, 90 permanent plots were laid out
in 4 transects in 2001; in 2002 the number of plots was 94 and the number of transects was 4.
In 2003, the number of intertidal plots was raised to 279 and the number of transects to 11,
while in 2005 and 2007, the number of intertidal sampled plots was 214 and 267, respectively
and the number of transects was 11 (Fig. 1.6). Evaluation of early successional trends was
done after the last sampling in the summer of 2007 of some biotic and abiotic factors relevant

for this study, i.e. inundation frequency and sheep grazing.

1.5.2 Materials

Not all vegetation or seed bank sample plots were used in all chapters. Selection of plots
depended on the environmental or biological data available for every plot, or from the specific
questions raised per chapter.

In chapter 2, we used plots that were sampled in 2003, 2005 and 2007. The number of plots is
therefore restricted to those that were sampled in all three study periods. This means that 175
plots were used from the newly created salt-marsh and 66 plots from the old salt-marsh. Plot
positions are visualized in Appendix A. Additionally, in 2008 vegetation was sampled in 30
quadrates to estimate seed production (these plots are not indicated on the map in Appendix
A); these 30 quadrates were concentrated in three different subsites (10 quadrates each) and
were situated within the old salt-marsh (reference site). Seed bank data used in chapter 2 are
collected from the same plots as were used in chapter 6 from the newly created salt-marsh; the

position of these seed bank plots are visualized in Appendix E.1.
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In chapter 3, all plots of which inundation frequency data were available and vegetation data
were sampled in 2003, 2005 as well as 2007 were included; this concerns a total of 119 plots,
all situated in the newly created salt-marsh area (Appendix B).

In chapter 4, data collected in five exclosure and five neighbouring enclosures in 2005 and
2007 were used (Appendix C). Each exclosure and each enclosure consisted of 5 permanent
plots, leading to a total of 40 subplots, in which vegetation composition, plant species cover,
and plant species forage quality determinants were measured (for further explanation, we refer
to the method-part of chapter 4).

In chapter 5, we used 155 plots that were sampled in 2005, of which soil factors and elevation
were measured. Of these, 95 were situated in the newly created salt-marsh and 60 in the
adjacent old salt-marsh (Appendix D).

Finally, in chapter 6, vegetation and soil seed bank were measured in 90 plots; they were
sampled in 2006. These plots are located in four salt-marsh entities, i.e. IJzer estuary-old
marsh, [Jzer estuary-new marsh, Zwin and Saeftinghe (see Appendix E.1, E.2 and E.3).

Table 1.1 shows the material (mostly vegetation) and methods (mostly permanent plots) used

in each chapter, separately.
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Table 1.1. Materials and methods used in different chapters. The size of plots is 2m x 2m and
quadrates is 50cm x 50cm.

Parameters Number
Chapter to be Location Year Method (plots or
estimated quadrates)
Vegetation Newly created and old (reference) salt- 2003, 2005 Permanent
data marshes (IJzermonding) and 2007 plots 175+66
2 Seed Old (reference) salt-marsh 2008 Quadrates
production (IJzermonding) 3x10
Seed bank  Newly created salt-marsh (IJzermonding) 2007 Soil cores 10
Vegetation  Newly created salt-marsh (IJzermonding) 2003, 2005 Permanent
3 data and 2007 plots 119
Imundation ~ Newly created salt-marsh (IJzermonding) Tide and plot
frequency 2003 level 119
Vegetation  Newly created salt-marsh (IJzermonding) 2005 and Permanent
4 data 2007 plots 4x5x2
Forage quality Newly created salt-marsh (IJzermonding) 2006 and Quadrate
2007 1516
Vegetation Newly created and old (reference) salt- 2005 Permanent
data marshes (IJzermonding) plots 95+60
5 Soil factors Newly created and old (reference) salt- 2005 Soil cores
marshes (IJzermonding) 95+60
Elevation Newly created and old (reference) salt- 2005 Plot level
marshes (IJzermonding) 95+60
Vegetation (IJzermonding-new, IJzermonding-old, 2007 Temporary  10+16+
6 data Zwin, Saeftinghe, respectively) plots 14+50
Soil seed bank  (IJzermonding-new, IJzermonding-old, 2007 Soil cores 10+16+
Zwin, Saeftinghe, respectively) 14450

1.6 The restoration interest of salt-marshes

Coastal salt-marshes are defined as areas, vegetated by herbs, grasses or low shrubs,

bordering saline water bodies. They are subject to periodic flooding as a result of fluctuating

water levels of the adjacent saline water bodies (Adam 1990). 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).

Salt-marshes are considered particularly important for migratory birds and waterfowl

(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 and restoration of salt-marshes (Doody et al. 1993; Janssen & Schaminée 2003;

Ozinga & Schaminée 2005). Apart from their nature conservation interest, salt-marshes are
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important as a natural flood control, dissipating wave energy (Moller et al. 1999). It has been
estimated that with a 6m wide salt-marsh in front, a 6m high seawall would be sufficient to
protect the hinterland, whereas in the absence of a salt-marsh the seawall should be 12m 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 (Wolters et
al. 2005).

Recently, large losses of salt-marsh area have been reported globally (Dijkema 1987,
Cox et al. 2003). These losses have been attributed to several factors associated with human
development and climate change, dredging, coastal squeeze, land claim for farming or
building, pollution from land or sea (Allen 2000, Goodwin et al. 2001; Adam 2002, Doody
2004). Consequently, in an attempt to restore the former salt-marsh area and to promote salt-
marsh development, to enlarge salt-marsh-dune ecotones, a restoration project was started
along the right bank of the IJzer estuary. The main goal of the nature restoration project was
to enlarge the intertidal salt-marsh and mud flat area, creating an ecotone between river and
land, since ecotones are potentially important hot spots of biodiversity, both at large scale
(Smith et al. 2001) at regional and at local scale (van Leeuwen 1966). Restoration measures
were taken in such a way that gradual gradients of inundation were created, along which a
vegetation development from vegetation free sand or mud flat to vegetated salt-marsh habitat
was expected. Salt-marsh vegetation development was assumed to be possible; thanks to the
presence of salt-marsh species in adjacent old salt-marsh, the newly created intertidal area and
the old salt-marsh were only a few meters apart and were hydrologically connected by tidal
inundations.

Although, there is much debate on the question of how to define restoration success and
in many cases there are no clearly defined targets, one of the possibilities for assessing

success is to compare the ecological structure (richness and composition) of a restored site
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with one or more reference sites (Thom et al. 2002; Edwards & Proffitt 2003). In the present
study, the rate of appearance of salt-marsh species present on the adjacent old salt-marsh

could be used as an evaluation criterion for restoration success.

1.7 Why permanent plots?

Permanent plot studies have a long history (Austin 1981) and long-term permanent plots
are important as they can help in separating trends and seasonal fluctuations (Huisman et al.
1993), and are needed to test ecological models that are often based on assumptions and not
derived from solid field studies (Bakker et al. 1996). The study of long-term permanent plots
has made it clear that vegetation development in many ecosystems under restoration was
different from the final state that was anticipated. This may generate new hypotheses (Klotzli
& Grootjans 2001). Furthermore, long-term recordings are needed to validate the effects of
management measures. Even, experimental changes in salt-marsh management (Bos et al.
2002) revealed clear changes after some years, stressing the importance of long-term
monitoring (Bakker 2005).

Permanent plots are useful in studies of climate change (Petriccione 2005), in field
experiments (Brys et al. 2005) and in the restoration projects (Bekker et al. 1996; Kiehl &
Wagner 2006). Measuring sequential percent cover and species composition in permanent
plots allows the trajectory of vegetation change to be quantified by multivariate methods and
similarity measures (del Moral 2007). Bakker et al. (1996) stressed that permanent plot
studies permit both internal and external driving forces to be explored. Such studies can lead
to new hypotheses and offer clues to appropriate experiments to test these hypotheses (Odland
& del Moral 2002).

The size of vegetation relevés may differ according to the structural characteristics of

the vegetation. Dutch ecologists have used permanent plots 2m X 2m in size for decades to
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show cyclical and directional vegetation dynamics in salt-marshes (Leendertse et al. 1997,

Smits et al. 2002). Consequently, we also used plots 2m x 2m in our study.

1.8 Objectives and outline of the thesis

Understanding the driving factors of succession is still a matter of great interest in
ecological science, despite countless studies that deal with succession in all kinds of habitats.
One of those habitats is salt-marsh environment in which drivers determine plant species
turnover in time and changes in spatial plant arrangement during the succession process.
General primary succession determinants in naturally developing salt-marshes are relatively
well described, although the vast literature on this matter shows that local plant succession is
unique for each salt-marsh environment, since biotic and abiotic factors always differ among
localities. Additionally, relatively little knowledge is available on the specific drivers in
restoration conditions, which will always differ from natural conditions, in which spontaneous
salt-marsh vegetation would develop. Knowledge of succession patterns and processes in
these restoration conditions is essential though, when one wants to be able to estimate
potential success of restoration initiatives that aim at the creation or restoration of a diverse
salt-marsh environment in general. This thesis uses the restoration initiative taken in 1999-
2004 along the right bank of the IJzer estuary (province of West-Flanders, Belgium) to learn
about the specificity of succession processes at a salt-marsh restoration site.

Primary succession on a newly created salt-marsh starts with colonization of species
from the local and regional species pool from the seed bank or from seed rain. Seed dispersal
from the local species pool is more important than from the regional species pool, since it may
take several years to disperse seeds from the regional species pool to newly created salt-marsh
(Wolters et al. 2008). Nevertheless, species present in the local species pool show different
colonization abilities. In the study area, no seed bank existed because of the huge quantities of

slurry material deposited on the former salt-marshes, removed in 2001. This was proven in a
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pilot study performed in the area in 2001 (Stichelmans 2002 cit. in Hoffmann & Stichelmans
2006). Nevertheless, the colonization by a few species was enormous and fast i.e.
immediately after creation of the new intertidal area in 2002. Among the different species
existing in the adjacent area, only few species were able to colonize during the first growing
season, while most species appeared more slowly. More surprisingly is that some species have
not yet appeared in the newly created salt-marsh, five years after its creation. In chapter 2, we
will describe the characteristics of the initial colonizers in the new salt-marsh environment,
which may help a species to be an initial colonizer. Which species trait could be important for
a plant species to appear itself as a new colonizer? The abundance of the first colonizers in the
local salt-marsh, the salt and nutrient limitation tolerance and seed dispersal traits of new
colonizers will be dealt with.

Once populations colonize and establish on a new substrate, vegetation succession
starts. Both biotic and abiotic factors could influence vegetation succession (OIff et al. 1997).
The effect of some abiotic factors on plant succession will be investigated in chapter 3, in
which inundation frequency is one of the most important abiotic factors, affecting vegetation
dynamics.

One of the most important biotic factors affecting vegetation succession is grazing. The
new salt-marsh was accessible for sheep from 2004 onwards. The effect of grazing on early
plant succession and succession trajectory was investigated by the establishment of exclosures
and will be described in chapter 4. Particularly, the effect of sheep grazing on the strong
competitor Elymus athericus will be discussed in this chapter, since it has been shown to be a
problematic species for general species richness in European salt-marshes. In addition, it will
be tried to relate the grazing of different plant species (particularly Elymus athericus) to their

forage quality in this chapter.
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The relationships between biotic and abiotic factors with vegetation can vary according
to stage of succession (Lep§S & Rejmanek 1991). For example, the relationship between
abiotic soil factors and vegetation could be different in different stages of succession. Another
example, the relationship between seed bank (as a biotic factor) with vegetation, could be
different in different successional stages (Milberg 1995). Having an old salt-marsh adjacent to
a newly created salt-marsh gave us an unique opportunity to compare some aspects of
vegetation succession in different stages. The relationship between abiotic factors (soil
factors) with vegetation in both new and old successional stages will be compared in chapter
3.

Temporal and spatial distribution of seeds buried in soil, seed density and similarity
with above-ground vegetation will be compared between new and old salt-marshes in chapter
6.

Fig. 1.7 shows the conceptual framework of the different chapters in this thesis, and
tries to illustrate the connections between the chapters and the relevance of each in explaining
the general questions on succession determinants.

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. Succession starts with
colonization of some species available by seed dispersal from the reference site close to the
restoration site. However the rate of this succession could be impacted by a very strong
abiotic factor, inundation frequency or a biotic factor, sheep grazing. In a given time along
successional stages, the relationship between abiotic factors and vegetation could be different
between early stages and lately stages. In addition, the relationship between seeds buried in

soil and above-ground vegetation could also be different in early and late stages of succession.
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Fig. 1.7. The conceptual framework for exploring the constraints for early vegetation succession
compared with late vegetation succession.
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Chapter 2 Factors affecting the success of early salt-marsh
colonizers: seed availability rather than site suitability and
dispersal traits1

Erfanzadeh R., Garbutt A., Pétition J., Maelfait J.-P. & Hoffmann M.

1 This chapter has been invited for re-submission in Plant Ecology on 3rdof April 2009.
Field data were collected by the first author



2.1 Abstract

Restoration of salt-marshes on newly created substrates provides an excellent opportunity to
study plant colonization and its constraints. We evaluated the process of salt-marsh
colonization in early successional stages and investigated how the sequence of species
establishment is related to the abundance of species in neighbouring, long-existing salt-
marshes, site suitability, seed production and dispersal traits of the involved plant species.
Species distribution and colonization data were collected, using vegetation relevés, that were
collected in the restoration site during three consecutive periods in 175 permanent 2m x 2m
plots. The plots were located along eight randomly chosen transects which were established
perpendicular to the shoreline. To describe the only local diaspore source for new salt-marsh
plant species, vegetation data were also collected in the adjacent salt-marsh in 66 permanent
plots in the same time sequence. We used seed length, width and mass as dispersal traits, and
Ellenberg moisture, salinity and nutrient indices as indicators of site suitability. To describe
the importance of seed availability on initial colonization, seed production in the reference
site and seed bank in the restoration site were also investigated.

The results showed that the establishment of salt-marsh species in the restoration site was
good and fast, the cover of new colonizers in the restoration site was unrelated to their cover
in the adjacent salt-marsh. Seed availability appeared to be a more important factor in
explaining the sequence of species establishment than salt and nutrient-limitation tolerance.
The first colonizers are known as massive seed producers, shorter seed length and lower seed
mass, which probably increased buoyancy. Among dispersal and site traits, seed length and
mass, and in a less extent salinity and nutrients, indicated a relationship with new colonizers.
Despite few species have not appeared in vegetation and seed bank in the restoration site yet,
the existence of an old salt-marsh adjacent to the restoration site is shown to be vital for fast

colonization of newly created intertidal areas.
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2.2 Introduction

The successful restoration of plant communities depends on the availability of diaspores of
the target species and favourable abiotic conditions for seedling establishment and growth
(Bakker et al. 1996). Of all species included in local and regional floras, only some take an
important part in early primary succession; such species must be capable of colonizing and
reaching a large cover in the restoration site (Prach & Pysek 1999). Succession at a new site
by colonization of plant species from higher spatial scales is controlled by local and regional
variables (Caley & Schluter 1997; Hillebrand & Bleckner 2002; Kirmer et al. 2008). Both
plant species richness and composition depend on the presence of suitable abiotic conditions
(Grubb 1977, Urbanska 1997; Peach & Zedler 2006). Site conditions typical of a pioneer
stand (e.g. nutrient deficiency in terrestrial habitats) were proven to be important factors for
the colonization by initial adapted species (Rehounkova & Prach 2006, Kirmer et al. 2008).
Physical factors, e.g. salinity, anoxia, pH or sedimentation, strongly affect the germination
and recruitment of species in salt-marshes, particularly at lower marsh elevations (Gray 1992,
Huckle et al. 2000; Tessier et al. 2000).

Population dynamics of plant species at the beginning of primary succession are not
only determined by local niche-based processes, but also by seed dispersal processes (Kirmer
et al. 2008), which are assumed to be particularly important in late successional stages
(Bossuyt & Honnay 2008). Seed availability (limitation) can be a major limiting factor in
ecological restoration projects (Ozinga et al. 2004; Dausse et al. 2008). Target species can
establish through dispersal from source plant communities. The degree of seed limitation is
likely to depend on the abundance of adults in the local and adjacent species pool and specific
dispersal traits of the plant species (Zobel 1997; Ozinga et al. 2005). It is expected that the
plant species that exist in the local and regional areas would have the ability to colonize a

newly available site (Wolters et al. 2005a). Distances to seed sources (Frenzen et al. 1988),
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spatial distribution of seed sources (Wood & del Moral 1987), neighbourhood influences
(Ryser 1990) and the movement of seeds from productive areas into the new site (Shmida &
Ellner 1984) are all likely important determinants of the outcome of colonization.

In salt-marsh restoration, the fastest development of vegetation is expected from the
community species pool within a target area, either from established vegetation or the below-
ground seed bank (Wolters et al. 2008). Colonization of plants from the species pool is a two-
step process: seed availability and germination. Seed availability is the first step needed to
establish a population from seed, but does not guarantee seed germination. Seed dispersal
alone, only makes a species a member of the potential flora of the site, not its actual flora
(Major & Pyott 1966). Species abundance in the local species pool was also found to be
important for determining the order of colonization in salt-marshes with late establishers
being less abundant on the adjacent marshes than intermediate colonizers (Wolters et al.
2008). Dispersal ability affects the probability of a plant species to colonize a new substrate
(Wilson & Traveset 2000), initial colonizers having a high dispersal ability compared to
species that would colonize later. The tidal current is the most important agent to disperse
plant seeds in salt-marshes. Although seeds of most salt-marsh species can immerse or float in
seawater (Packham & Willis 1997), buoyancy of seeds and flotation period are different in
various species, which affects the dispersal ability of salt-marsh species (Huiskes et al. 1995).
Several factors affect the buoyancy of seeds, such as seed shape (defined as length/width:
Grime et al. 1988) and seed mass; with increasing seed shape and seed mass, seed buoyancy
is reduced (Poschlod et al. 2005). It is expected that initial colonizers in a salt-marsh have
seeds with a shorter length, wider width and lower seed mass than the species of later
successional stages. In terrestrial habitats, species tend to present heavier seeds in late
successional than in early successional ones (Fenner 1987; Leishman 1999), but few studies

have examined such relationship in salt-marsh habitats. Lastly, seed germination is a complex
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physiological process depending on many environmental conditions (Mayer & Poljakoft-
Mayber 1982). It can be expected that species with high salinity tolerance germinate and
establish earlier (Wolters et al. 2008). Of all species included in a regional and local flora,
only some take an important part in early primary succession; such species must be capable of
colonizing and reaching a large cover in a restoration site (Prach & Pysek 1999). There are
few studies that have synchronically examined factors affecting mechanisms for distribution
and colonization in a newly created salt-marsh in Europe.

The present paper aims to determine the factors affecting both plant colonization and
distribution in a newly created salt-marsh in the IJzer estuary, Belgium, by addressing the
following questions: what seed and plant traits are important in the establishment of primary
colonizers in a salt-marsh restoration scheme, and is colonization limited by seed availability
or by abiotic conditions? We first tested the hypothesis that seed dispersal traits may limit
plant colonization by comparing the seed availability in the reference site and the seed bank in
the restoration site. First year colonizers are hypothesized to show shorter seed length, wider
seed width and lower seed mass than those colonizing in later years. We then tested the
hypothesis that, beside seed availability, the success of restoration can be influenced by plant
traits (as a surrogate of site suitability) by comparing the seed bank and the plant presence and
cover in the restoration site. In particular highly salt and nutrient-limitation tolerant species
are expected to be earlier colonizers than less salt tolerant and less nutrient-limitation tolerant

species.

2.3 Material and Methods

2.3.1 Study area

The study area is situated in the IJzer estuary, part of the [Jzermonding nature reserve on the

Belgian North Sea coast. A new salt-marsh (ca. 14ha) was created after the removal of
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buildings and slurry material during large nature restoration works in the period 1999-2002.
(Hoffmann 2006). The objective of the restoration project was to restore beach-dune-salt-
marsh ecotones by the dispersal of target species from the local species pool (adjacent salt-
marshes and sand dunes) by natural colonization. In the newly created intertidal area
(hereafter called the restoration site), gradual elevational gradients were created, ensuring
different inundation frequency conditions in different elevations. The area was exposed to
tidal inundation from the beginning of 2002 onwards. Subsequently, the unique opportunity
was created to study the sequence of species establishment in relation to site suitability, seed
availability, species pools and traits.

From a pilot study of the seed bank of some intertidal mud flats, newly created after
removal of 3 to 4m of slurry material (Stichelmans 2002, cit. in Hoffmann & Stichelmans
2006) at the study site, we could conclude that no relevant salt-marsh species seed bank was
available in the formerly buried, newly exposed mud flat soil. This indicates that the soil of
the rest of the restoration site that was buried for several decades would also be free of salt-
marsh species seeds. Colonization of the site therefore relied entirely on diaspores from
external sources. In salt-marshes, hydrochory has been reported as the preferential mode for
seed dispersal, which is mostly of a local character, even though very few seeds can disperse
over long distances, up to 60km per week (Koutstaal et al. 1987; Huiskes et al. 1995). The
presence of a naturally established salt-marsh in the adjacent 1Jzer estuary was considered
here as the only local source of diaspores for the restoration site because the most proximate
salt-marsh areas are approximately SOkm southwest and 42km northeast of the present study
area.

The old adjacent natural salt-marsh (hereafter called the reference site) consists of two
parts (Fig. 1.4): a large one (O1) at the west and in free tidal current contact with the

restoration site (N), and a smaller (O2) located in the south of the restoration site and
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separated from it by a dike (with a 7m height), not allowing direct tidal current contact

between both.

2.3.2 Seed production in the reference site

Seeds produced by salt-marsh species were collected from the reference site to estimate seed
production. Three sites were randomly selected, one in the southern part (O2) and two in the
west part (O1). At each site, 10 samples were randomly collected in plots of 50cm x 50cm on
four occasions between the beginning of September and the end of October, 2008. Seeds were
collected before they were completely ripened and naturally dispersed. Each sample contained
all flowering stems for perennials and all entire plants for annuals per quadrates 50cm x
50cm. The average total seed production was measured in each spike for grasses and each
flower (or capitule) for flowering species. After the number of spikes and flowers was
counted, we counted the number of seeds for one unit randomly chosen for each quadrate.
Mean seed production by unit was estimated by using the average seed production across
quadrates where the plant was present. Finally, the total seed production was calculated for
the entire reference site by multiplying the number of seeds per unit, the number of units per

quadrate and the total area of the site divided by the surface of the quadrate.

2.3.3 Seed bank in the restoration site

The seed bank of the restoration site was collected in 10 randomly chosen 2m x 2m plots in
close proximity of permanent plots and across the restoration site. The seed bank data were
sampled in 2006, four years after the site was first exposed to tidal inundation. In each plot,
with an auger with a diameter of 3cm, an average of 25 soil cores were randomly collected, to
a depth of 15cm, ensuring taking samples of all newly accreted marine sediments. The
samples were collected in March after natural stratification during winter. The big parts of

litter layer were removed in the field and samples transferred to the laboratory. The
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methodology of ter Heerdt et al. (1996) was used to concentrate the soil seed bank samples,
which were washed through a coarse (2mm mesh width) and a fine (0.18mm mesh width)
sieve, removing all roots and coarse vegetative parts on the first sieve, and withholding the
vast majority of seeds on the second, while most of the soil material flushed away through the
latter sieve. The concentrated samples were spread in a thin layer (maximum 0.4cm thick) in
40cm x 40cm trays filled with sterilized potting soil. The trays were placed in a greenhouse in
a random order with a natural light regime and were kept moist by regular rain water
spraying. Air temperature varied between 14°C and 25°C throughout the experiment. 24
control trays, filled with the same sterilized potting soil, were randomly placed among the
seed bank trays in order to test for possible greenhouse and potting soil seed contamination.
Seedlings were identified as soon as possible after germination, counted and removed
or, if they could not be identified immediately, transplanted to pots to allow further growth.
After 6 months, when no further seedlings germinated, the trays were left to dry for two
weeks. This allowed the sample to be crumbled to expose deeper buried seeds to the light.
After watering the samples for another 3 weeks and controlling the light regime in 8 hour
dark/16 hour light conditions, no new seedlings emerged. Finally, the residual soil was
checked for remaining seeds by viewing small random samples taken from trays under a
microscope and probing seeds with a needle in order to distinguish any remaining, potentially
viable seeds. Since, the number of seeds that remained in the investigated soil samples was
very low (none in most cases, and always less than 3 per tray), we did not need to correct for
remaining seeds. Mean number of seeds per m? was finally calculated from the 10 cores for

each species recorded in the seed bank samples taken from the restoration site.

2.3.4 Vegetation cover within the restoration and reference sites

Vegetation data were collected in the restoration site and adjacent reference salt-marsh in

permanent plots. Cover of all vascular plant species was visually estimated, using a decimal
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scale (Londo 1976). According to the size of the surface of the restoration site and adjacent
salt-marsh, 175 and 66 permanent 4m? (2m x 2m) plots were collected. Vegetation was
sampled in 2003, 2005 and 2007 along eight and five randomly chosen transects in restoration
site and adjacent salt-marsh, respectively, which were established perpendicular to the main
elevation gradient (inundation frequency). Plots were distributed evenly across transects at 3m

intervals to account for vegetation heterogeneity across the study sites.

2.3.5 Plant traits and site suitability

The selection of plant traits was based on previous studies by Wolters et al. (2008) and prior
expectations about possible effect on the abundance of new colonizers. We selected six traits
related to environmental factors and seed morphology: the Ellenberg indices for nutrients,
salinity and moisture (Ellenberg et al. 1991) and three seed traits: seed length, seed width and
seed mass. Seed length and width are correlated to seed shape, which is related to seed
buoyancy (Poschlod et al. 2005). Ellenberg indices were used to estimate the species tolerance
to environmental factors and seed traits were used to estimate the seed dispersal ability.
Dispersal traits were abstracted from the Biolflor database (www.ufz.de/biolflor/index.jsp),
and the Leda trait database (Knevel et al. 2003, www.leda-traitbase.org) for salt-marsh

species.

2.3.6 Statistical analyses

The average cover of each species in the restoration site and adjacent reference salt-marsh
were correlated by Pearson correlation index for each year separately. For analyzing changes
in species cover along time, average covers of dominant species (i.e. having a cover of at least
5% during our study) were compared among years by T-tests for dependent samples for each
site separately (after Bonferonni correction for multiple comparisons). Plant trait analysis was

performed in order to detect the differences in trait promotion or inhibition during succession
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from 2003 until 2007. For each plant trait (three Ellenberg’s indicators and three seed traits)
weighted averages were calculated at the plot level in all three years separately, i.e. 2003,
2005 and 2007. All trait data were continuous. The species traits were compared between
three years (2003, 2005 and 2007) using repeated measurements General Linear Modelling
(GLM) and a pairwise LSD test. Calculations were done with SPSS 15.0. All data met normal
distribution criteria according to Kolmogorov-Smirnov tests (after log;o(x+1) transformation

for plant covers).

2.4 Results

2.4.1 Seed production at the reference site

Seed production as observed for different salt-marsh species is given in Table 2.1. In some
species, no flowering stems were observed in any of the four sampling sessions. Some
perennial graminoid species were contaminated by fungi. For Aster tripolium, each flowering
branch contained on average 85+14 capitules. Each capitule contained 17+7.6 seeds. For
Elymus athericus, most florets were empty, but by taking into account the percentage cover of
this species, total seed production is still being estimated to be no less than 6.7x10° seeds for
the reference site. For Puccinellia maritima, flowering stems were never observed. For
Spartina townsendii, most spikes were contaminated with Claviceps purpurea and/or empty.

Table 2.1. Seed production in different salt-marsh species at the study site.

Species Unit Seeds/unit Seeds/reference site/year
Aster tripolium Flowering stem 1445+650 18.2x108
Atriplex littoralis Individual 111£29 4.1%x10°
Atriplex prostrata Individual 36578 1.3%x10’
Elymus athericus Spike 0.8+1.4 6.7%10°
Limonium vulgare Flowering stem 3224284 6.0x10°
Puccinellia maritima Plant 0 0
Salicornia europaea Individual 62+56 8.6x10°
Spartina townsendii Spike 0 0
Suaeda maritima Individual 146£158 4.9%x10°
Triglochin maritimum Flowering stem 12+15 6.7x10°
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2.4.2 Seed bank at the restoration site

The number of species within the seed bank of the restoration site was limited (Table 2.2).
The density of seeds in the seed bank in the restoration site was entirely dominated by annual
species. Characteristic perennial salt-marsh species, present in the above-ground vegetation of
the reference site, were not recorded within the restoration site seed bank (Elymus athericus,
Limonium vyulgare, Plantago maritima, Puccinellia maritima, Artemisia maritima and
Spartina townsendii). Aster tripolium and Triglochin maritimum were only recorded from one

core with one germinating seed each.

Table 2.2. Seed density (germinating seeds/m?) for salt-marsh species in the restoration site in 2006,
four years after the site was first exposed to tidal inundation, also to be considered as the first exposure
period to seed rain. The average of seed density was estimated in 0-15¢cm depth.

Species Seed density (mean + SE)
Aster tripolium 3.13£3.13

Atriplex littoralis 48.47+28.85

Atriplex prostrata 69.36+£34.95
Chenopodium rubrum 971.53+424 49

Glaux maritima 5.61£5.61
Salicornia spp. 3431.62+1580.22
Spergularia spp. 651.89+315.85

Suaeda maritima 201+63.25
Triglochin maritimum 2.46+2.46

2.4.3 Vegetation cover within the restoration site and adjacent local salt-marsh

In 2003, one year after being exposed to tidal flooding, 79% of the species present in the
adjacent old salt-marsh germinated within the restoration site (Table 2.3). Species from the
adjacent species pool that established during the first year were predominantly annuals. The
restoration site was dominated by the annual species Suaeda maritima, Atriplex spp., Salsola
kali and Salicornia europaea. The adjacent salt-marshes were dominated by the perennial

species Elymus athericus, Puccinellia maritima and Limonium vulgare. There was no
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significant correlation between species cover within the restoration and the reference sites in
the first year of colonization.

In 2005, after three years of tidal inundation, 81% species growing in the adjacent salt-
marshes were recorded in the restoration site. Glaux maritima and Parapholis strigosa, absent
in 2003, were recorded in 2005 within the restoration site for the first time. There was a
significant correlation between species abundance within the restoration and the reference
sites in 2005 (p<0.01, r = 0.50).

In 2007, 84% species growing in the reference salt-marsh were recorded in the vegetation of
the restoration site. Species abundance in the new salt-marsh was positively correlated to
species abundance in the adjacent salt-marsh (p<0.01, r = 0.44). Plantago maritima, which
was only present in the old salt-marsh part O2 (Fig. 1.4), isolated from the restoration site by
a dike was not found back in the investigated plots of the restoration site; it was however
present with very few individuals outside the restoration site plots in 2005 and 2007.
Triglochin maritimum and Artemisia maritima (the latter outside sampled vegetation plots),
both also restricted to the old salt-marsh part O2, remained entirely absent from the
restoration site. The percentage cover of all the dominant species increased along time in the

restoration whereas it remained constant in most cases in the reference site (Table 2.3).
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Table 2.3. Average (£ SE) species cover (%) in restoration and reference sites between 2003 and
2007. Vegetation data were collected from mid-August until end-September. a, b and ¢ indicate
significant differences between years and within each site for dominant species (bold in the table;
according to t-test for dependent samples, after Bonferonni correction for multiple comparisons). Salt-
marsh species not present in the plots but present at the site are given too. (*): present in the reference
site but not (yet) within the permanent plots; (**) present in the restoration site but not (yet) in the

permanent plots.
Species Restoration site Reference site
2003 2005 2007 2003 2005 2007
Agrostis stolonifera 2.02+0.81 1.89+£047  226+0.54 | 0.2120.10 0.3620.17 0.41+0.2
Artemisia maritima (*) 0.00+£0.00  0.00+£0.00  0.00£0.00 | 0.00+0.00 0.00+0.00 0.00+0.00
Aster tripolium (*%) 0.00£0.00  0.00+£0.00  0.00+£0.00 | 2.51+0.84 2.38+0.74 3.01x1.14
Atriplex littoralis 0.91£0.41 0.20+£0.07  0.05+£0.02 | 1.24+£1.07 0.0940.03 0.09+0.03
Atriplex prosterata 1.29+0.52  0.72+0.25 0.13£0.02 | 0.95+0.70 0.22+0.05 0.07+0.03
Beta vulgaris ssp. maritima 0.04£0.02  0.01+0.01 0.01+0.01 0.07+0.04 0.07+0.04 0.05+0.02
Cakile maritima 0.02£0.01  0.01+0.01  0.08+0.06 | 0.02+0.02 0.00+0.00 0.01+0.01
Carex arenaria 0.194£0.04a 3.36+0.99b 5.57+1.15c¢ | 0.09+£0.03a  1.53+0.91a  2.00+0.84a
Chenopodium album 0.06£0.02  0.07+£0.02  0.03£0.01 | 0.00+0.00 0.04+0.02 0.00+0.00
Chenopodium glaucum 0.00£0.00  0.02+£0.01  0.02+0.01 | 0.00£0.00 0.00£0.00 0.01+0.01
Chenopodium rubrum 0.31£0.05 0.15£0.06  0.02+0.01 | 0.12+0.04 0.01+0.01 0.00+0.00
Cirsium arvense 0.36+£0.14  0.88+0.25  0.57+£0.19 | 0.26+0.11 0.24+0.08 0.51+0.35
Diplotaxis tenuifolia 0.21£0.06  0.12+£0.03  0.00+£0.00 | 0.01£0.01 0.05+0.02 0.01+0.01
Elymus athericus 0.36+0.23a 1.8240.72b 3.36+1.05c |24.01+3.77a 25.74+3.67ab 33.72+4.46b
Erigeron canadensis 0.01£0.01 0.40£0.19  0.60+£0.19 | 0.01£0.01 0.02+0.02 0.16x£0.04
Festuca rubra 0.02£0.01  0.2240.11 1.14+0.35 0.43+0.2 0.64+0.30 1.72+0.60
Glaux maritima 0.00£0.00  0.03+0.01  0.30+0.10 | 0.19+0.11 0.76+0.60 0.28+0.16
Halimione portulacoides 0.01£0.01  0.00£0.00  0.01£0.01 | 0.07+0.04 0.25+0.13 0.34+0.17
Juncus gerardii(**) 0.00£0.00  0.00+£0.00  0.00£0.00 | 0.00+0.00 0.00+0.00 1.21£1.06
Limonium vulgare 0.07£0.04a 0.13+0.02b  0.35£0.04c | 5.74+1.87a 5.66+1.71a  5.14£1.73a
Parapholis strigosa 0.00+£0.00a 0.20+0.11b  7.90+0.95c | 0.31+0.17a  0.02+0.02a  0.55+0.28a
Phragmetis australis 0.01£0.01  0.02+0.01 1.024£0.51 | 0.02+0.02 0.06+0.02 0.14+0.06
Plantago coronopus 0.01£0.01 0.18+0.06  0.56+0.15 | 0.43%0.18 0.09+0.04 0.07+0.03
Plantago maritima 0.00£0.00  0.00+£0.00  0.00+£0.00 | 0.14+0.14 0.0440.03 0.07+0.03
Puccinellia maritima 0.01£0.01a 0.45+0.11b 3.77£0.69¢ | 1.78+0.54a  5.31+1.32b  6.29+1.37b
Sagina apetala 0.01£0.01  0.03+0.01  0.26+0.14 | 0.01£0.01 0.02+0.02 0.01+0.01
Sagina maritima (*)(*%) 0.00£0.00  0.00+£0.00  0.00£0.00 | 0.00+0.00 0.00+0.00 0.00+0.00
Salicornia europaea 1.93£0.23 11.35£1.33  8.69+1.18 | 3.57+1.18a 4.99+1.51a  3.33+1.2la
Salicornia procumbens 0.00£0.00  3.39£0.79  3.37+£0.84 | 0.00£0.00 2.354+0.89 1.06+0.46
Salsola kali 1.66+0.29  0.51£0.14  0.15+0.03 1.13+0.32 0.39+0.24 0.12+0.03
Scirpus maritimus 0.00+£0.00  0.00+£0.00  0.00+£0.00 | 0.05+0.05 0.01+0.01 0.12+0.12
Sedum acre 0.03£0.01  0.36+0.18  0.86+0.35 0.1+0.04 0.26+0.13 0.42+0.35
Sonchus arvensis 0.01£0.01  0.09+£0.06  0.07+£0.06 | 0.00£0.00 0.01+0.01 0.01+0.01
Spartina townsendii 0.02+£0.01 0.18+0.13  0.15+0.08 | 3.70+1.40 4.99+1.7 4.47+1.63
Spergularia marina 0.00£0.00  0.93+0.25 2.224+0.35 | 0.00+0.00 0.09+0.03 0.34+0.12
Spergularia media ssp. angustata| 0.03£0.01  0.11£0.04  0.53+0.11 1.0020.25 0.5320.09 0.20+0.04
Suaeda maritima 4.10+£0.60a 12.47+1.16b 21.11£1.88c| 3.31+0.82a  2.59+0.66a  2.00+0.43a
Triglochin maritimum 0.00+£0.00  0.00+£0.00  0.00£0.00 | 0.81+0.42 1.86+0.83 1.72+0.84
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2.4.4 Plant traits

Seeds of early colonizers had the shortest length and seed length increased in time
(Table 2.4). There was no significant difference in seed width between early and later
colonizing species. Seed mass was lowest in 2003 and 2005, and highest in 2007. The
weighted average of Ellenberg indicator of salinity was higher in 2003 and 2005 than in 2007.
There was a significant decreasing trend in Ellenberg nitrogen indicator value from 2003 to
2007. The early colonizers had the highest Ellenberg nitrogen indicator value in the
restoration site. No clear trend was detected for moisture indication number from 2003 to

2007 (Table 2.4).

Table 2.4. Repeated measurements for plant traits during succession from 2003 to 2007 in the
restoration site. a, b and ¢ indicate the significant differences of traits between vears.

Plant traits Average 2003 Average 2005 Average 2007 df F p-value
Ellenberg nutrient

(nitrogen) indicator

value 5.9840.12a 5.23+£0.11b 5.05+0.12¢ 2 25.73 0.001
Ellenberg moisture

indicator value 6.84+0.10a 6.91+£0.12a 6.94+0.11a 2 0.42 0.341
Ellenberg salinity

indicator value 6.29+0.22a 6.17+0.23a 6.08+0.22b 2 2.17 0.056
Seed length (mm) 1.59+0.03a 1.6940.05b 2.02+0.03¢ 2 46.18 0.001
Seed width (mm) 1.09+0.02a 1.06+0.02a 1.04+0.02a 2 2.13 0.122
Seed mass (mg) 0.55+0.03a 0.61+0.04a 0.74+0.04b 2 420.23 0.001

2.5 Discussion

Limonium vulgare, Puccinellia maritima, Elymus athericus and Spartina townsendii were the
late colonizers of the restoration site. We conclude that viable seed availability might be the
most important constraint for these species to act as early colonizers. Nonetheless, all species
can disperse seeds via seawater well (Boorman 1967, Gray & Scott 1977; Adam 1990;
Huiskes et al. 1995). Since the seeds of these species also did not appear in the seed bank of
the restoration site neither, probably the production of viable seeds is a very probable

constraint to the appearance of these species as important initial colonizers in our study area,
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particular those species coming from low salt-marsh zones, i.e. Spartina townsendii,
Limonium vulgare and Puccinellia maritima. The seed production estimates confirm this
statement for some species only. In this study we used both seed production per unit and
dominance of plant species for estimating seed availability. Despite the fact that the number
of seeds of a given species available for dispersal may vary within a given site, according the
parental abundance of species (Bertness et al. 1987), we wanted to estimate the global seed
production per plant species by taking into account the mean number of seed per unit and a
proxy of the number of units within the entire reference site. This particularly allowed us to
consider the important cover of some species with low seed production. Indeed, Elymus
athericus produced a relatively high seed number in the entire reference salt-marsh, indicating
necessity of study on seed viability for this species. Concerning inter-annual variations in seed
production, we can compare our results from 2008 to those obtained within the same study
site in 2006 by Castermans (2007) for Aster tripolium. The author found that each flowering
stem contained on average 89.76 capitules and each capitule contained on average 23 seeds,
leading to a mean seed production with the same order of magnitude (2064 seeds per unit in
2006, standard errors are not available, vs. 14454650 seeds per unit in 2008). We thus argue
that despite possible intra-site and inter-annual variations, our estimation of global seed
production per species can be considered as a reliable general indicator of seed availability for
new colonizers in the restoration site.

Despite the rapid colonization of most of the species recorded in the local species pool, the
abundance of early colonizers in the restoration site was not related to their abundance in the
adjacent salt-marsh. Elymus athericus was dominant in the reference marshes, while, one year
after creation, its cover and presence were extremely low in the restoration site. Adversely,
Suaeda maritima was the dominant and most frequent species in the restoration site in 2003,

while it appeared with very low cover values in the adjacent salt-marshes. There was no
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correlation between the abundance of species in the restored and adjacent salt-marshes in the
first year of colonization, indicating that the relative cover of initial colonizers is determined
by seed production rather than by standing cover in the reference sites. This again confirms
the first hypothesis, indicating some species despite high abundance in the surrounding area
can not be first colonizers since they can not produce sufficient viable seeds.

The early colonizers of the restoration site in 2003 had the shortest seed length and
lowest seed mass (second hypothesis). As the ratio of length over width (seed shape) and seed
mass has been proven to be negatively correlated with seed buoyancy (Poschlod et al. 2005),
it can be concluded that initial colonizers had a higher buoyancy and therefore greater
dispersal ability than late colonizers. In addition, it has been demonstrated that seeds of
pioneer species can disperse by other mechanisms, i.e. not only as seed, but also as seedling
and adult plant (Dalby 1963; Morisawa 1999; Davy et al. 2001), increasing the chance of a
higher number of seeds to disperse.

Salicornia, Salsola and Suaeda were the dominant genera in the early stages of
vegetation colonization within the restoration site. In our study, these genera only comprised
annual species that produce large seed numbers (Morisawa 1999; Davy et al. 2001; Wolters &
Bakker 2002). The large seed production (production of up to one million seeds per plant in
Salsola kali: Duke, 1983 cited by Wolters et al. 2008 and 300-30000 per m? in Salicornia and
Suaeda: Wolters et al. 2008 and the results of this study), high viability (Davy et al. 2001),
high floatability of seeds (shortest seed length and lowest seed mass) and seedling and entire
plant, may explain their rapid colonization within the first year after creating the new salt-
marsh.

Salinity was not shown to be the most important factor inhibiting the germination and
establishment of species (part of the second hypothesis), since the Ellenberg index for salinity

was between six and eight. If their seeds were transported to the restoration site and did not
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germinate, the seeds should have appeared in the seed bank. The data of the seed bank
showed that some species had little or no seed bank available in the restoration site.
Therefore, seed availability might be the most important factor to explain the absence of these
species as initial colonizers. Nevertheless, species that colonized in 2003 and 2005, showed
higher mean salt tolerance than species that colonized in 2007, indicating also higher salt
tolerance for initial colonizers. Wolters et al. (2008) stated that salinity was the most
important factor influencing the absence or presence of species as initial colonizers. In
general, the late increase in abundance of these perennial species suggests that the increase of
abundance is mainly occurring by clonal expansion.

Early colonizing species had the lowest nutrient Ellenberg indices. In this study, Salsola
kali, with low nutrient-limitation tolerance, had a high abundance in the first year of
colonization. However, previous studies showed that nutrient availability is rarely limiting in
salt-marsh systems with the exception of those of barrier islands (van Wijnen & Bakker
1999).

The presence of a salt-marsh close to restoration sites appears to be a pre-requisite for
rapid regeneration and colonization of new salt-marsh (Thom et al. 2002; Wolters et al. 2008).
Four years after creation, the restored 1Jzer marsh showed species composition similar to that
of adjacent old salt-marsh. The speed and rate of colonization in our study area was similar to
that observed in the Sieperda tidal marsh in Scheldt estuary in the Netherlands (Eertman et al.
2002). Vegetation succession took place rapidly and within 5 years, the newly created mudflat
became colonized with most adjacently appearing salt-marsh species. The same pattern and
progress was observed in an estuarine restoration site in the Elk River Estuary, USA (Thom et
al. 2002), which was created by re-introducing a tidal inundation regime to a former
embankment area. Here, the largest increase in number of species occurred 3 years after de-

embankment and after 5 years species diversity was similar to an adjacent reference marsh.
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In our study, most species growing on the reference salt-marsh were also recovered in the
vegetation of the restoration site shortly after creation.

A review of salt-marsh restoration at different sites in north-west Europe showed that
between 48% and 100% of the species present in the local species pool established in the
restoration site within 1-13 years after de-embankment (Wolters et al. 2008). Compared with
the regional species pool, only 26-64% of the species established in the restoration sites
(Wolters et al. 2005b; Wolters 2006). Wolters et al. (2008) showed that 8 years after
restoration, only 32% of the regional species pool had established in the Tollesbury
restoration site and the establishment of regional salt-marsh species in new salt-marsh may
take several years to be reached and established. The distance between the restoration site and
existing salt-marshes and the number of inundations per year may be important determinants
of the speed with which newly created intertidal areas are colonized. This is shown by at least
three species present on the old salt-marsh part O2 (Fig. 1.4) of the 1Jzer which were not
recorded in plots on the restoration site by 2007 (Artemisia maritima, Plantago maritima and
Triglochin maritimum). Since at least both last species produce sufficient seeds that can float
in sea water from a few hours to several months and most seeds retain their viability in salt
water and germinate when exposed to suitable conditions (Reading et al. 2008), their seeds
apparently did not reach the restoration site in sufficient large numbers to allow successful
colonization. The lack of colonization success of these three species is most probably caused
by the low connectivity between O2 and the restoration site (cf. Fig. 1.4), both being
separated by a narrow 7m TAW high dike (mean high water tide is ca. 4.45m TAW, mean
spring tide high water reaches 4.86m TAW). We can conclude from these findings that
hydrological connectivity between seed source and sink is vital for successful colonization of
salt-marsh restoration sites. Even a distance of only 1km between seed source and seed sink

area, which is the approximate distance at the study site between the old salt-marsh O2 and
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the restoration site along a strongly curved line, seems unbridgeable on the short term (six

years).

2.6 Conclusion

The present study showed that the development of salt-marsh target species could be
restricted by limited viable seed production and unfavourable soil conditions. In its current
state there is a little hope that the vegetation of the restoration site will evolve towards a
complete range of salt-marsh vegetation on the short run. It seems that some species such as
Artemisia maritima, Plantago maritima and Triglochin maritimum would benefit from
(artificial) seed introduction in the restoration site. Some species such as Spartina townsendii
may not be able to perform as a pioneer species in the restoration site even if safe sites and a
proper elevation level (i.e. inundation frequency) would be available. Nevertheless, it would
be able to expand substantially by rhizome dispersal, followed by vegetative expansion
(Garbutt & Wolters 2008). The successful establishment and spread of this species has been
well documented and was largely attributable to the species’ rapid dispersal by rhizome
pieces, perennial life-history and the colonization of mudflats formally unoccupied by salt-
marsh plants (Gray et al. 1990). This study confirms the importance of a salt-marsh nearby to
a restoration site and the importance of a continuous, short and straightforward water bridge

between seed source and sink.
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Chapter 3 Inundation frequency determines the post-pioneer
successional pathway in a newly created salt-marsh2

Erfanzadeh R., Macelfait J.-P. & Hoffmann M.

2Not yet submitted to a scientific journal
Field data were collected by the first author



3.1 Abstract

The effect of inundation frequency on plant community composition, species turnover,
total and growth form cover, species richness and abundance of individual common species
was investigated. The study area was a newly created salt-marsh located along the Belgian
coast with a more or less continuous gradient of inundation frequencies from 0.01% of all
high waters for highest elevations to 100% for lowest elevations. Cover of all plant species
was estimated in 119 permanent 2m x 2m plots along six randomly chosen transects
perpendicular to the main inundation gradient with a 3m distance between the plots in 2003,
2005 and 2007. Detrended correspondence analysis (DCA) scores were used as a proxy for
plant composition. Total cover, the cover of annuals and perennials, total species richness,
species richness of annuals and perennials and species turnover was calculated for each plot.
Repeated measurements and LSD were used to compare all variables in three different years
for different inundation frequencies. In addition, TWINSPAN was used to distinguish plant
communities in different years.

The results showed that plant composition changed differently according to inundation
frequency. The cover of annual species increased at a higher pace at higher inundation
frequencies. The cover of perennials increased at higher pace at lower inundation frequencies.
In total, species richness and the abundance of most species increased in time, indicating
absence of a competitive exclusion among species. Nevertheless, the abundance and
frequency of Atriplex spp., Chenopodium spp. and Salsola kali strongly decreased in time,
indicating a declining natural succession. It seems that perennial species (e.g. Elymus
athericus) are spreading by vegetative propagules from upward to downward. Frequent
inundations hampered plant species turnover, because of the low number of species that can
tolerate that environmental condition. The frequencies of communities dominated by Elymus

athericus and Salicornia procumbens strongly increased in time, indicating that these species
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are getting more and more spatially separated, leading to a stronger separation of plant

communities and an appearance of a salt-marsh zonation.

Key words: Succession, Salt-marsh, Species turnover, Plant composition, Inundation

frequency
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3.2 Introduction

Tidal marshes are colonized by salt tolerant plant species adapted to complete their life
cycle in saline environments. The spatial distribution of vegetation in salt-marshes is
organized in rather well delineated patches (Beeftink 1962; 1965; 1966; 1977; Adam 1990; de
Leeuw 1992; Marani et al. 2003). The distribution is not random nor spatially uncorrelated
but is, on the contrary, organized in characteristic patches whose observation has stimulated
an increasing interest in the phenomenon of zonation (Silvestri & Marani 2004). A number of
authors (Packham & Willis 1997; Costa et al. 2003) have described plant zonation in salt-
marsh habitats and have evaluated the environmental conditions affecting the distribution of
plant species. Scholten & Rozema (1990) demonstrated that the composition and distribution
of plant communities along the elevational gradient (zonation) of a salt-marsh is related to the
ability of individual species to tolerate environmental conditions associated with tidal
inundation. Several abiotic factors vary in association with tidal inundation, including salinity
(Rozema & van Diggelen 1991) and disturbance in the form of burial by debris (Brewer et al.
1998). Environmental factors, such as sediment subsurface drainage, sediment deposition and
water logging, which are associated with tidal inundation and distance to creek systems,
determine the distribution and biomass production of salt-marsh species and consequently
salt-marsh vegetation patterns and plant species zonation (Huckle et al. 2000; Silvestri &
Marani 2004). OIff et al. (1988) stated that there are several ways in which species are
influenced by the inundation by seawater, i.e. increasing inundation frequencies reduce the
cover of the vegetation by inducing anaerobiosis of the substrate, by deposition of sand and
clay, or by the toxic effects of salt, changing competitive interactions between species.

Once vegetation is established, individual species cover and total composition change
over time: succession takes place. A traditional view of succession is that assemblages slowly

and progressively occupy a site until a homogeneous, sustainable community develops
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(Odland & del Moral 2002). Similar to other habitats, succession on salt-marsh includes both
floristic change as a function of time and a spatial separation in relation to environmental
factors (Odland & del Moral 2002). Some of the first hypotheses of the concept of succession,
i.e. the replacement of plant species in an orderly sequence of colonization and development
(Silvestri et al. 2005), were linked to zonation in salt-marsh habitats (Chapman 1976). This
hypothesis is based on the assumption that, on emerging salt-marshes, after an initial
colonization phase, the substrate would be more stable and sediments would be trapped by the
vegetation. This would allow other species to invade the marsh, producing changes directed
towards a mature and stable climax ecosystem (Odum 1971). Nevertheless, results from long-
term monitoring revealed that the dynamics of salt-marsh vegetation did not always proceed
according to these classical succession schemes (de Leeuw et al. 1993). Adam (1990) reported
that rapid succession of salt-marsh vegetation has been recorded in some cases, but in most
studies, community boundaries remained relatively stable for years. At the species level, some
species persist over long periods in an area, whereas other species disappear without
recolonizing (Goetghebeur 1976). Salt-marsh vegetation dynamics is thus seen to be complex,
and a deeper understanding of halophyte spatial and temporal patterns is required in different
environmental conditions. It is expected that environmental conditions affect the speed, rate
and trajectory of vegetation succession.

It has been demonstrated that marshes high in the tidal frame, experience up to complete
litter removal and greater likelihood of inorganic sedimentation due to the frequent tidal
inundation. This relatively high allogenic influence leads to a change in vegetation (Packham
& Willis 1997; Huckle et al. 2000). Although, the rate of sedimentation and erosion is higher
at lower elevations because of higher inundation frequency (Packham & Willis 1997),
dynamic conditions allow a very limited number of species to germinate and grow. It follows

that species succession will occur with lower speed in these zones and vegetation would be
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more stable. Consequently, species turnover and change in vegetation composition would be
more frequent at higher elevation and hence at lower inundation frequency.

Although many studies deal with wetland patterns and succession (e.g. van der Valk
1981, Noon 1996), only few have measured vegetation change rates (Odland & del Moral
2002). Vegetation change rates can be estimated in several ways, including changes in species
cover (Prach et al. 1993; Oksanen & Tonteri 1995), species composition (Eilertsen et al. 1990;
Odland & del Moral 2002) or species turnover or B-diversity (Rydin & Borgegard 1988).

Vegetation changes are however demonstrated most clearly at the composition or/and
species level. Few studies are available in which vegetation changes were marked by a growth
form progression i.e. annuals, perennials and clonal perennials (Odland & del Moral 2002). In
the present study, we investigated the successional change in plant communities, growth form
and cover of common salt-marsh species in time and whether inundation frequency affected
this temporal change. Annual species can disperse everywhere since they produce many seeds
(see chapter 2), therefore it can be expected that the total cover and richness of annuals
increase in time in early primary succession. While perennials, of which Elymus athericus is
the most important in the higher marshes, unable to produce seeds, spread by vegetative
growth (see chapter 2). It can be expected that the cover and the richness of perennials
increase in higher elevation (or lower inundation frequency). We tested the following
hypotheses: 1- perennial cover and richness increase with decreasing inundation frequency
while annual cover and richness decrease during early primary succession, irrespective of
inundation frequency, 2- the composition of plant communities that experience high
inundation frequencies are more stable than communities subjected to lower inundation
frequency, and 3- species turnover in time is higher when inundation frequency is lower. In
addition, we described variation in plant communities and individual salt-marsh species over

time.
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3.3 Material and methods

3.3.1 Study area

The study area (ca. 14 ha) is situated in the IJzermonding nature reserve on the 1Jzer
estuary, Belgium. The restoration site was created following the large scale demolition and
removal of buildings and the underlying slurry material between 1999 and 2002. The
restoration site was profiled to provide a continuous gradient of inundation frequencies from
0.01% for highest elevations to 100% for lowest elevation of all high waters. The objective of
the restoration project was to create or restore beach-dune-salt-marsh ecotones with salt-fresh,
dynamic-stable, wet-dry and mud-sand ecotones. Colonization was started in a completely
sterile substrate, i.e. no soil seed bank existed (tested in a pilot study, Stichelmans 2002 cit. in
Hoffmann & Stichelmans 2006). Approximately 3 to 4 meters of slurry material were
removed prior to tidal inundation. Site construction was carried out in such a way that a more
or less continuous inundation frequency would be available. The vegetated—sampled plots had

an inundation frequency gradient from 0.01% to 69.19% per year in 2003.

3.3.2 Data collection

3.3.2.1 Vegetation

Vegetation data were collected in the restoration site in permanent plots. Examining
permanent plots on newly formed land surface is an obvious means of observing temporal
changes in vegetation (Burrows 1990; Bakker et al. 1996). Cover of all vascular plant species
(and bryophytes if present) was visually estimated, using a decimal scale (Londo 1976), in
119 permanent 2m x 2m plots in 2003, 2005 and 2007. The plots were located along six
randomly chosen transects which were established perpendicular to the inundation gradient.

The distance between the plots was three meters within transects.
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3.3.2.2 Inundation frequency

The inundation frequency of a vegetation plot is defined here as the percentage of all
tides during one year that are higher than the elevation of the vegetation plot. The elevation of
each plot was measured using a 'total station' (Leica TC1600) in 2002. The reference used is
the Belgian Lambert '72 projection for x-y and 'Tweede Algemene Waterpassing' (T.A.W.)
for altitude. Reference points from the NGI (National Geographical Institute) that were
present in the neighbourhood were used as a bench mark for the measurements. Tidal
information is also gathered permanently at the site by the administrative authorities of the
Flemish Community. From these continuous data, we extracted all absolute high tide levels
during the period 1991-2000. These give a fairly reliable estimate of high tide levels for the
vegetation study period, since tidal movements did not evolve significantly during the last
decade. More recent tidal data were not available for that long period of time. From these
data, we calculated a general inundation curve (Fig. 3.1), from which we calculated the
inundation frequency for each vegetation plot within the restoration site. The percentage
inundation frequency for each plot was defined:

(the number of high tides that inundate the plot in one year/ total high tide in one year) x 100.

3.3.3 Data analysis

Plant community composition differentiation was visualized by detrended
correspondence analysis (DCA), using CANOCO (Lep$ & Smilauer 2005). Since axes 1 and
2 explained a large proportion variation, only scores on the first two axes were used as a

measure for plant community species composition.

60



100

GDHW GHW GSHW

3.00 3.50 4.00 4.50 5.00 5.50 6.00
Plot height in m TAW

Fig. 3.1. Reconstructed inundation frequency curve, using tidal measurements (consecutive high
tides) measured at the automatic measuring point on the northern peer along the former tidal
harbour, based on tidal observations in the period 1991-2000 (Fremout 2002). GDHW: mean neap
tide high water; GHW: mean high water; GSHW: mean spring tide high water. All points at the left
side of'the curve are inundated at every high tide; all points at the right hand side of the curve are
never inundated (during the ten years observation period); redrawn from Hoffmann et al. 2006a.

Total species richness, total cover and the cover (and richness) of growth forms (annuals
and perennials) were transformed to logio(x+1) to meet the normal distribution. Repeated
measurements ANOVA models with LSD tests were used to compare species richness, DCA
scores, total cover and the cover (and richness) of growth forms (annuals and perennials)
between years with respect to the inundation frequency. Species richness was the number of
species observed in 2m x 2m plots. Species richness, DCA scores, total cover and the cover
(and richness) of growth forms were introduced to the model as within-subject variables while
inundation frequency was introduced as covariate. The interaction between year and
inundation frequency was also introduced to the model.

Because the interaction between year and inundation frequency was highly significant

for most variables, we did linear regressions separately on different year plots (2003, 2005

61



and 2007) for those variables that showed a significant effect of years, inundation frequency
and their interaction. Since linear regressions in some cases showed a low R2, we also tried to
estimate the best fitting curve between inundation frequency and vegetation (perennial cover,
perennial richness and annual cover) in 2003, 2005 and 2007. Linear, logarithmic, inverse,
quadratic, cubic, power, compound, logistic, growth and exponential regression were
compared. Dependent and independent variables were transformed to positive values (by
adding the value of 0.01) to enable the calculation of different models. In addition, the cover
of the most common salt-marsh species (Packham and Willis 1997) were compared between
years (after Bonferonni correction for multiple comparisons) using Friedman and Wilcoxon
test (a non-parametric test was used, since cover of individual species did not meet normal
distribution criteria) two by two (2003 and 2005, 2005 and 2007, 2003 and 2007).

A species turnover rate was calculated according to the method of Bakker et al. (2003).
To calculate species turnover for a plot in a specific year t, the number of species in that plot
present in both year t and year t-1 was divided by the average total number of species in that
plot and subtracted from 1. The species turnover rates between 2003-2005 and 2005-2007
were averaged. A linear regression model was used to test the relationship between the
species turnover and inundation frequency.

Data from 2003 to 2007 were clustered using TWINSPAN (Hill 1979) in order to
distinguish plant communities in different years. There were 119 plots in each of the three

years, and if no change occurred, each plot would be in the same class in each year.

3.4 Results

3.4.1 Variation in cover (and frequency) of individual species

The cover of the perennials and of the annuals of the frequently inundated zones

(Elymus athericus, Limonium vulgare, Puccinellia maritima, Salicornia europaea and Suaeda
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Fig. 3.2. Average of percentage cover (Mean + SD) of individual species in different years; Different
successive letters indicate significant differences (at p<0.05) among years within every species
individually. Covers of some species were decreasing (A) and other species were increasing (B) in
time.
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maritima) increased over time (Fig. 3.2B). The cover of annuals of the higher zones (4A#riplex
spp., Chenopodium spp. and Salsola kali) decreased in time (Fig. 3.2A). Atriplex spp.,
Chenopodium spp. and Salsola kali were observed in 40, 37 and 39 plots, respectively, in
2003, while they were observed in 15, 9 and 13 plots in 2007, respectively. Without
exception, Agrostis stolonifera, Elymus athericus, Limonium vulgare, Puccinellia maritima,
Salicornia europaea, Salicornia procumbens and Suaeda maritima all increased in occurrence
(frequency in 2003 and 2007, respectively: 11234, 14->51, 4242, 260, 60>72, 0>32

and 59->85 of the 119 plots).
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Fig. 3.3. Relationship between inundation frequency and perennial richness (slope-year 2003= -0.09,
R?= 0.18; p<0.01, slope-year 2005= -0.11, R*= 0.32; p<0.01, slope-year 2007= -0.14, R>= 0.55;
p<0.01). Perennial species richness was the number of species per 4m? and transformed to log;o(x+1).

3.4.2 Change in richness, the cover of growth forms and composition (DCA1 and DCA2)

Total species richness increased with time (Fig. 3.4). The number of annuals increased
by 59% between 2003 and 2005, but remained constant between 2005 and 2007. The number
of perennials increased by 86% between 2003 and 2005 and increased by another 63%

between 2005 and 2007. There was a tendency for an increasing difference in the number of
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Fig. 3.4. The average (Mean + SD) of richness per 4m? (A) and cover (B) in different years; Different
successive letters indicate significant differences (at p<0.05) between years and within every richness
and cover class, respectively.
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perennial species between years, with higher increase in the less frequently inundated plots

(Table 3.1 and Fig. 3.3).

Table 3.1. Result of the repeated measurements for richness, cover and composition for plant species
recorded in the 1Jzermonding restoration site between 2005 and 2007 (n= 119).

Effect Year Inundation frequency Year x Inundation frequency
F-statistic ~ p-value | F-statistic  p -value F-statistic p -value
Total richness 111.47 <0.001 100.47 <0.001 2.06 0.13
Perennial richness 148.53 <0.001 81.61 <0.001 10.87 <0.001
Annual richness 27.65 <0.001 58.49 <0.001 0.17 0.84
Total cover 147 .46 <0.001 15.33 <0.001 13.55 <0.001
Perennial cover 235.97 <0.001 67.30 <0.001 28.62 <0.001
Annual cover 24.56 <0.001 1.24 0.26 19.68 <0.001
DCA1 9.16 <0.001 88.87 <0.001 3.76 0.03
DCA2 98.8 <0.001 5.74 0.02 21.28 <0.001

The cover by both annuals and perennials increased rapidly between years. The cover of
annuals increased at a higher pace at higher inundation frequencies, while perennial species
cover increased more rapidly at lower inundation frequencies (Table 3.2, Fig. 3.5). The
repeated measurement analysis revealed a significant effect of year, inundation frequency and
their interaction on plant community composition measured as scores on DCA axis 1 and 2

(Table 3.1).

3.4.3 Curve estimation

The curve estimation showed that in most cases between inundation frequency and
vegetation, exponential or logarithmic regression showed a higher significance level of R2

(Fig. 3.6 and 3.7)
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Fig. 3.5. Relationship between inundation frequency and (a) annual cover (slope-year 2003= -0.32,
R2=0.10; p<0.035, slope-year 2005= 0.48, R*= 0.14; p<0.05, slope-year 2007=0.39, R*= 0.18; p<0.01);
(b) perennial cover (slope-year 2003= -0.40, R?>= 0.16; p<0.01, slope-year 2005= -0.53, R*= 0.28;
p<0.01, slope-year 2007=-0.69, R*= 0.47; p<0.01). The annual and perennial cover was transformed
to logyo (x+1).
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Fig. 3.6. The best fit of regression between inundation frequency and perennial richness. In 2003:
logarithmic, R?= 0.57, p<0.01, slope= -0.08; in 2005: logarithmic, R*= 0.61, p<0.01, slope= -0.10; in
2007: exponential, R>= 0.61, p<0.01, slope= -0.06. Perennial species richness was transformed to
logio(x+1).

3.4.4 Species turnover and inundation frequency

The analysis on species turnover using linear model regression showed that species

turnover decreased with increasing inundation frequency (Fig. 3.8).

68



o5 (a) 2003
D 2005
A 2007
2 e
i AAQ od o7 aa A 4
— ) L= o 4
°\° ;‘ 05 A EI_“_ r—
5 1.5 = A
g . R%=0.34 (2007)
e ¢ R2=0.24 (2005)
E 1 ® L 2
g R%=0.10 (2003)
a
0.5 1
L X 2 J
0 |
0 20 40 60 80
Inundation frequency (%)
55 ¢ 2003
o 2005
A 2007
2
9
g 15§ R?=0.63 (2007)
[}
T‘; R?=0.61 (2005)
§ 1 R?=0.53 (2003)
&
05
0
0 10 20 30 40 50 60 70 80
Inundation frequency (%)

Fig. 3.7. The best fit of regression between inundation frequency and (a) annual cover (in 2003: linear,
R?= 0.10, p<0.01, slope= -0.32; in 2005: logarithmic, R*= 0.24; p<0.05, slope= 0.10; in 2007:
logarithmic, R*= 0.34, p<0.01, slope= 0.10); (b) perennial cover (in 2003: logarithmic, R?*= 0.53,
p<0.01, slope=-0.12; in 2005: logarithmic, R*= 0.61; p<0.01, slope=-0.17; in 2007: exponential, R*=

0.63, p<0.01, slope=-0.08). The annual and perennial cover was transformed to log;o(x+1).
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Fig. 3.8. The relationship between inundation frequency and species turnover (slope=-0.05, p<0.01).

3.4.5 Change in plant communities

The TWINSPAN classification revealed nine groups in 2003 and six in later years. In the first
year Salicornia europaea- Suaeda maritima co-dominant vegetation occupied the highest
number of plots while in 2007 this is the case for Suaeda maritima-Parapholis strigosa co-
dominant. The frequency of some groups was decreasing with time e.g. Afriplex spp.-Suaeda
maritima co-dominant while other increased with time e.g. Suaeda maritima- Parapholis
strigosa co-dominant (table 3.2).

Table 3.2. The number of plots occupied by different communities in different years

Plant community 2003 2005 2007
Salicornia procumbens dominant 0 12 14
Salicornia europaea-Suaeda maritima co-dominant 43 33 12
Suaeda maritima dominant 14 14 12
Suaeda maritima-Parapholis strigosa co-dominant 1 9 44
Atriplex spp.-Suaeda maritima co-dominant 14 10 0
Elymus athericus dominant 6 15 15
Ammophila arenaria-Carex arenaria co-dominant 14 16 22
Salsola kali-Suaeda maritima co-dominant 27 10 0
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3.5 Discussion

Annual species were the first species to colonize the salt-marsh and confirmed hereby
their status as pioneer species. The number of annual species increased during the first years,
but remained constant in the latest stage. While some pioneer species (Salicornia europaea
and Suaeda maritima) increased, some other species decreased (Atriplex spp., Chenopodium
spp. and Salsola kali) in cover. Some pioneer annuals (in particular members of
Chenopodiaceae family) were replaced with other pioneer species or by new colonizing
species. The rate of annual cover expansion increased with higher inundation frequency over
time. The cover of perennials increased with time with the speed of expansion rate higher
with reducing inundation frequency (hypothesis 1). Puccinellia maritima and FElymus
athericus expanded more than other perennials, recorded within the site. Puccinellia maritima
increased in frequency between 2003 and 2007. Drastically increasing of Puccinellia
maritima has also been reported in natural succession in other salt-marshes (Eertman et al.
2002; Reading et al. 2008). However, increasing total species richness and total cover showed
that competitive exclusion could not be demonstrated up to 2007. This is in contrast with the
results of Odland and del Moral (2002), who showed that species richness in a wetland
ecosystem peaked one year after the sediment exposition, then the number of species on the
plots declined by competition, and finally stabilized. In our study area, this temporal pattern
did not occur. In addition, in their study, vegetation establishment of different vascular
species on exposed sediments was more rapid in comparison with our study, probably due to
persistent seed banks and more favourable conditions in their study. Odland & del Moral
(2002) demonstrated that existing a high species richness and density in the seed bank of
exposed sediment resulted in a rapid appearance of high numbers of species in the above-
ground vegetation in the first year and starting the competitive exclusion quickly. Seed banks

are important for rapid recovery of marsh vegetation after sediment exposition (Keddy &
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Reznicek 1986). They therefore play an important role in early succession. In our study area,
the establishment of plant species on exposed sediments was certainly due to seed dispersal
by tidal water. The seed bank was likely to play no role in the establishment of pioneer plants,
because most of the area was covered by buildings and the soil was dug out after the
destruction of the building (see Hoffmann & Stichelmans (2006) for a pilot study of the mud
flat seed bank). Tidal inundation is thought to be the main dispersal agent. The important role
of tidal currents in seed dispersal of halophytes has already been proven (e.g. Huiskes et al.
1995, Tatyana 2000). The tide is an important vector for the dispersal of plant propagules in
salt-marsh restoration.

The first dominant pioneer species were Suaeda maritima, Salicornia europaea,
Atriplex spp., Salsola kali and Chenopodium spp. Observations of the surrounding area
(adjacent existing salt-marsh) showed that all pioneer species occur at close distances from
the study site and could be delivered to the restoration site by tidal water.

Plant composition within the restoration site changed over time (hypothesis 2). In areas
of the site with a higher inundation frequency, the rapid expansion of some species (e.g.
Suaeda maritima), the appearance of new species (e.g. Salicornia procumbens), and change in
the abundance of other species (e.g. Salicornia europaea) resulted in a variation in plant
composition. At lower inundation frequencies, the expansion of some species (e.g. Elymus
athericus), and turnover of others, resulted in a change in species composition; as the results
showed higher turnover and higher expansion of perennials at lower inundation frequencies.
Nevertheless, species turnover was lower at higher inundation frequency (hypothesis 3).
Frequent inundations hence hampered plant species turnover. This is likely to be a
consequence of a higher rate of nitrogen accumulation at higher and less inundated sites (Olff
et al. 1997), which may result in changes in biomass production and is therefore likely to

determine the rate of succession and turnover (Marrs et al. 1983; Wijnen & Bakker 1999). In
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addition, in the salt-marsh environment, an increase in elevation is associated with an increase
in the species pool, or the number of potential species that can tolerate the abiotic conditions.
In contrast, at low elevations where inundations occur frequently, few species can germinate
and grow, so species turnover will be lower. Furthermore, at higher elevations and hence
lower inundation frequency, the species pool is combined with less salt tolerant, glycophytic
species, resulting in greater potential species richness and a higher species turnover.

The frequency of Chenopodium spp., Atriplex spp. and Salsola kali decreased by 76%,
51% and 53% between 2003 and 2007, respectively. As a result, these species disappeared
from most plots in 2007, and it is to be expected that these species will locally go extinct in
the future. Although, natural succession following the invasion and establishment of new
species can change the floristic composition of wetland vegetation (e.g. van der Valk 1981), it
is probable that sheep grazing caused a rapid decline after initial colonization of these highly
palatable annual species (see more details in chapter 4).

In comparison with 2007, there were no or very few plots in which Elymus athericus
and Salicornia procumbens dominated in 2003. This could be an indication of the progress of
a more explicit zonation over time. Over time, vegetation patterns show species adapted to a
particular inundation frequency zone over the elevation gradient: the segregation of species,
communities and zonation in space occurs (Eilers 1979; Bockelmann et al. 2002; Costa et al.
2003).

Conclusion

Although the entire restoration site was created at one particular moment, an inundation
frequency gradient was created artificially, leading to a zonation of different plant populations
even in the first year after first colonization. It seems that vegetation succession is related with
inundation frequency which is affected by sedimentation. At higher inundation frequencies,

Salicornia procumbens and Spartina townsendii appeared later than Salicornia europaea and
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Suaeda maritima. Spartina is well known as a key species in trapping of sediments. The
colonization of Spartina townsendii at lower elevation can induce replacement of Salicornia
populations by species typical of intermediate elevations (e.g. Suaeda maritima). The
replacement of Suaeda maritima by high salt-marsh species (e.g. Elymus athericus) can
happen quickly (see chapter 5). Since tidal inundation is a strong agent for seed dispersal and
sedimentation (and/or erosion), it has a strong impact on species replacement and succession

in time and space.
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Chapter 4 Short-term impact of sheep grazing on salt-marsh
vegetation succession in a newly created salt-marsh site3

Erfanzadeh R., Milotic T., Pétillon J., Maelfait J.-P., & Hoffmann M.

3 This chapter has been invited for re-submission in Grass and Forage Science on 9thof February 2009.

Field data on vegetation composition were sampled by R. Erfanzadeh; forage data were sampled by T.
Milotic



4.1 Abstract

In this paper, the effect of three winter seasons of sheep grazing on cover, composition
and species richness of vegetation, Flymus athericus expansion and forage quality of salt-
marsh species were studied. Four zones were selected: three in real salt-marsh habitat (low,
intermediate and high levels) and the fourth in the transition between salt-marsh and sand
dune habitat. In each of the three salt-marsh zones, one site was selected and two sites were
designated in the transitional zone. Half of each site was excluded from grazing (so-called
exclosures) all year round, while the other half was accessible to sheep from mid-August until
mid-June (enclosure areas). At each zone, 10 plots (2m x 2m) were established: five within
exclosure and five within enclosure sites. In all plots, the cover of all species was estimated in
the growing season in 2005 (initial state) and 2007 (state after two years of grazing). In
addition, a total of 1516 quadrates (50cm x 50cm) were used to harvest the biomass of species
to estimate the forage quality variation during the grazing period inside the plots. The forage
quality variables were the percentages of crude protein, acid detergent fibre and neutral
detergent fibre. The data of the cover of dominant salt-marsh species, species richness, total
cover, plant composition and forage quality parameters are compared between exclosure and
enclosure plots and between two sampling years (2005 and 2007) using repeated
measurements (general linear model) separately for each zone. The results showed that after
three years of plant succession, sheep grazing had a positive influence on plant richness on the
high part of the salt-marsh, a negative effect in the transitional zone and no effect in the other
zones. Grazing had no effect on cover and plant composition. Forage quality parameters were
affected by sheep grazing only in the low salt-marsh zone. Limonium vulgare had the highest
forage quality and Elymus athericus had the lowest. It would appear that grazing with the

current intensity and number of grazers would fail to hamper the expansion of Elymus
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athericus. A higher intensity of mixed sheep-cattle or cattle grazing would be needed to better

control this highly prolific species.

Key words: Succession, Management, Intertidal habitats, Forage quality, Elymus athericus
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4.2 Introduction

Salt-marshes are important intertidal ecosystems. Many salt-marsh plant species and
their associated communities are rare (Doody et al. 1993) and vulnerable to extinction
(Westhoff et al. 1993). These areas are also important refuges for many animal species and
play a great role for the conservation of biodiversity in general (Lefeuvre et al. 2000). The
salt-marsh vegetation itself supports a wide variety of animals (Heydemann 1960; 1962;
Adam 1990), many of which are restricted to saline habitats (e.g. Doody 1992; Pétillon et al.
2008). Salt-marshes are considered particularly important for migratory birds and waterfowl,
which depend on these habitats for food and roosting sites (see e.g. Rowcliffe et al. 1995;
Zedler & Callaway 1999; van der Wal et al. 2000; Dierschke & Bairlein 2004).

Natural succession in salt-marshes tends to lead to a monospecific vegetation,
dominated by late-successional plant species (e.g. Adam 2002), such as Elymus athericus
which is spreading all over European salt-marshes (van Wijnen et al. 1997). Moreover,
Elymus species have invaded lower salt-marsh communities at several sites (Bakker et al.
1997a). At some of these sites (e.g. Schiermonnikoog, the Netherlands) they even occur
below the mean high water (MHW) level. Expansion of Elymus athericus leads to a decrease
of the diversity and richness of both vegetation (Roozen & Westhoff 1985; Bakker 1989;
Andresen et al. 1990; Leendertse 1995; Bakker 1998; Bos et al. 2002; Kleyer et al. 2003;
Bouchard et al. 2003) and fauna (Pétillon et al. 2005). It has been shown that following
abandonment Elymus athericus build up dense stands with low plant species diversity (e.g.
Bakker et al. 1997a). The expansion of Elymus leads to a decrease in plant (and animal)
diversity in the absence of grazing (Kleyer et al. 2003). These invasions may also reduce salt-
marsh functions, such as the export of organic matter towards marine systems (Valéry et al.

2004) and their role as a fish nursery ground (Laffaille et al. 2005).
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In this context, the use of management practices for maintaining young salt-marsh
stages and reducing late-successional stages have been recommended and are being applied in
many sites. It has been shown that cattle grazing could hamper the expansion of Elymus
athericus consequently increasing the species diversity (e.g. OIff et al. 1997, Kleyer et al.
2003). Moreover, higher stocking rates were shown to be better suited to conserve plant
diversity and richness in areas in which Elymus athericus was dominant (Bakker et al. 2003;
Kleyer et al. 2003). In contrast, high intensity grazing is known for its deleterious eftects for
both animal (Laffaille et al. 2000; Pétillon et al. 2007) and plant conservation (Bouchard et al.
2003). Forage quality is also important as it has been reported that high quality patches attract
more birds (OIff et al. 1997; Piedboeuf & Gauthier 1999; Bos et al. 2005) increasing the
importance of such salt-marsh vegetations as a feeding ground for migratory birds (cf.
Laffaille et al. 2000). For example, wild-ranging Brent Geese preferred the plots with the
highest nitrogen content, and declining forage quality due to changing vegetation composition
and structure during succession decreased the number of birds present (OIff et al. 1997).
Moreover, difference in nutritional quality of forage between marshes is likely to have had
consequences for goose fitness, and may have contributed to the reported declines in gosling
survivorship and size (Ngai & Jefferies 2004). Forage quality of salt-marsh species could be
influenced by grazing of large herbivores (cattle or sheep). Indeed, the effect of large
herbivore grazing on forage quality in terrestrial habitats has been proven (e.g. Pavlu et al.
2006). Nevertheless, until now no study directly targeting the effect of large herbivore grazing
on forage quality in salt-marsh habitat has been identified. All studies were related to the
influence of forage quality on herbivore behaviour, particularly geese (e.g. Olff et al. 1997).

Previous studies on grazing of salt-marshes mainly dealt with the impact of cattle
grazing on the composition, structure and the productivity of salt-marsh vegetation (e.g.

Bakker 1989; Andresen et al. 1990; Esselink et al. 2002). Therefore, little information is
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available on the influence of sheep grazing (e.g. Tessier et al. 2003). Here, we explore the
impacts of low-stock sheep grazing on salt-marsh vegetation, by considering two main target
variables: species richness (as an index of conservation value) and total and individual species
cover (as an indicator of successional state). As herbivores impact plant species differently,
according to their quality and availability, we also considered the effect of grazing on both
plant biomass and forage quality. We hypothesized that sheep grazing should enhance species
richness and decrease the cover of late-successional species (mainly Elymus athericus), and
that these patterns can be explained by changes in biomass and forage quality. In order to
encompass salt-marsh heterogeneity, this hypothesis was tested in three salt-marsh zones, as
well as in a transitional zone between salt-marsh and Marram sand dune (hereafter called

floodmark zone), all within the same study area.

4.3 Material and methods

4.3.1 Study area

The study area, which corresponds to the grazed part of the nature reserve the
IJzermonding, consists of 16ha of tidal marsh. On the right bank of the IJzer (a Flemish nature
reserve owned and managed by the Agency of Nature and Forest of the Flemish Community),
large-scale restoration initiatives were taken to create or restore ecological gradients in a
contact zone between an estuary and coastal dunes. Restoration works took place during a
five-year period from 1999 to 2003. A dike was constructed in 2001 and Ammophila arenaria
was planted in 2002. Since the early nineties, a small herd of sheep has been grazing part of
the dune area with the general aim to maintain a low grassland sward, and to avoid
ruderalisation of dune grassland. From 2005 onwards, sheep have also been grazing the tidal
marshes and the rest of the dune area, to maintain a pioneer stage and a species rich saline

grassland through selective grazing on more competitive species, such as Elymus athericus
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and Phragmites australis, and to maintain species rich, low sward dune grassland (Hoffmann
et al. 2006¢). The developing salt-marsh vegetation has a high potential as a feeding area for
overwintering birds (Hoffmann et al. 2005), which is one of the reasons for investigating the

forage quality of its vegetation.

4.3.2 Methods

Five sites (in four zones) were selected in 2004 before the start of the growing season,
three in salt-marsh habitat in three different elevational zones (low, intermediate and high)
and two in the floodmark zone with respect to dominant plant species. Each site was 27m x
12m large, half of which (27m x 6m) was excluded from grazing (hereafter referred to as
exclosures), while the other half was accessible to sheep (hereafter referred to as enclosures).
In this way, we were able to follow vegetation succession with and without grazing during
three consecutive years (2005-2007). The study area is grazed with a flock density of ca. 1
sheep/ha salt-marsh from mid-August to mid-June. Salt-marsh sites were dominated by
Salicornia europaea and Suaeda maritima in the low zone, by Elymus athericus in the high
zone and by Limonium vulgare and Puccinellia maritima in the intermediate zone. In the
transitional zone, site vegetation was dominated in one site by Calamagrostis epigejos,
Agrostis stolonifera and Erigeron canadensis, and Trifolium spp. Erigeron canadensis and
Sedum acre dominated the other site. In each zone in salt-marsh habitats 10 plots (2m x 2m)
were established: 5 in exclosures and 5 in enclosures. In addition, 10 plots were established in
the two transitional sites. In all plots, the Londo-scale was used to estimate cover data at the

end of the growing season (mid-August) in 2005 and 2007.

4.3.3 Forage quality

During 2005, the biomasses of the four zones were sampled on a monthly basis in both

exclosures and enclosures. Since these data did not show much variation between 2
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consecutive months, sampling efforts were lowered and in the period of 2007 the same sites
were sampled on a two-monthly basis up to the beginning of winter 2007. Vegetation
sampling started in May 2005, while grazing started in mid-August 2005. The data collected
during May, June and July was used to compare enclosure and exclosure plots before the
beginning of grazing.

In each biomass sampling session, every exclosure and enclosure area was sampled,
taking 5 replicas in each zone. In doing so, for 5 exclosures and 5 enclosures in four zones, a
total of 40 plots were taken per sampling session in the whole area. To avoid sampling the
same plots in consecutive sampling sessions, a systematic sampling technique, was used
where the sampling positions are selected at regular intervals along parallel transects at equal
distances ('t Mannetje 2000; Fig. 4.1). Finally the wet biomass in each plot per year (in
exclosure and enclosure) was calculated by a summation of all biomass divided by the
number taken in sessions.

In every plot all available above-ground biomass within a 50cm * 50cm quadrate was
cut off using a pair of garden shears (making a total of 1516 quadrates from 2005 until 2007).
The gathered material was packed in labelled paper bags and transported to the lab where
every sample was divided into several subsamples at species level. Afterwards the subsamples
were dried at 65°C during a 48 hour period, making them ready to estimate forage quality
parameters.

The subsamples with a dry mass of at least Sgr were ground through a 0.8mm screen.
Afterwards the following forage quality parameters were determined using a Near- Infrared
Spectroscopy procedure (NIRS) (cf. Birth & Hecht 1987): percentage of Crude Protein (CP),
Neutral Detergent Fibre (NDF) and Acid Detergent Fibre (ADF). A calibration line to
interpret the NIRS results was constructed, using wet analyses of 10% of the samples; CP% of

the samples was determined using the Kjeldahl technique (AOAC 1990), NDF% was
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determined based on the van Soest and Wine (1968) procedure. Cell walls were analysed
using an ANKOM-220 fibre analyzer (ANKOM Technol. Crop. Fairport, NY) apparatus
using the method described by van Soest et al. (1991; 1994) by sequentially adding neutral

detergent (for NDF) and acid detergent (for ADF).
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Fig. 4.1. Sampling method of the exclosures and enclosures: letters A, B, C, D and E indicate the
location ofthe replicas; boxes represent the cut 50cm x 50cm quadrates and the labels tl, t2... indicate
the sampling session (e.g. every quadrate with label t1 was cut in the first session).

4.3.4 Data analysis

Community composition was assessed by a detrended correspondence analysis (DCA),
using CANOCO for windows 4.5 (Leps & Smilauer 2005). Since axes 1 (eigenvalue = 0.98)
and 2 (eigenvalue = 0.58) explained a large proportion of'the variation, only scores on the first
two axes were used as a measure for plant community species composition. The scores on
DCA-1, DCA-2, total cover, species richness and the cover of dominant salt-marsh species
were transformed into logio(x+1) to meet the normal distribution. Consecutively, the scores
on DCA-1, DCA-2, total cover, species richness and the cover of dominant salt-marsh species
were compared between grazed and ungrazed plots using repeated measurements General

Linear Models (GLM) with grazing as a between-subject factor and year as a within-subject
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factor was applied. In case of significant interaction between grazing and year, parameters
were tested year by year using the t-test. The impact of grazing is expected to be put into
evidence by a significant interaction between year and grazing factor, i.e. no impact of
grazing at the beginning of experiment in 2005, and significant impact two years later (2007).

Biomass and forage quality parameters collected in May, June and July 2005 were
compared by t-tests between exclosure and enclosure areas as a basal point (in case no
significant difference was shown between exclosure and enclosure areas, grazed and ungrazed
sampling started at the same plots, half of them with grazing and half of them without
grazing).

The data collected from August 2005 until November 2007 was used to detect the
influence of sheep grazing on biomass and forage quality parameters. Repeated measurement
GLM was used to compare the biomass and forage quality parameters between grazed and
ungrazed plots with grazing as the between-subject factor and year as the within-subject
factor. The impact of grazing is expected to have a non significant effect of both the
interaction between year and the year factor combined with a significant effect on the grazing
factor, i.e. significant impact of grazing at the end of 2005 as well as two years later.

In all cases, the data were transformed into log;o(x+1). Finally, GLM and LSD were

also used to compare the forage quality parameters among different salt-marsh species.

4.4 Results

4.4.1 The effect of grazing on species richness, total cover and plant community

composition

Grazing had a positive influence on species richness in the high zone (Table 4.1, Fig.
4.1A). Species richness did not show a significant difference in 2005 between grazed and

ungrazed areas while a significant difference was detected in 2007 (t= 8.99, df= 4 and
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p<0.01). In addition, there was no significant difference between 2005 and 2007 in grazed
plots while in ungrazed plots species richness decreased (t= 7.45, df=4 and p<0.01).

Grazing had a significant influence on species richness in the floodmark zone (Table
4.1, Fig. 4.1A). Species richness had no significant difference in 2005 between grazed and
ungrazed areas while a significant difference was detected in 2007 (t= -3.466, df= 4 and p=
0.03). In addition, there was no significant difference between 2005 and 2007 in grazed plots
while in ungrazed plots, species richness increased with natural succession (t= -2.29, df= 4
and p= 0.04).
Sheep grazing had no significant influence on species richness in the intermediate and low
zones. Species richness increased in the low zone over time (t= -2.29, df= 4 and p= 0.05).
Vegetation composition and total cover changed over time but no significant effect of grazing
was detected on vegetation composition and total cover in any zone (Table 4.1, Fig. 4.1B).
Although grazing had no significant influence on percentage cover of dominant species, the
percentage cover of Elymus athericus (t= -1.92, df= 9 and p= 0.05) increased and the
percentage cover of Salicornia europaea (t= 3.84, df= 9 and p<0.01) decreased over time

(Fig. 4.1C).
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Table 4.1. The result of repeated measurements to study the effect of grazing on species richness, total
cover, composition and dominant individual species cover.

Year Grazing Grazing X Year

Vegetation parameter Zone df F p-value | df F p -value | df F p -value
Species richness ( per | Floodmark | 1 0.77 0.40 1 008 0.78 L 1255 0.00
4m?) High 1 38.54 0.00 1 043 0.53 1 743 0.02
Intermediate | 1 1.67 0.23 1 0.03 0.87 1 0.66 0.43
Low 1 4.08 0.05 1 017 0.67 1 081 0.37
Total cover (%) Floodmark 1 13.77 0.00 1 0.01 0.95 1 0352 0.48
High 1 10.46 0.01 1 1.79 0.22 1 083 0.38
Intermediate | 1 22.67 0.00 1 209 0.19 1 1.25 0.29
Low 1 0.04 0.85 1 096 0.35 1 054 0.48
DCA1 Floodmark 1 5.29 0.05 1 0.15 0.70 1 073 0.41
High 1 7.33 0.40 1 1.04 0.33 1 040 0.54
Intermediate | 1 0.18 0.67 1 1.62 0.23 1 211 0.18
Low 1 164.90 0.00 1 1.69 0.22 1 048 0.50
DCA2 Floodmark 1 0.14 0.71 1 1.32 0.28 1 048 0.50
High 1 342 0.10 1 033 0.57 1 081 0.39
Intermediate | 1 7.24 0.02 1 0.02 0.88 1 11.62 0.00
Low 1 21.25 0.00 1 1.26 0.29 1 1.19 0.31
Elymus athericus High 1 3.60 0.05 1 011 0.75 1 081 0.39
Limonium vulgare Intermediate | 1 1.01 0.34 1 1.20 0.30 1 1.64 0.23
Salicornia europaea Low 1 13.14 0.00 1 092 0.36 1 0.01 091
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Fig. 4.1. Changes in species richness (A), total cover (B) and dominant species cover (C) by sheep
grazing and time at different zones. Different successive letters indicate significant differences (at
p<0.05) between plots within a zone (A) and between years (B and C); Species richness is the number
of species per 4m?; see Table 1 for details on GLM.

4.4.2 The effect of grazing on biomass and forage quality parameters

There was no significant difference between exclosure and enclosure plots for biomass
and forage quality parameters at the beginning of the study (May, June and July 2005) (Table
4.2). Therefore, detecting the significant differences between grazed and ungrazed plots in
later analyses could be considered to be a product of grazing.

Grazing had a significant effect on biomass, %ADF and %CP in low zone (Table 4.3).
Biomass (t= -4.04, df= 18 and p<0.01) and %CP (t= -11.82, df= 18 and p<0.01) was
decreased by grazing, while %ADF (t= 9.63, df= 18 and p<0.01) was increased by grazing
(Fig. 4.2). Grazing had no significant effect on biomass and quality parameters in high,

intermediate and floodmark zones (Table 4.3).
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Table 4.2. Comparisons between exclosure and enclosure areas at the beginning of the study for
biomass and forage quality parameters (the data collected during May, June and July 2005 were used).

Biomass and quality parameters Zone df t p-value
Biomass (gr) Floodmark 8 1.46 0.65
High 8 -2.02 0.08
Intermediate 8 -0.45 0.66
Low 8 1.27 0.23
CP (%) Floodmark 8 1.63 0.16
High 8 1.78 0.13
Intermediate 8 1.45 0.20
Low 8 -0.25 0.81
NDF (%) Floodmark 8 -0.16 0.87
High 8 -1.40 0.22
Intermediate 8 -0.89 0.40
Low 8 0.78 0.45
ADF (%) Floodmark 8 -0.52 0.62
High 8 -1.42 021
Intermediate 8 -1.74 0.14
Low 3 1.99 0.10

Table 4.3. The results of repeated measurements on the effect of sheep grazing on biomass and forage

quality parameters.

Biomass and Year Grazing Grazing X Year
quality parameters Zone df F p-value [df F p-value [df F  p-value

Biomass (gr) Floodmark 1 1172 0.00 1014 0.71 L 029 0.60

High zone 1 050 0.83 1 001 0.92 1 3.13 0.11

Intermediate zone | 1  14.37 0.00 1 3.57 0.09 1 098 0.35

Low zone 1 326 0.12 1 033 0.01 1 001 0.29

CP (%) Floodmark 1 3343 0.00 1 0.38 0.55 1 328 0.12

High zone 1 1421 0.00 1 4.80 0.07 1 071 0.43

Intermediate zone | 1 17.53 0.00 1 0.06 0.82 1 733 0.09

Low zone 1 515 0.05 1 1009 0.00 1 037 0.56

NDF (%) Floodmark 1 288 0.14 1 1.72 0.23 1 0.19 0.67

High zone 1 313 0.13 1 236 0.17 1 0.08 0.80

Intermediate zone | 1 16.01 0.00 1 0.15 0.71 1 011 0.74

Low zone 1 040 0.54 1 13.13 0.07 1 0.68 0.43

ADF (%) Floodmark 1 10.32 0.02 1 044 0.52 1 0.00 0.94

High zone 1 6254 0.00 1 1.20 0.31 1 0.06 0.80

Intermediate zone | 1 22.03 0.00 1 099 0.34 1 029 0.60

Low zone 1 0.60 0.46 1 1052 0.00 1 1.26 0.29
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Fig. 4.2. The effect of sheep grazing on biomass and quality parameters in the low zone dominated by
Salicornia europaea. Different successive letters indicate significant differences (at p<0.05) between
grazed and ungrazed; (see Table 1 for details on GLM).

4.4.3 Forage quality parameters in different individual species

CP% was significantly different between distinct species (F= 44.14, df= 5 and p<0.01)
being lowest in FElymus athericus (8.01£3.16%) and highest in Limonium vulgare
(13.37+£4.04%). There was no significant difference among Puccinellia maritima
(10.89+3.91%), Salicornia europaea (9.46+3.54%), and Suaeda maritima (9.76+3.24%) in
CP%. There was a significant difference among species in NDF% being highest in Elymus
athericus (62.73+7.50%) and lowest in Limonium vulgare (40.36+10.07%) (F= 119.85, df=5
and p<0.01). There was a significant difference among species in ADF%, being highest in
Elymus athericus (33.41+£5.74%) and lowest in Puccinellia maritima (22.90+7.37%) and

Salicornia europaea (22.61+£9.02%) (F=46.32, df=5 and p<0.01).
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4.5 Discussion

The results show that sheep grazing has a positive effect on species richness in the
Elymus athericus-dominated zone: whereas the species richness decreased in ungrazed plots,
it remained high in the grazed plots. As sheep grazing does not appear to have an effect on the
cover and biomass of Elymus athericus, it is likely that sheep increase the plant richness by
trampling and creating small gaps or by dispersing seeds to the Elymus athericus zone rather
than by grazing. Indeed sheep packing closely together in the high zone when the tide came in
was often observed. Sheep are more selective than cattle in grazing (Hafer 1975; Hodgson et
al. 1995) and prefer plant species which are generally short and not stemmy and have leaves
of low dry matter (i.e. succulents), low tensile strength, and high crude protein content
(Vallentine 2001). Our results show that Elymus athericus has the lowest quality among the
(more dominant) species present. In addition, sheep prefer to graze forbs rather than grasses
(Arthur et al. 2000). The decreasing species richness in the floodmark zone might be a result
of selective grazing on some species. Selective grazing by sheep could eradicate some species
from the floodmark zone. In the floodmark zone the seeds of some palatable species such as
Atriplex spp. and Chenopodium spp. reach the driftline and germinate. The seedlings may be
grazed by sheep intensively, consequently decreasing species richness.

Species composition in our plots changed between 2005 and 2007, but sheep grazing
had no apparent effect on that natural succession. In contrast, it has been proven that grazing
prevents the successional changes in plant composition that would otherwise occur as a result
of continuous sedimentation in natural salt-marshes (Bockelmann & Neuhaus 1999). An
eight-year permanent plot study showed that successional outcomes on the permanent plots
depended on grazing intensity (Kleyer et al. 2003). In some studies, herbivory by insects
accelerated plant species replacement (Brown 1990) whereas in others it retarded succession

(Brown 1990; Davidson 1993). In addition, the cessation of grazing allows an accelerated
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succession leading to rapid vegetation change (Kiehl et al. 1996). Our results might be
attributed to the short time period of the study; differences may not be visible yet after only
three years of grazing. In previous studies, the areas were grazed for longer periods, e.g. 5
years in the Kiehl et al. (1996) study, 6 years in the Jensen (1985) study and even longer in
other studies (e.g. Bouchard et al. 2003).

Sheep grazing also had no significant effect on common species cover. Previous studies,
however, showed that grazing could have a significant influence on cover of these species.
Tessier et al. (2003) and Jensen (1985) found that in grazed conditions, vegetation was
dominated by a short Puccinellia maritima stand in the lower and middle marshes.
Concerning the response of annual species to grazing, results differ between investigations.
According to Jensen (1985) and Kiehl et al. (1996), grazing largely promoted Salicornia
europaea due to the creation of open space for seedling establishment, but it also damaged
plants as a result of trampling. In contrast, Tessier et al. (2003) showed that the cover of
Salicornia europaea was higher after cessation of grazing.

In contrast to our results, in which total cover was not influenced by grazing, Jensen
(1985) showed that six years without grazing caused a marked increase in total cover and a
dramatic reduction of the amount of bare ground while total cover did not change in the
grazed area. The short duration and low pressure of grazing (ca. 1 sheep/ha) in the
IJzermonding area could explain the different outcomes.

In general, grazing causes rapid turnover of plant material as plants produce fresh new
leaves or tillers of a higher quality compared to the old leaves and reduces the standing dead
and litter biomass (Fox et al. 1998, Mayhew & Houston 1999). Defoliation by intensive
grazing is a method of improving or prolonging forage quality and palatability by delaying
maturity, removal of old growth and stimulating re-growth (Valentine 2001). It seems that in

this study late grazing periods (from August onwards) could not stimulate the re-growth of
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species and refresh leaves and stems leading to higher quality. In this study, we observed
either no effect on forage quality (intermediate, high and floodmark zone) or the reverse effect
in the Salicornia-dominated zone, where the quality is lowered by grazing. To increase the
forage quality, grazing would need to begin earlier in the growing season when the period of
spring and early summer growth is not yet finished. For instance, Salicornia is not showing
any re-growth anymore near the end of the growing season in August, when sheep are
introduced in the area. A higher stocking rate might further increase general forage quality.
Indeed, in the model developed by Hutchings & Gordon (2001), and the field data gathered by
Arnold (1964), sheep have lower performance at low stocking rates as the probability of
encountering previously grazed stands is lower under these circumstances. It was found that
animals (birds) at higher densities keep the plants in a high quality by repeated defoliation and
thus facilitate each other (Bos et al. 2002). A higher forage quality could be of management
importance for two reasons: herbivorous, macrophyte eating bird species (like several duck
and goose species) might profit from a higher forage quality, while general sheep
performance would be higher as well. In that case, it can be recommended to the manager that
the intensity of grazing should be increased and start earlier in the season. The results on
biomass show that sheep graze more in the lower zones. In the low zone, sheep were grazing
ca. 13% of primary production. Using 50:50 (take half and leave half) rule of Heady and
Child (1994) suggests that intensity of grazing should increase three folds. Milotic et al.
(2008) calculated that the grazing capacity of the study site, according to total available
digestible energy, varies between 15 ewes in winter and ca. 60 ewes in summer.

As shown here and elsewhere unhampered natural succession in new salt-marsh leads to
a dominance of clonal species such as Elymus athericus, eventually leading to a monospecific
vegetation with a low animal diversity (e.g. Leendertse 1995). On the other hand, previous

studies showed that cattle grazing could prevent the massive expansion of Elymus athericus
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(van Wijnen et al. 1997). In addition, Schroder et al. (2002) showed that the cessation of
sheep grazing enhanced the cover of the latter grass species. Therefore, the introduction of
grazing to the salt-marsh seems to be a useful management tool to control the expansion of
Elymus athericus and to increase plant and animal diversity. To eliminate the expansion of
Elymus athericus, it is recommended to increase the intensity of grazing. Grazing intensity
should be increased rather by cattle or mixed grazing (cattle and sheep). The increasing
grazing intensity by sheep alone is expected to concentrate on other species that have a higher

forage quality.

4.6 Conclusion

A period of three years grazing with low intensity had different effects on different
zones. Although the highest intensity of grazing occurs on the more succulent and protein rich
plants of the lower zone, species richness was also decreased by grazing in the floodmark
zone indicating the attractiveness of this zone for sheep. Indeed, the risk of over-grazing in the
floodmark and other zones should be taken into account before making the decision to

increase sheep number.
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Chapter 5 Environmentally determined spatial patterns of
annual plants in early salt-marsh succession versus
stochastic distribution in old salt-marsh conditions4

Erfanzadeh R., Pétillon J., Maelfait J.-P. & Hoffmann M.

4Tliis chapter was submitted for publication in Belgian Journal of Botany on 21thof January 2009.
Field data were sampled by the first author



5.1 Abstract

It is generally accepted that in terrestrial ecosystems the occurrence and abundance of
plant species in late succession stages can be well predicted from prevailing soil conditions
whereas in early succession their presence is much more influenced by chance events (e.g.
propagule availability). In other words late successional vegetation stages would be
deterministically structured, while early succession stages would be of a more stochastic
nature.

To test this hypothesis, we compared the effect of abiotic environmental factors on
vegetation composition and probability of occurrence of single species in two adjacent salt-
marshes, differing in age (successional stage). A new salt-marsh of about 14ha was created in
2002 by removing a several meters thick layer of sand and slurry which was deposited on the
major part of the salt-marsh along the 1Jzer estuary in the 1960s. From 2002 onwards, primary
colonization started on that sterile substrate by hydrochoric seed dispersal, induced by tidal
water currents from an adjacent 4ha old salt-marsh and the latter remained untouched as salt-
marsh for more than two hundred years. Between mid August and the end of September 2005,
three years after the start of the colonization in the new salt-marsh, vegetation and three
abiotic environmental factors (soil texture, salinity and elevation) were described in a set of
155 plots (2m x 2m), distributed over the new and the old salt-marsh.

In contrast to the general rule for terrestrial ecosystems, the vegetation composition of
the early succession stage of the new salt-marsh appears to be at least as much determined by
the combined effect of the measured abiotic factors as that of the old salt-marsh. As revealed
by logistic regression the presence/absence of perennial species as well as annual species of
the young salt-marsh can be well predicted by the measured abiotic environment. For the old

salt-marsh, this also holds for the perennials, but not for the annuals. The stochastic
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appearance of gaps in the perennial vegetation cover appears to be important for the

establishment of annuals in the older salt-marsh.

Key words: Early and late successional stages, Soil characteristics, Salt-marsh, Succession
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5.2 Introduction

One of the main aims of plant ecology is trying to understand the causes for patterns in
plant distribution. Plants that persist in any particular site must be in equilibrium with their
environment (Burrows 1990). In salt-marsh habitat, the spatial distribution of individual
species is usually linked to the concept of succession, i.e. the replacement of plant species in
an orderly sequence by colonization and population development (Clements 1916, Odum
1969; Chapman 1976, Glenn-Lewin et al. 1992). It is assumed that, on emerging salt-marshes,
after an initial colonization phase, the substrate becomes more stable and sediments are
trapped by the vegetation. This will lead to a change in topography, decreasing the inundation
frequency with salt water, and allowing other species to colonize the marsh which would
eventually result in a mature and stable climax ecosystem (Odum 1971). However, the
dynamic of salt-marsh vegetation does not always seem to follow a deterministic succession
scheme and many other (stochastic) factors influence it (de Leeuw et al. 1993). Salt-marsh
vegetation dynamics can therefore be considered to be quite complex and the spatial and
temporal patterns of halophytes and their interactions with multiple biotic and abiotic factors
in their own environment remain largely unknown (Silvestri & Marani 2004). To elucidate the
underlying reasons for species distribution in salt-marshes, most investigators have relied on
correlations between plant distributions and soil properties (e.g. Gray & Bunce 1972). An
important inference of this approach is that the set of physical conditions associated with each
species represents the preferred or optimal habitat of that species (Vince & Snow 1984).

Chance events or historical factors, such as variation in the weather, disturbance
intensity, colonization potential and seed availability are generally considered to be more
important in determining spatial patterns and temporal changes at early succession stages,
whereas the importance of site characteristics, such as soil factors, usually increases with

succession age. This generalisation has been proven valid for several terrestrial habitats
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(Christensen & Peet 1984; McClanaham 1986; Tsuyuzaki 1989; McLendon & Redente 1990;
Myster & Picket 1990; Leps & Rejmannek 1991; Leps et al. 2000). Therefore, it can be
expected that the relationship between environmental factors and vegetation distribution is
stronger in older stages of succession than at the start of it. Hence, the predictability of
occurrence of a species using soil factors is expected to be higher in old stages than in initial
stages.

The aim of this study was to compare the relative influence of abiotic environmental
factors on the vegetation composition and on the probability of occurrence of individual
species between a young and an old salt-marsh. An unique opportunity to test this was
brought by a large-scale nature restoration project along the Belgian coast, that led to the
creation of a new salt-marsh adjacent to an old one. Abiotic environmental factors considered
for the present study were soil salinity (estimated by electric conductivity), sediment texture
and elevation (as a surrogate factor for inundation frequency: Hoffmann et al. 2006c¢).

The hypothesis we test here is that there would be less correlation between abiotic
environmental factors and vegetation distribution in the new salt-marsh, since here
colonization potential and stochastic factors are expected to be dominant over environmental
differentiation (Leps et al. 2000), while this correlation is expected to be higher in the old salt
mash, where time has allowed all locations to be potentially colonized by all halophyte

diaspores present in the area.

5.3 Material and Methods

5.3.1 Study area and vegetation

The study was conducted in the estuary of the river 1Jzer, situated along the Belgian
coast. After a large-scale nature restoration project, in which large amounts of sand and slurry

were removed between 1999 and 2002, primary succession on the newly created intertidal
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area started in 2002, when part of the newly created marsh was already suitable for
colonization. The surface of the new salt-marsh is approximately 14ha (Hoffmann 2006b).
During our survey, dominant plant species were Salicornia europaea (total cover about 12%)
and Suaeda maritima (11%).

Adjacent to the developing salt-marsh, lays an old salt-marsh of ca. 4ha that remained
intact for centuries (see Hoffmann et al. 1996, 2006a for an overview of consecutive
topographic maps; the earliest cartographic evidence dates from 1779 on the De Ferraris
maps). Dominant plant species were Elymus athericus (average cover about 35%), Limonium
vulgare (7.5%). Between mid August and the end of September 2005, three years after the
start of the succession in the new salt-marsh, vegetation composition was estimated in a large
set of permanent plots, each 2m x 2m large in both new and old salt-marshes. Plant species
cover was estimated using the decimal scale for permanent quadrates developed by Londo
(1976). In total, 155 relevés were sampled: 95 in the newly created salt-marsh and 60 relevés
in the old salt-marsh.

In each relevé, three soil samples of the upper Scm layer were collected. The three soil
samples were pooled per plot and transferred to the laboratory for chemical analyses.

The elevation of relevés was measured using a 'total station' (Leica TC1600). The
reference used is the Belgian Lambert '72 projection for x-y and 'Tweede Algemene
Waterpassing' (T.A.W.) for elevation. Reference points from the NGI (National Geographical
Institute) that were present in the neighbourhood were used as a starting point for the

measurements.

5.3.2 Soil analysis

After shaking Sgr of soil in 50mm distilled water for two hours, the electric conductivity
(EC) was measured with a WTW Inolab EC meter level 1. Soil texture was determined with a

Coulter LS Particle Size Analyzer. The instrument calculated mean, median, and the
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percentages of particle diameter of more than 16 and 63um of each sample. As the correlation
among these particle percentages was very high and previous studies used the median particle
size in their research (Langlois et al. 2003; Jigorel 2000), we also used the median particle

size (Dsg) as main soil texture characteristic.

5.3.3 Data analysis

First, a detrended correspondence analysis (DCA) with Hill’s scaling was carried out to
calculate the length of the axis for old and new salt-marsh separately. As the length of the
gradient was more than 5 in both new and old salt-marshes (6.26 and 5.09, respectively),
unimodal constrained methods were further used. Canonical correspondence analysis (CCA)
was used for both kinds of salt-marshes separately. CCA enables an evaluation of the relative
influence of the environment on the composition of the community and provides a
distribution-free Monte Carlo test of significance (PySek & Leps 1991). In all analyses, the
number of permutations was 499 and centring by species and no standardization by samples
was chosen as options. After the CCA analysis, the conditional and marginal effects were
estimated (LepS & Smilauer 2003), a procedure that enables attributing the explained
variability to particular variables. Both edaphic factors and elevation were introduced as
explanatory variables. These analyses were done using CANOCO for Windows (ter Braak &
Smilauer 1998).

The probability of occurrence (absence-presence) of the more prominent species
(Packham & Willis 1997) common in both old and new salt-marshes (Salicornia europaea,
Suaeda maritima, Spergularia spp., Limonium vulgare, Puccinellia maritima and Elymus
athericus) was correlated with the environmental variables using forward stepwise binary
logistic regression (Hosmer & Lemeshow 2000). Spearman’s coefficient was used to test the

correlation among independent variables. As the correlation among independent variables was
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high and highly significant (see Table 5.1), the environmental variables were introduced to

PCA and the scores of PCA1, PCA2 and PCA3 were used as independent variables.

Table 5.1. Correlation among environmental variables in the new (first row) and old (second row)
salt-marshes.

Environmental variables EC (us/cm) Elevation (m) Texture (um)
EC (us/cm) . -0.67%* -0.51%*
-0.34%* -0.86%*
Elevation (m) . . 0.52%*
0.31%*

5.4 Results

5.4.1 Composition and environmental factors

A high value of species-environment correlation on the first axis in CCA revealed that
the three variables are main determinants of species variation in our data set in both new and
old salt-marshes (Table 5.2; the same trend was observed by DCA).

Table 5.2. The results of CCA 1in the new and old salt-marshes.

Salt-marsh Axes: 1 2 3 4
New FEigenvalues 0.74 0.17 0.11

Species-environment correlation 0.93 0.60 0.45

Cumulative percentage variance of species data 9.50 11.60 13.60

Cumulative percentage variance of species —

environment relation 72.50 88.80 100.00

Sum of all eigenvalues 7.79

Sum of all canonical eigenvalues 1.10
Old FEigenvalues 0.64 0.23 0.11

Species-environment correlation 0.85 0.66 0.46

Cumulative percentage variance of species data 17.50 19.80 22.20

Cumulative percentage variance of species —

environment relation 65.60 89.30 100.00

Sum of all eigenvalues 4.40

Sum of all canonical eigenvalues 0.98
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Fig. 5.1. CCA-Ordination biplot of analysis in the new salt-marsh (A) and old salt-marsh (B) (the
arrows show the environmental variables). The highest weight species were shown according to the
highest cover over all the samples. (Agrosto Frigroslis stolonifera, Astctrip=ri.v/t't tripolium,
Atrilitt=ri//7/;/t'x littoralis, Atripros=Atriplex prosterata, Carearen=Carex arenaria, CirsarvQ=Cirsium
arvensis, Elymathe=£7ym« athericus, Erigcan&FErigeron canadensis, Holclana=Holcus lanatus,
Limovulg=Limonium vulgare,  Parastri=/'i7ra/;/70//v  strigosa, Plancoro=Plantago coronopus,
Poaannu=Poa  annua, Y¥uccmari=Puccinellia maritima, Salieuro=Scdicornia europaea,
Saliproc=Scdicornia  procumbens, Salskali=iSa/so/a  kali, Spartown=Spart/>7a  townsendii,
Spermari=Spergularia  marina, Spcrmcdi=Spergitlana media, Suaemari=Suaeda maritima,
Trigmari=Triglochin maritimum).
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Although the percentage of species variance explained by the environmental variables
was higher in the old than in the new salt-marsh (17.5% compared to 9.5%), the
environmental variables had a significant effect on composition distribution in both old and
new salt-marshes (Table 5.3; Fig. 5.1). Nevertheless, the effect of EC was not significant in

the old salt-marsh contrary to the new salt-marsh.

Table 5.3. Marginal and conditional effects obtained from the summary of forward selection in new
and old salt-marsh.

Salt-marsh Environmental Marginal effects Conditional effects
variables
Lambda Lambda p-value F
New Elevation (m) 0.70 0.70 0.00 9.12
EC (ps/cm) 0.56 0.19 0.00 2.58
Texture (um) 0.30 0.13 0.02 1.69
Old Elevation (m) 0.60 0.60 0.00 9.14
EC (ps/cm) 0.20 0.11 0.08 1.72
Texture (um) 0.23 0.27 0.00 438

5.4.2 Independent variables and PCA axes

For both young and old salt-marshes, PCA1 can be considered as an indicator of soil
salinity and to a lesser extent texture, while PCA2 and PCA3 can be considered as indicators

of texture and elevation, respectively (Table 5.4).

Table 5.4. Correlation between components and environmental factors in the old and new salt-marsh.

Salt-marsh Environmental variables PCAI PCA2 PCA3
New EC (us/cm) 1.00 0.00 0.00
Elevation (m) 0.02 -0.14 -0.98
Texture (um) -0.45 0.90 0.00
old EC (us/cm) 1.00 0.00 0.00
Elevation (m) 0.09 0.12 -0.99
Texture (um) 079 -0.62 0.00
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5.4.3 The results of logistic regression

Environmental variables affected the probability of species occurrence in both old and
new salt-marshes at different levels. In the new salt-marsh, the occurrences of Salicornia
europaea, Elyums athericus and Suaeda maritima were significantly affected by PCA1 (Table
5.5). The occurrence of Spergularia marina was significantly affected by PCA2 and to a
lesser extent by PCA1. The occurrence of Limonium vulgare was significantly affected by
PCA3. There was no significant correlation between the occurrence of Puccinellia maritima
and PCA axes.

In the old salt-marsh, there was no significant correlation between the occurrences of
annual species and PCA axes. There was a significant correlation between the occurrences of
Elymus athericus and between Puccinellia maritima and PCA3. The occurrence of Limonium

vulgare was affected by PCA2 (Table 5.5).

Table 5.5. Variables in the equation calculated by logistic regression (only significant variables at the
0.05- significance level are shown).

Salt-marsh Species Environmental variables B SE Wald df Sig.
New Salicornia europaea PCAl 209 034 3838 1 <0.01
Constant 139 029 2170 1 <0.01
Suaeda maritima PCA1 1.11 025 1983 1 <0.01
Constant 127 023 30.16 1 <0.01
Spergularia marina PCAl 039 0.18 435 1 <0.05
PCA2 079 023 1138 1 <0.01
Constant -0.72 0.18 1509 1 <0.01
Limonium vulgare PCA3 -1.12 038 8.66 1 <0.01
Constant -2.23 034 4258 1 <0.01
Elymus athericus PCAl -099 027 1330 1 <0.01
Constant -1.69 025 4253 1 <0.01
Old Limonium vulgare PCA2 -0.95 035 740 1 <0.01
Elymus athericus PCA3 -0.48 0.24 3.83 1 <0.05
Puccinellia maritima PCA3 -0.13 022 391 1 <0.05
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5.5 Discussion

Not surprisingly, salinity and texture were strongly correlated with elevation. As
inundation frequency is strongly correlated with elevation, elevation can be considered as a
surrogate for inundation frequency (Hoffmann et al. 1996). Elevation largely determines the
frequency and duration of tidal flooding (Packham & Willis 1997). It was proven that in salt-
marshes with a regular inundation frequency, a range of abiotic factors vary in association
with this tidal inundation, such as salinity (de Leeuw et al. 1991; Rozema & van Diggelen
1991), sediment texture (Othman 1980; Thomson et al. 1991), immersion duration (Ranwell
et al. 1964), soil redox potential (Armstrong et al. 1985; Groenendijk et al. 1987), disturbance
in the form of burial by debris (Brewer et al. 1998) and nutrient levels ( Levine et al. 1998;
van Wijnen & Bakker 1999).

It appears that in our salt-marsh patches, deterministic factors are important in both
early and late successional stages. This is confirmed by a highly significant correlation
between species composition and abiotic conditions in both new and old salt-marshes and the
significant effect of abiotic conditions on occurrences of most species in old and new salt-
marshes. This is in contrast with previous studies in terrestrial habitats. Leps (2000) stated
that environmental determination of plant community composition increased with
successional age. He alleged that the relationship between species and the most important
environmental factor, soil texture, was non-significant in the early years but significant in
later years and species composition in the early stages of succession was mainly influenced by
stochastic factors, 1.e. seed availability. Similar observations have been made by Osbornova et
al. (1990), McClanahan (1986), Tsuyuzaki (1989), McLendon & Redente (1990), Myster &
Picket (1990), and Leps (1991). They showed that the availability of propagules is usually
more important in early stages of succession while site characteristics are more important in

late succession stages. Nevertheless, in salt-marsh habitats with a daily inundation, the
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propagules disperse themselves very quickly (if the propagules exist). The power of tidal
water in seed dispersal of different species between different elevations is well known (e.g.
Huiskes et al. 1995; Chang et al. 2007). This dispersal by tidal current can occur in both new
and old salt-marshes. In salt-marsh habitats, the effect of stochastic factors (e.g. seed
availability) in distribution and patterns of species is thus less pronounced than in terrestrial
habitats in the early succession stages.

The composition and distribution of plant communities along the elevation gradient of a
salt-marsh is related to the ability of individual species to tolerate environmental conditions.
In the new salt-marsh, the distribution of almost all single species was affected by and
distributed according to abiotic factors and salinity might be the most important of these
factors. Indeed, Huckle et al. (2000) showed that salinity and water logging had highly
significant effects on growth of some salt-marsh species. Silvestri et al. (2005) stated that at
lower elevations, soil water salinity tends to increase due to progressively more frequent
flooding of the marsh and associated enhanced salt inputs. Consequently, the dependence of
soil salinity on elevation may thus partly explain the distribution of species along the
elevation gradient. Brereton (1971) proved that salinity and water-logging affected both the
distribution of species in a pioneer marsh dominated by Salicornia europaea and Puccinellia
maritima.

In the new salt-marsh Salicornia europaea had the highest positive correlation with EC.
This confirms findings of Ungar (1998), who stated that this species was the angiosperm that
was able to grow at the most extreme end of the salinity gradient. Hoffmann et al. (2006c¢)
stated that Salicornia europaea would be replaced by Elymus athericus in the new salt-marsh
because in the old salt-marsh Elymus athericus occurs at the same elevation as Salicornia
europaea in the new salt-marsh. We expect, however, that the salinity level will prevent the

expansion of Elymus athericus into the most silty and most saline parts of the Salicornia
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europaea zone as long as the elevation level does not increase. The two species show indeed a
pronounced difference in Ellenberg’s salinity index (7 for Elymus athericus versus 10 for
Salicornia europaeaq).

Suaeda maritima was comparatively less affected by salinity than Salicornia europaea.
Silvestri and Marani (2004) also stated that growth of Suaeda maritima was stimulated at
lower salinity levels then Salicornia europaea; the latter reached maximum biomass
production and growth in more saline conditions. In the case of Suaeda maritima dominated
vegetations, it is more likely that in due time, these will be invaded more and more and in the
end dominated by Elymus athericus. The latter indeed shows quite similar environmental
conditions to those of Suaeda maritima (Fig. 5.1) and is the more competitive species of both.

In the old salt-marsh, perennial species were affected by environmental conditions but
the distribution of annual species might be affected by other factors. It seems that biotic
factors, particularly competition with perennial species, prevented to distribute these annuals
species according to their favoured environmental conditions. Annual species in the old salt-
marsh might germinate in the stochastically appearing vegetation gaps, unrelated to the
abiotic factors, where competition with perennials did not prevent the colonization. Indeed,
seed germination, cover and biomass of annuals were shown to increase after removal of
perennials (Elisson 1987; Gray & Scott 1977) and in the absence of perennials (Packham &
Willis 1977; Tessier et al. 2000). Bockelmann et al. (2002) stressed that plant distribution in
old salt-marsh is a consequence of various interacting factors of which abiotic factors are only
a part. Biotic factors like competition between species and local habitat adaptation within
species are equally crucial for annual species. The fate of annual seedlings largely depends on
the permeability of the perennial canopy for light. Thus, disturbance resulting in bare patches
inside the perennial vegetation seemed essential for the development of annual species

(Tessier et al. 2000).
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5.6 Conclusion

Vegetation analyses indicate that diaspores of the annual colonizing species are present
ad libitum in the newly created marsh area, but that abiotic factors determine whether they
can germinate and establish a local population. Environmental rather than biotic
determination of appearance also holds for perennials in old salt-marsh conditions, but not so
for annuals. An interesting next step in understanding vegetation succession in salt-marsh
conditions is the development of models that predict the occurrence of annuals in a context of
perennials. As far as expectations on vegetation development in salt-marsh restoration sites is
concerned, it seems that further succession beyond a pioneer stage of Salicornia and/or
Suaeda maritima dominated vegetation will depend on all three environmental variables
measured in this study. The most silty, saline and frequently inundated sites might continue to
be dominated by Salicornia spp. for a relatively long time; the more sandy, less saline and
more elevated sites, initially dominated by Suaeda maritima, might quickly evolve into
Elymus athericus dominated vegetation. The speed of this succession sere entirely depends on
the diaspore dispersal capacity of the late successional species and of the evolution of the
textural quality of the accreting sediments. Whether the Elymus-stage in succession would
further evolve into a Phragmites australis dominated stage, as is the case in more brackish
salt-marsh environments such as the mid parts of the Scheldt-estuary (Hoffmann 1993)
remains an open question; within the study area, it seems a possible successional climax in the
least silty, least saline environments, since at the most elevated sites of the old salt-marshes,
indeed Phragmites dominates or starts to dominate the vegetation. Once secondary
disturbance, like grazing, is introduced, succession pathways might change significantly, with
more probable dominance of grazing-tolerant grassland vegetation, dominated by Puccinellia

maritima (see chapter 4).
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Chapter 6 The effect of successional stage and salinity on the
vertical distribution of seeds in salt-marsh soilsS
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6.1 Abstract

Seed bank density and similarity between seed bank and above-ground vegetation along
depth were compared between two salt-marshes different in age. In addition, the effect of
salinity on the variation in seed bank density and similarity between seed bank and above-
ground vegetation along depth was investigated. The study was conducted in an euhaline salt-
marsh that contained both old and newly created habitats. In addition, two other old salt-
marshes were selected to study the effect of salinity on the distribution pattern of seed bank
and similarity between seed bank and above-ground vegetation at different soil depths. One of
them was mesohaline, the other euhaline.

Ten plots of 2m x 2m were situated in the new salt-marsh (existing since 2002) and 80
plots in the three old salt-marshes. Soil samples were collected at three different depths (O-
S5cm, 5-10cm and 10-15cm) in spring 2006. After washing by fresh water, the soil samples
were spread in the greenhouse to allow viable seeds to germinate. Germination experiments
lasted 6 months and all seedlings were identified and removed after identification. Above-
ground vegetation composition was determined during the growing season in all plots.

Viable seed density was calculated for each plot and for the three different depths; the
similarity between seed bank and floristic composition of the above-ground vegetation was
calculated. A general linear model was used to investigate the effect of soil depth, age and
salinity of the salt-marsh on density and similarity between seed bank and above-ground
vegetation.

The results showed that seed density decreased with depth in all salt-marshes
irrespective of their age and soil salinity.

Seed density and similarity between seed bank and above-ground vegetation were
higher in the new salt-marsh than in the old one in the same study area. This is because in

young as well as in old successional stages, the seed bank was mostly composed of new
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colonizers, while most perennial species were absent from the soil seed bank, although they
were dominant in the above-ground vegetation of the old salt-marsh.
The characteristics of the seed bank of a mesohaline salt-marsh were found not to be

fundamentally different from that of both euhaline salt-marshes.

Key words: Succession, Seed bank, Salinity, Salt-marsh, Vegetation, Mesohaline, Euhaline
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6.2 Introduction

The persistence of seeds is a fundamental aspect of plant biology. It plays a key role in
the conservation and restoration of plant communities and is important for the potential
response of plant species to changing land use and climate (Thompson et al. 1997). Seed
banks are crucial for the restoration of plant communities (Bossuyt et al. 2005), the recovery
of endangered plant species and the conservation of genetic diversity (Wolters & Bakker
2002).

The stage of succession (age) is an important factor, which may significantly affect seed
bank characteristics (density, composition and similarity with above-ground vegetation). The
seed bank richness and density declined from initial to terminal successional stages in fallow
land (a habitat heavily anthropogenically influenced) in which the number of species in the
seed bank decreased over the course of succession from 38 to 25 (Falinska 1999). Succession
in semi-natural grassy or meadow communities tends to show other types of change (Donelan
& Thompson 1980; Patridge 1989; Milberg 1995). Chambers (1995) found in an alpine herb
field that for late successional stages the seed bank was dominated by species producing less
persistent seeds. In sandy dune slack habitat, Bossuyt & Hermy (2004) found that similarity
between vegetation and the 0-5cm layer in the seed bank increased with increasing slack age.
Similarity between vegetation and the deeper soil layer was much lower and showed no
significant correlation with age. In addition, they stated that during the course of succession
there is a sharp increase in seed density with time and that the seed longevity index decreases
during succession. Seed bank composition followed above-ground vegetation in time. As far
as we know, the seed bank characteristics of young versus old salt-marshes have not been yet
compared in detail.

The knowledge of vertical distribution of seed density in soil and the ability to predict

the vertical distribution and emergence of viable seeds can be vital for vegetation restoration
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(Espinar et al. 2005). The density of soil seed banks is normally highest at the soil surface and
declines monotonically with depth. This pattern is assumed to reflect regular seed input at the
surface and a more or less gradual decline in viability as seeds move vertically down the soil
profile. Sometimes, for a variety of reason, peak density occurs below the surface or the
density of soil seed bank remains constant along the soil depth gradient. For instance, Espinar
et al. (2005) found that the total seed density at a depth of 15cm is higher at more shallow soil
depths in the non-tidal part of the Dofiana salt-marsh (southwest Spain), due to seasonal
disturbance processes (soil cracking during the dry season).

In salt-marsh habitat, salinity is a determining factor for seed germination (Adam 1990).
Increasing soil salinity decreased the proportion of germinating seeds and slowed down or
delayed the seed germination and many seeds remained dormant due to low water potentials
under high salinity levels (Ungar 1962; Chapman 1974; Noe & Zedler 2000; Tobe et al. 2000;
Ungar 2001; Rubio-Casal et al. 2003; Qu et al. 2007). Therefore, it can be hypothesized that
higher salinity gives seeds a higher chance and opportunity to penetrate deeper. Consequently,
in high salinity habitat the decrease of seed density with soil depth is expected to be lower
than in a less saline habitat.

It can also be expected that the similarity between seed bank and vegetation (hereafter
called similarity) in higher salinity condition remains constant with depth while in less saline
conditions, it decreases with depth. Similarity between seed bank and above-ground
vegetation and seed density has frequently been investigated in salt-marsh habitat in the past.
Grazing for example has been proven to be an important factor influencing the above-
mentioned seed bank characteristics, although the conclusions are often contradictory (Ungar
& Woodel 1993; Ungar & Woodell 1996; Erkkila & Heli 1998; Chang et al. 2001). Study on
the variation of seed density and similarity was not investigated yet in relation to different

degrees of salinity. Hereafter we compare euhaline and mesohaline salt-marsh in that respect.
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Our study area consists of three salt-marshes with different environmental conditions.
Saeftinghe is a mesohaline salt-marsh and the other two salt-marshes are euhaline
(Jzermonding and Zwin). In addition, the IJzermonding consists of both old and recently
created salt-marsh habitats. We tested the following two hypotheses: 1- the seed bank in both
old and new salt-marshes is composed of early successional species, since early successional
species tend to form persistent seed banks and late successional species tend to show a more
transient seed bank (e.g. Bossuyt & Hermy, 2004), 2- in mesohaline salt-marsh, seed density
and similarity with above-ground vegetation decrease stronger with depth as compared with
euhaline salt-marsh, where a more constant seed bank density is expected, due to better
preservation circumstances in more saline environment, combined with the worse germination

conditions in the latter environment.

6.3 Material and Methods

6.3.1 Study areas

Soil cores were sampled at three salt-marsh sites, the mesohaline salt-marsh
‘Verdronken Land van Saeftinghe’ in the Netherlands (further on called: Saeftinghe) with a
west-east salt gradient of 5.5 — 8psu of the river water along the Scheldt estuary, and the
euhaline salt-marshes IJzermonding and Zwin (salinity>15psu) in Belgium. All sites are
protected as nature reserves. Although mesohaline and euhaline salt-marshes are also different
in size, management regime (grazed and ungrazed), landscape (estuary and coastline salt-
marsh) and dominant plant species, using relatively seed characteristic along depth decreased
the effect of these environmental conditions (covariates) on the results. In addition, there is no
previous research and pre-assumption that showed these environmental factors could affect on

vertical distribution of seeds.
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The area of IJzermonding has recently (2002) been increased during a large-scale
restoration project by creation of a new salt-marsh. Large amounts of sand and slurry were
removed in the period 2000-2002 (hereafter called ‘new’ salt-marsh). In other parts of the
IJzermonding, two smaller salt-marsh relicts remained intact for centuries (hereafter called

‘old salt-marsh’) (see Fig. 1.4).

6.3.2 Data collection

Data were collected in 90 plots (2m x 2m), 50 of which were established in the
Saeftinghe, 26 in the IJzermonding (10 in the new and 16 in the old salt-marsh) and 14 in the
Zwin. Seed bank composition was assessed by seedling germination under greenhouse
conditions. Soil samples were collected in March 2006 when natural stratification had already
taken place in the field. With an auger with a diameter of 3cm, an average of 25 soil cores
were collected at random up to a depth of 15cm in each plot. These samples were divided in
three subsamples (0-5cm, 5-10cm and 10-15c¢m) and the sub-samples were then pooled per
soil layer for each plot. This resulted in an average of 0.88 litre soil sample in each plot for
each layer, which exceeds the recommended 0.8 litre soil necessary to determine the species
composition of the seed bank (Hutchings 1986). The methodology of Ter Heerdt et al. (1996)
was used to concentrate the soil seed bank samples, which were washed through a coarse
(2mm mesh width) and a fine (0.18mm mesh width) sieve. The first sieve removes most roots
and coarse vegetative parts. The high water pressure together with finger pressure was used to
make sure that all seeds were able to cross through the first sieve. The second sieve withholds
all of seeds while the majority of silty soil material is washed out. The concentrated samples
were then spread in a thin layer (maximum 0.4cm thick) in 40cm x 40cm trays filled with
sterilized potting soil. In March 2006, the trays were randomly placed on shelves with a
natural light regime and were kept moist by regular rain water spraying. Air temperature

varied between 14°C and 25°C. 24 control trays, filled with the same sterilized potting soil
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were also placed randomly on the shelves to test for possible greenhouse and potting soil
contamination.

Seedlings were identified as soon as possible after germination, counted and removed
or, if they could not be identified immediately, transplanted to pots to allow further growth
and identification.

After 6 months, when no further seedlings germinated, the trays were left to dry for two
weeks. This allowed the samples to be crumbled to expose deeper buried seeds to the light.
After watering the samples for another 3 weeks and changing the light into a light regime of 8
hour dark/16 hour light, no new seedlings emerged. Nevertheless, the residual soil was
checked for remaining seeds by viewing small random samples taking from trays under a
microscope and probing seeds with a needle in order to distinguish between firm and empty
seeds. Since, the number of seeds that remained in the investigated soil samples was very low,
this procedure was not repeated for all trays.

Above-ground vegetation composition was determined during the growing season of
2006 by estimating the cover of all vascular plant species with a decimal scale (Londo 1976)

in the 90 plot (2m x 2m), used earlier for the soil seed bank sampling.

6.3.3 Data analysis

Seedling counts were recalculated to germinable seed density expressed per m? for each
Scm soil depth layer and for each species separately. Similarity between the species
composition of the above-ground vegetation and the soil seed bank was assessed with the
quantitative Czekanowski similarity index (Kent & Coker 1995) in each depth separately.

Seed density was transformed to logjo(x +1) to meet the normal distribution. General
linear model and post-hoc tests were used to compare the seed density and similarity between

new and old salt-marsh for [Jzermonding data. Seed density and similarity were introduced as
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dependent variables while, depth categories (0-Scm, 5-10cm and 10-15cm) and age (old and
new) were introduced as fixed factors. An interaction between depth and age was also
considered in the model. Furthermore, the data were divided into two groups: Zwin and
IJzermonding as euhaline plots and Saeftinghe as mesohaline plots. Seed density and
similarity were introduced as dependent variables and depth and salinity (euhaline and
mesohaline) as fixed factors. Interactions between fixed factors were also entered in the
model.

In addition, an analysis was performed to compare the seed density and similarity
among three salt-marshes. In this analysis, the data collected in Zwin, Saefinghe and the old
salt-marsh in [Jzermonding were used. Again seed density and similarity were introduced as
dependent variable and depth and different salt-marshes as fixed factors. Interaction between
fixed factors were also entered the model. In all analyses, the impact of depth is assumed to be
put into evidence by a significant interaction between depth and salt-marsh factors (old and

new, euhaline and mesohaline).

6.4 Results

6.4.1 Seed bank properties and succession stage

Seed densities in old and new salt-marshes at IJzermonding were significantly different,
respectively 3656 seeds/m? and 6604 seeds/m? (df= 1, F=2.84 and p= 0.04). In both old and
new salt-marshes, the seed density was highest in the upper layer. The interaction between
depth and age was not significant (df= 2, F=2.11 and p= 0.13) (Fig. 6.1).

Similarity in the new salt-marsh was higher than in the old salt-marsh (df= 1, F= 13.74
and p<0.01). Highest similarity was observed in the upper 0-5cm soil layer; although this was
not significant as indicated by a non significant interaction between depth and age (df= 2, F=

1.47 and p<0.05; df=2, F=2.01 and p= 0.14 respectively) (Fig. 6.2).
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Fig. 6.1. The variation of seed density according to depths (A) and succession stages (B) at
IJzermonding (Y axis shows the logio(x +1) seed density/m?). Different successive letters indicate
significant differences (at p<0.05) among layers (A) and between stages (B).
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Fig. 6.2. The variation of similarity according to depths (A) and succession stages (B) at
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Plant species in the above-ground vegetation and seed bank of old and new salt-marsh at
the IJzermonding are compared in Table 6.1 (only typical salt-marsh species with Ellenberg
salinity index higher than 3 and Juncus bufonius were shown). Species not found in the
vegetation relevés of the plots and only sparsely represented in the whole area are Artemisia
maritima, Atriplex littoralis, Chenopodium rubrum, Juncus bufonius, Juncus gerardii and
Plantago maritima. The dominant species of the standing vegetation of the old salt-marsh are
the perennial species Elymus athericus, Limonium vulgare and Spartina townsendii. They are
absent or nearly absent in the seed banks of new and old salt-marshes. Dominant in the
vegetation of the new salt-marsh are the annuals Salicornia spp., Suaeda maritima and

Spergularia spp. They are all well represented in all local seed banks.

Table 6.1. Relative abundance of salt-marsh species in seed bank and vegetation in new and old salt-
marshes in IJzermonding. Sg; shows salinity Ellenberg index value. Species which are expected to
appear in salt-marshes (Ellenberg index>3, Ellenberg 1991) are shown (see Appendix F for all
species)®

Seed bank

Species New Old above-ground vegetation

Sen|0-5¢cm 5-10cm 10-15¢m  Total | 0-5cm 5-10cm  10-15¢cm Total [ New Oold
Aster tripolium g | 0.06 0.00 0.00 0051 0.14  0.15 0.00 0.13 0.00 0.54
Atriplex littoralis 7 | 084  0.55 0.00 0.73 | 0.81 1.09 0.36 0.84 0.00 0.00
Ebmus athericus 6 | 0.00  0.00 0.00 0.00 | 0.00  0.00 0.00 0.00 | 10.37 55.82
Glaux maritima 7 | 000 0.61 0.00 0.08 | 128 0.20 0.00 0.88 0.00 022
Halimione portulacoides | 8 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.37 0.33
Juncus bufonius agg. 0o | 026 0.61 4.16 0.60 [ 4.19 1.92 6.80 3.91 0.00 0.00
Limonium vulgare g | 0.00  0.00 0.00 0.00 | 021 0.16 0.00 0.17 3.33 12.19
Parapholis strigosa 5 | 0.00  0.00 0.00 0.00 | 0.00  0.00 0.00 0.00 741 0.11
Puccinellia maritima g | 0.00  0.00 0.00 0.00 | 0.31 0.16 0.00 0.24 1.85 4.57
Sagina maritima 4 | 000  0.00 0.60 0.04 1 0.00  0.00 0.00 0.00 0.00 0.00
Salicornia spp. 9 [5536 3938 3943 5196|3540 49.74 50.99 40.56| 13.70 2.94
Spartina townsendii g | 0.00  0.00 0.00 0.00 | 0.00  0.00 0.00 0.00 0.00 8.81
Spergularia spp. g | 11.18 1.77 1132 987 [ 2634 2641 2096 2579 8.15 1.85
Suaeda maritima g | 3.20 3.29 1.06 305 538 224 2.97 436 [ 36.30 0.98
Triglochin maritimum g | 0.00 0.00 0.51 0.04 | 3.65 6.57 3.42 4.35 0.00 0.22

® The Ellenberg indicator value of 3 was chosen as threshold for salt-marsh species, because of the general
description given by Ellenberg (1992): S= 3: species indicative of (at least) f-mesohaline conditions; S= 2,
meaning ‘from oligohaline conditions’, cannot be considered as typical of salt-marsh conditions anymore.
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Fig. 6.3. The variation of seed density in different depths (Al) in cuhaline and mesohaline salt-
marshes (A2) (Y axis shows the logio(x+1) seed density/m?). Different successive letters indicate
significant differences (at p<0.05) among layers (A) and between salinity (B).
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6.4.2 Seed bank properties and salinity

Seed density was significantly different in two euhaline and mesohaline salt-marshes (df= 1,
F= 32.19 and p<0.01) with highest in mesohaline. Although the effect of depth was
significant (df= 2, F=32.76 and p<0.01), there was no significant interaction between depth
and salinity (df= 2, F= 0.54 and p= 0.58) (Fig. 6.3).

Similarity was significantly different in two euhaline and mesohaline salt-marshes (df= 1, F=
4.94 and p<0.05) with highest in euhaline area. Lowest similarity was observed in deepest
layer while the interaction of depth and salinity had no significant effect on similarity (df= 2,

F=4.26 and p<0.05, df= 2, F= 0.049 and p= 0.95 respectively).

6.4.3 Seed bank properties in different three salt-marshes

Seed density was significantly different in three (old) salt-marshes (df= 2, F= 23.92,
p<0.05). The effect of depth was also significant (df= 2, F= 23.92 and p<0.01) while the
interaction between depth and different salt-marshes was not significant (df= 4, F= 0.45 and
p= 0.79). The highest seed densities were found in the Saeftinghe and the Zwin, with an
average of 20318 and 16048 seeds per m? respectively, while the lowest seed density was
found in IJzermonding with an average of only 3656 seed per m? (Fig. 6.4).

Similarity between seed bank and above ground vegetation was very low in all salt-
marshes. Nevertheless, similarity was highest in Saeftinghe (df= 2, F= 2.47 and p<0.05).
Lowest similarity was observed in deepest layer and the interaction of depth and salt-marshes
had no significant effect on similarity (df= 2, F= 2.46 and p<0.05; df= 4, F=0.35 and p= 0.84

respectively).
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Table 6.2. Relative abundance of species in seed bank and above-ground vegetation in the old salt-
marshes (Saeftinghe and Zwin). Sg; shows salinity Ellenberg index. Species which are expected to
appear in salt-marshes (Ellenberg index>3, Ellenberg 1991) and Juncus bufonius are shown (see
Appendix G for all species)

Seed bank Above-ground

Species Saeftinghe Zwin vegetation

Sen| 0-5cm 5-10cm 10-15cm Total | 0-5¢cm 5-10cm 10-15cm  Total | Saeftinghe | Zwin
Aster tripolium 8 0.00 028 0.05 0.07 ] 032 0.05 0.00 0.46 3.82 4.05
Atriplex littoralis 7 0.00 0.01 0.00 0.00 | 0.00 0.00 0.00 0.00 0.05 0.00
Chenopodium
glaucum 3 0.03 0.08 0.00 0.04 ] 0.10 0.00 1.34 0.12 0.00 0.00
Elymus athericus 6 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 1043 14.76
Glaux maritima 7 0.90 3.37 1.76 1.55 | 5.08 321 10.54 4.30 3.55 0.71
Halimione g
portulacoides 0.00 0.00 0.00 0.00 | 0.00 0.04 0.00 0.02 0.00 53.81
Juncus bufonius agg. o | 6269 3931 3330 55.08| 47.19 7856 57.24 66.99 0.00 0.00
Juncus gerardii 7 9.44 6.95 6.29 863 1198 7.78 1041 9.32 371 0.12
Limonium vulgare 8 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 548
Parapholis strigosa 5 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.44 0.00
Puccinellia maritima 8 0.01 0.07 0.08 0.03 ] 0.19 0.00 0.00 0.06 9.77 2.38
Salicornia spp. 9 6.13 11.84 17.30 826 | 6.15 0.59 0.77 2.40 6.11 2.14
Spartina townsendii 8 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 15.34 0.83
Spergularia spp. 8 7.14 24.78 25.35 12.61] 14.30 1.29 4.56 572 2.73 2.38
Suaeda maritima 8 0.00 0.02 0.00 0.00 | 0.64 0.10 0.39 0.29 0.98 4.64
Triglochin mavitimum | g 022 0.70 1.66 043 ] 0.00 0.05 0.00 0.03 1.04 0.00
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As shown in Table 6.2, Saeftinghe and Zwin have as common difference with
[Jzermonding with the massive presence of Juncus spp. in their seed banks. The dominant
perennials for Saeftinghe (Elymus athericus, Puccinellia maritima and Spartina townsendii)
and for Zwin (Elymus athericus, Halimione portulacoides and Limonium vulgare) are absent
or nearly absent in the respective seed banks. The annuals Chenopodium rubrum, Salicornia
spp. and Spergularia spp. occur in high number in the seed banks, and are not present or
relatively sparse in above-ground vegetation. Only typical salt-marsh species with Ellenberg

salinity index higher than 3 and Juncus bufonius were shown in Table 6.2.

6.5 Discussion

There was a pronounced difference between the seed density in the new and old salt-
marsh of the IJzermonding nature reserve. Since seed bank density is the result of the balance
between seed input and output (Fenner 1985), the high seed density in the first successional
stages can be attributed to a high seed input by most pioneer species (e.g. Salicornia spp.,
Suaeda maritima and Spergularia spp.) and to a low seed output by seed decay i.e. a high
longevity of these species. Pioneer species are known to produce high densities of seeds
(Davy et al. 2001; Wolters & Bakker 2002), that remain viable for a long period (Thompson
et al. 1997). Similar patterns were found in grass and heathland communities, where there was
a decrease in total seed density with increasing age (Bossuyt & Hermy 2003). Remarkably,
seed density was higher during early stage for the three different soil layers. If the seeds are
persistent enough, they will also become incorporated in the deeper soil layer (Thompson et
al. 1997; Grandin 2001).

Despite the dominance of Suaeda maritima in the vegetation of the recently created salt-
marsh, the seed of this species was not dominant in the soil. Since seed production per
individual plant of Suaeda is higher than of Salicornia plants (see chapter 2, Table 2.4) and

most probably also of individual Spergularia plants (not counted though), we can indirectly
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conclude that Suaeda seeds are most probably less persistent than Salicornia and Spergularia
seeds. Early germination is a possible cause for its low abundance in the soil (Tessier et al.
2000).

Three distinct relationships between vegetation and soil seed bank can be recognized
along vegetation succession in relation to underlying ecological processes of community
assembly (Chang et al. 2005): 1) the seed bank composition varies with the established
vegetation along vegetation succession seres, 2) the seed bank composition remains rather
constant and is composed of early successional species that produce many seeds that persist
along the succession sere, and 3) the seed bank composition remains constant but contains a
matrix of species found in the different stages. Results of this study mainly coincide with the
second relationship, in which colonizing species of the early successional stage i.e. Salicornia
spp., Suaeda maritima and Spergularia spp. produced many persistent seeds. In late
successional stages the seed bank mostly consisted of the same species as in the early
succession stages, despite of perennial dominance (e.g. Elymus athericus) in above-ground
vegetation. A study on the seed bank in IJzermonding of old salt-marsh in 2001-02
(Stichelmans 2002 cit. in Hoffmann & Stichelmans 2006) also showed that Salicornia spp.
Spergularia spp. Chenopodium rubrum, Atriplex prostrata and Suaeda maritima were
dominant in the seed bank. They remained dominant after five years. Although frequently
found in this former seed bank analysis of the old marsh at the same study site (Stichelmans
2002 cit. In Hoffmann & Stichelmans 2006), we did not detect any seedlings of Sagina
apetala and few for S. maritima this time. Our results are in accordance with studies of
primary succession in an uplifted seashore (Grandin 2001) and of secondary succession in
species-rich meadows (Kalamees & Zobel 1998) and old fields (Lavoral et al. 1993), on

which the seed bank composition is mostly composed of early successional species. In
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contrast, some authors demonstrated that the seed bank of early successional stages
disappeared as species disappeared in the vegetation (Bossuyt & Hermy 2004).

While in early successional stages new colonizers become to a large extent incorporated
in the seed bank leading to a relatively high similarity between seed bank and above-ground
vegetation, in the late successional stage most dominant species have very transient seed bank
or no seed input (e.g. Elymus athericus and Spartina towsendii;, see chapter 2). Immediate
germination (Tessier et al. 2000), absence of seed production due to pathogen infection
(Chang et al. 2005; the results of this study) and pollen limitation (Bertness & Shumway
1992), might explain the absence of seeds of a particular species in the seed bank.
Furthermore, seeds of some species (e.g. Elymus athericus) are relatively large and heavy and
remain attached to bracts after detachment from the spike. Due to their relatively large size,
seeds of these species are unlikely to percolate downwards through the soil; they readily
germinate in the soil or become concentrated in the driftline (Peart 1984; Thompson et al.
1994; Chang et al. 2005).

As a consequence of the above discussed differences in seed production and longevity,
our results also showed that similarity between seed bank composition and standing
vegetation decreased during succession.

Although salinity can promote seed dormancy (Tobe et al. 2000) and give seed a higher
chance to penetrate into soil deeper and deeper, but two salt-marshes (euhaline and
mesohaline) are the same in vertical seed distribution with highest densities in topsoil. This
pattern indicates the general rules of seed distribution in which regular seed input at the
surface by seed rain increase the number of seeds in the top soil; as the seeds penetrate in
deeper soil layers, they probably lose part of their viability. Espinar et al. (2005) showed that
seeds of some salt-marsh species suffer a rapid loss of viability when buried e.g. Scirpus

maritimus.
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Both the similarity between standing vegetation and seed bank composition and seed
density show a similar pattern: both decrease with increasing soil depth. The decreasing
similarity with increasing depth could be related to decreasing seed density with depth. This
result is in accordance with previous studies in terrestrial habitats (e.g. Bossuyt & Hermy
2004). However, the similarity between seed bank and above-ground vegetation in the three
salt-marshes was different. The lower similarity in the Zwin and IJzermonding (old) was
mainly caused by the dominance of Halimione portulacoides and FElymus athericus in the
vegetation, species that were never found in the seed bank.

Seed density in Saeftinghe and the Zwin was significantly higher than at the
Jzermonding. Juncus bufonius had the highest seed density in the greenhouse and the highest
density of emerging seeds were found in samples from Saeftinghe and the Zwin, indicating
that the high seed density is probably due to the high abundance of Juncus bufonius.

Juncus bufonius was the most abundant species in the seed bank. This species has been
reported as dominant representative in the seed bank of many, environmentally quite diverse
terrestrial ecosystems in and outside Europe (e.g. in alkaline marsh vegetation: Vyvey 1983;
as an non-indigenous species in temperate rain forest: Sem et al. 1996; coastal subarctic
ecosystems: Staniforth et al. 1998; forest: Devlaeminck et al. 2005; dry acidic dune
grasslands: Bossuyt et al. 2007); it is one of the most abundant seed bank species in Baltic
seashore meadows (Erikkila & Heli 1998). In a Mediterranean salt-marsh Juncus bufonius
produced a large number of seeds that persist in the soil seed bank with a mean density of
5083 seeds/m? at a depth of 0-10cm (Marafion 1998). This species is 17" in frequency
appearance in NW European studies on seed banks (Thompson et al. 1997). Juncus bufonius
is a weedy, widely distributed and low salt tolerant annual species (the Ellenberg index for
salinity is O; the Ellenberg index for salinity for the closely related, hard to distinguish Juncus

ambiguus 1s 4; on the salt-marshes we might be dealing with the latter species in most cases;
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seedlings of both can not be distinguished though). Probably, salinity prevents the appearance
of this species in the vegetation (Marafién 1998). This is apparently also the case for the other
species only sparsely present in the standing vegetation but abundant in the seed bank
(Atriplex littoralis, Chenopodium rubrum and Juncus gerardii). When seeds of species of low
to moderate salt tolerance are dispersed into a region of high salinity, the salt concentration of
the soil will prevent the germination of the seeds and hence their establishment in the
vegetation (Shumway & Bertness 1992). Therefore, seeds of Juncus bufonius can remain
viable in the soil and seed density may increase in time. After washing the soil by fresh water
in the laboratory and watering by fresh water in the greenhouse, this species appears
abundantly.

The three investigated seed banks of old salt-marshes do not fundamentally difter from
each other. The mesohaline has the same vertical profile as both euhaline seed banks. In all
three the dominant salt-marsh plant seeds are of annuals; these of perennials are largely

lacking.

6.6 Conclusion

The age of salt-marsh could affect on density and composition of seeds buried in soil.
We have provided evidence that seed bank of young as well as old salt-marsh is composed of
seeds of new colonizers (cf. hypothesis 1). This explains the very low similarity between seed
bank and above-ground vegetation in that habitat, particularly in its late successional stage.
This implies that restoration is possible from a long-term persistent seed bank if the target
species would be pioneer colonizers. Late successional species largely need to colonize from
(often sparsely present; see chapter 2) seed sources in surrounding salt-marshes or by
vegetative propagules, such as rhizome parts.

In salt-marsh habitats, salinity is not able to change (or inverse) the monotonically

distribution of seeds along depth. The characteristics of the seed bank of the mesohaline salt-
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marsh were found not to be fundamentally different from that of both euhaline salt-marshes

(cf. hypothesis 2).
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Chapter 7 General conclusions



Permanent plots in this study gave detailed information about changes in species
composition at a particular site during a relatively short period. The process of dispersal,
establishment and colonization of most species was successful, and took place very quickly.
Although viable seed availability was an important constraint for the appearance of some
species in early colonization, most target species present in the local species pool, had
colonized the new intertidal area in 2007, only five years after creation of (part of) the new
salt-marsh; the similarity between restoration site and adjacent reference site drastically
increased from 2003 to 2007, indicating that the restoration project was very successful in
these early salt-marsh developmental years. However, after colonization, different species
showed different patterns in space and time. Some of them decreased, most increased in
abundance. Two main factors could be important in spatio-temporal succession and,
decreasing and increasing of species abundance in time in the restoration site: inundation
frequency (or elevation) and sheep grazing. Elevation was one of the most important indirect
ecological factors affecting plant succession. Some species are well known to show expansion
at higher elevation, e.g. Elymus athericus (Bakker 1989). It means that these species will
expand if sedimentation remains dominant over erosion in future. The data on sedimentation
(Provoost, unpublished) showed that in most parts of the area, sedimentation is still and rather
constantly taking place in the newly created salt-marsh. On the other hand our data showed
that Puccinellia maritima is expanding intensively. Puccinellia maritima has been identified
as a key species in the process of trapping and stabilising sediment on European marshes
(Andresen et al. 1990; Langlois et al. 2003). Therefore it can be expected that the percentage
cover of high salt-marsh species will further increase by mere clonal growth of individuals
and further enhanced by sedimentation, e.g. Elymus athericus. Elymus athericus is one of the
main dominants at the older stages of a West European salt-marsh (Bakker 1989; van Wijnen

& Bakker 1997). So far, there have been no indications that other species will replace Elymus
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athericus when salt-marshes become older (van Wijnen et al. 1997), although in the study
area several individuals of Phragmites australis have established along the higher edges of
old as well as newly created salt-marsh. However, the limited salt tolerance level of this
species should prevent further colonization of this very competitive species. As a result, future
vegetation development will probably depend on the sediment accretion. At high-elevated
sandy or even silty sites a future dominance of Elymus athericus can be expected (cf. Bakker
1989; Bakker et al. 1997). Whether spreading of potential dominant species such as A#riplex
portulacoides at lower elevation (cf. Jensen 1985) will occur in the lower salt-marsh is
uncertain, since this species is very sensitive to grazing (Schroder et al. 2002) and did so far
not spread in any part of the restoration site. In our study area, Salicornia procumbens
appeared in 2005 for the first time and consecutively strongly increased later. It can be
expected that it will become a dominant species in the pioneer zone, replacing the currently
dominant species, Salicornia europaea.

The very low density grazing and the short term of sheep grazing did not indicate a clear
impact on species succession, other studies indicate that grazing and trampling are important
biotic factors in intensively grazed salt-marshes; possibly, grazer effects can only be
significant at the longer run and with higher density grazing (Jensen 1985; Bakker 1989;
Kiehl 1997). However, for more accurate conclusions about sheep grazing and its effect on
plant succession, grazing should be further prolonged at the restoration site.

Studies of succession showed that communities, habitats and ecosystems were not static
but constantly change in response to disturbance, environmental change, and their own
internal dynamics (Molles 2005). The relationship between different parts of a habitat,
community or ecosystem could be affected by the age of the successional stages (Molles

2005). Differences in determination of vegetation development by the same abiotic factors
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(soil and elevation), and between vegetation and seed bank in two different ages of salt-marsh

(early primary and late primary) proved this hypothesis.

7.1 Constraints on species colonization

It has repeatedly been demonstrated that variation in the arrival time of species at a
successional site can have a major effect on the pattern and outcome of succession (e.g. Drake
1991; Huston 1994), indicating the importance of studies on factors which affect arrival time
of different species. The practice of creating salt-marshes on a new substrate provides an
excellent opportunity to study plant colonization and subsequent development of vegetation.
Insight into the process of salt-marsh development is extremely important in guiding the
design, implementation and evaluation of salt-marsh restoration schemes and for determining
the appropriate management strategies (Hoffmann et al. 2005). However, colonization and
subsequent development are different for each salt-marsh restoration, since biotic and abiotic
factors, influencing successional stages from beginning until climax, are site specific.

Three species are well known as pioneers: Salicornia europaea, Suaeda maritima and
Spartina townsendii. In addition, some species are known as relatively low salt-marsh species
i.e. Puccinellia maritima, Halimione portulacoides, Aster tripolium, Spergularia spp.
Triglochin maritimum, Limonium vulgare and Plantago maritima (Beeftink 1965; 1966;
1977). For the restoration of salt-marsh vegetation after creation of intertidal circumstances,
relatively rapid colonization may be expected from pioneer and low marsh species, provided
they are present in a nearby source area (Wolters et al. 2005). We expected these pioneer and
low marsh species to appear in the newly created salt-marsh as initial colonizers, since all
were present in the local species pool. However, most species appeared during the first year,
and even after five years some salt-marsh species that are present in the local species pool
remained absent from the newly created intertidal area. Wolters et al. (2008) demonstrated

that salinity was the most important factor determining the kind of initial colonizers, while
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according to Dausse et al. (2008) it would be seed dispersal and consecutive seed rain. We
concluded that, besides these two factors, seed production is also an important constraint in
colonization of salt-marsh habitats and the sequence of species establishment. Most perennial
salt-marsh species are clonal species that spread mainly, some even solely by asexual
propagules. This can be concluded from the fact that they appear neither in the seed bank (of
neither old nor new salt-marsh) nor in the above-ground vegetation early in the primary
succession. Seedling recruitment by salt-marsh perennials, that do produce generative
propagules (e.g. Aster tripolium, Artemisia maritima, ...), can be further constrained by low
propagule supply due to insect predation (Louda 1983; Louda 1989) and disease (Bertness et
al. 1987; Bertness & Shumway 1992). In this study we found that fungi could limit the
production of perennials in salt-marsh habitat. Therefore, perennials appear later in
comparison with species that produce a lot of viable seeds. Additionally, some perennial
species might produce less viable seeds, because of their hybrid nature e.g. Spartina
townsendii, a polyploid, hybrid species, that is known to produce only small quantities of
viable seeds (Lambinon et al. 1998). For perennial species sexual processes play a minor role
and their dynamics are maintained primarily by clonal growth (see also Shumway & Bertness
1992).

Although some species produced a lot of seeds, these seeds were probably not viable or
they did not disperse well since they were not observed in both vegetation and seed bank in
the newly created salt-marsh. A few empirical studies were conducted on seed dispersal in
salt-marshes, indicating that the species composition of plant communities is potentially
constrained by dispersal (Rand 2000; Wolters et al. 2005a). However, more studies are
needed on dispersal ability of these species into newly created salt-marsh as dispersal
constraints (species-specific traits, storage effects, landscape ecology and history) may

influence community assembly per se (Belyea & Lancaster 1999).
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In literature it is generally assumed that early succession in salt-marsh conditions is
dominated by facilitation. This mechanism assumes that omly certain “early-successional
species” are able to colonize the site in the conditions that occur immediately after the
perturbation, and that they consecutively change the environment in such a way that late
successional species are able to establish in a later phase. They “facilitate” late successional
species, and generally decrease themselves, because they have changed the environment to
less optimal conditions. However, in the particular case of the newly created salt-marsh of the
IJzermonding, we have no clear indications that this mechanisms is at hand here. It rather
appears that colonization simply depends on available propagules, rather than on
environmental suitability. For instance, it can be expected that Elymus athericus is perfectly
able to establish and grow on most sites in the newly created marsh, but simply did not do so,
because it has no or hardly any propagules present in the area. This implies that during early
succession of the newly created salt-marsh, the tolerance mechanism is working. This
mechanism assumes that species appearing later are probably those that simply arrived later.
The sequence of species is determined solely by their life-history characteristics (annuals
compared with perennials). In contrast to the early species, the propagules of the later ones are
dispersed more slowly (MacArthur & Connell 1966; Farrell 1991). In our study area, some
species (e.g. Salicornia europaea and Suaeda maritima) colonized earlier since they can
produce many seeds. While some species particularly perennials (e.g. Elymus athericus)
appeared later. These species are those that produce no or less seeds and the propagules are

dispersed slowly, probably being mainly heavy vegetative parts (rhizomes) of the plant.

7.2 The effect of inundation frequency on vegetation succession

Directional non-replacement succession in harsh salt-marsh conditions occurs when a
few species are able to invade, survive and succeed in slow expansion without eliminating or

replacing each other. The restoration site still has free space available for further expansion.
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Species replacement takes place due to modification of the habitat (facilitation) and there is
no competition (see also Bernhardt & Koch 2003). Initially, allogenic succession occurs more
than autogenic succession.

This study revealed a rapid development of vegetation on exposed sediments after the
creation of a new salt-marsh habitat (restoration site). The succession was probably facilitated
by rapid vegetative spread of some clonal salt-marsh species at lower inundation frequencies
and rapid spread of some annuals in higher inundation frequency zones. We concluded that
the distribution of plant species in the early stages of succession is highly constrained by
inundation frequency.

In our study area, the vegetation remains dynamic after 6 years and it is considered to be
in equilibrium with the new environmental gradient. However, annual changes as measured

by permanent plots and mapping of vegetation zones will have to be further monitored.

7.3 Grazing and succession

Natural succession in the absence of livestock grazing of salt-marshes leads to declining
suitability since species and community diversity decrease and forage quality and feeding
value decline (Bos et al. 2005). Vegetation composition and diversity is strongly related to the
management of salt-marshes, for example grazing by large herbivores (Bakker 1989). Since
the cessation of livestock grazing in large areas leads to a strong progress of the vegetation
into late successional stage, Esselink (2000) proposed that the areas must be kept under
livestock grazing, so that the grazing by large herbivores can maintain the marsh vegetation at
a younger successional stage. Grazing by hares has been shown to retard vegetation
succession (van der Wal et al. 2000b) and herbivory by geese slowed down succession by
retarding the establishment and spread of late successional species in the low salt-marsh. Our
observations indicate that the current intensity of sheep grazing is not suited to maintain the

IJzermonding salt-marsh in a young successional stage. Although until now no species have
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become extinct, some palatable and sensitive species to sheep grazing are prone to extinction
in the future as they are drastically grazed by sheep. Some species such as A#riplex spp. and
Chenopodium spp. were grazed so intense that all leafs and green stems were lost before the
end of the growing season. Low stocking rate probably results in selection for the more
palatable and nutritive plant species, resulting in an uneven pattern of grazed and ungrazed
patches (Bakker 1985). Elymus athericus has the lowest forage quality, indicating it might
never be grazed at the current grazer density (see also Milotic et al. 2008). However, the
expansion of this species should be hampered, since it increased its cover and occurrence
drastically. Although the increase of sheep grazing would decrease the patch selection, it may
be dangerous for some of the above mentioned species. Introducing other grazers could be
useful to save these species and to decrease the expansion of strong competitor species, like

Elymus athericus.

7.4 Relationship between soil characteristic and vegetation in different
stages

A major challenge in the restoration of salt-marshes is to identify which factors are
important in salt-marsh development. For example, Keddy (2000) suggested salinity as most
important factor, determining the species composition of salt-marsh communities, while Criel
et al. (1999) concluded that salinity together with inundation frequency were the most
important determinants in the brackish salt-marsh estuary of the river Scheldt. When
considering salinity as an abiotic factor, species can be screened and then ranked in relation to
a single trait: salinity tolerance. Consequently, if the salinity level of a local site is known, it 18
possible to predict which species from the species pool could potentially become established.

In our salt-marsh habitats, the degree to which abiotic factors determine vegetation

composition is at least as high in early as in late successional stages. In early colonization the
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absence/occurrence of perennial as well as annual plants appears to be highly determined by
abiotic environmental factors. This also holds for perennials, but not for annuals in old salt-
marsh. The occurrence of these annuals in the old salt-marsh appears to be limited by
competition from the established perennials. Gaps in that perennial vegetation cover are
needed for annuals to germinate and grow. This explains why their occurrence is not so much
determined by the abiotic (soil) environment, but rather by stochastically created gaps.

In contrast to other terrestrial habitats, assembly of species on new substrate in salt-
marsh habitats is not stochastic. It is rather a deterministic process in which species with high
seed production and salt tolerance start the colonization and facilitate the germination of later
species by creating good sedimentation conditions. In addition, having an old salt-marsh
adjacent to new substrate decreases the stochasticity in vegetation development. Stochastic
factors act mostly in more isolated sites (del Moral 1999). If a site is sufficiently isolated,
limited dispersal produces initially variable vegetation with a very weak correlation between

environmental factors and species composition.

7.5 Seed bank and succession

The variation of seed bank density with age in salt-marsh habitats is different from that
of other terrestrial habitats, in which a low density was found initially that rose with time (e.g.
Flinska 1999; Bossuyt & Hermy 2004). In our study area the density of seeds appears to
decrease with time. This is most probably caused by the difference in seed longevity and seed
production between species of early and late successional stages. Most initial colonizers have
more persistent seeds in comparison with plants of later stages. In general, seed bank
accumulation in salt-marshes is low (Morzaria-Luna & Zedler 2007). Most restoration
programs from seed bank did not succeed (Wolters et al. 2005); as well early as late
successional species do not appear from the seed bank (Wolters & Bakker 2002). This implies

that initial colonizers possibly have equally persistent seeds as species with low relative seed
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production, but their massive production of small seeds lead to a well represented in the soil
of old salt-marshes. This is in opposition to the conclusions of Thompson et al (1997), who
state that pioneer species generally have long persistent seeds.

About similarity of standing vegetation and seed bank, three possible relationships are
proposed: the similarity between the vegetation and soil seed bank is, 1) relatively high and
does not consistently increase or decrease with age, ii) increases or decreases as the
communities age and, iii) is relatively low and does not consistently increase or decrease with
age (Chang et al. 2006). The relationship between the vegetation and soil seed bank for the
salt-marsh communities of the IJzermonding most closely resembles the second proposed
relationship, thus that standing vegetation does not reflect the below-ground seeds in late
successional stages. Conversely, in early primary succession, vegetation is more reliable to
predict below-ground seed bank. We have provided evidence that the seed bank during the
whole succession is mostly composed of seeds of new colonizers. This explains the very low
similarity between seed bank and above-ground vegetation in salt-marsh habitat in the late
successional stage.

Plant species that were formerly recorded from the above-ground vegetation in the area,
but that disappeared during the last decades (Armeria maritima, Juncus maritimus, Halimione
pedunculata, Carex extensa, Oenanthe peucedanifolia. Pire 1862; Goetghebeur 1976) were
not found back in the seed bank. Some of these species are among the most interesting and
rare species of European saline habitats (Hoffmann et al. 2005). The recovery of these species

from the local seed bank will be virtually impossible in the future.

7.6 Management implications

Conservation management usually concentrates on decreasing abundance and cover of
dominant, highly competitive graminoids using several approaches like introducing large

herbivores and mowing (Hoffmann et al. 2005). In the studied salt-marshes, Elymus athericus
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characterized as a late-successional salt-marsh species has become so dominant in the higher
parts of the old salt-marsh that it can be considered as problematic. Our results showed that
sheep grazing at the present low intensity had no significant negative effect on the expansion
of this species. As sheep grazing appears to induce opposing selection on palatable species,
any increasing intensity of sheep grazing should be made cautiously, since the larger number
of animals might shift to the more palatable species like Limonium vulgare, Triglochin
maritimum or Plantago maritima. However, introducing another herbivore, characterized as a
bulk-feeder rather than as a selective feeder and that consequently is known to preferentially
use this competitive species could be useful for hampering the expansion of this species and it
may also facilitate sheep to graze more on Elymus athericus as well. Studies in feeding
ecology of introduced ungulates (Konik and Shetland pony, donkey and Scottish highland
cattle) in coastal dune grassland showed that all are grass-eaters consuming a high amount of
competitive plant species (Hoffmann et al. 2005, Lamoot et al. 2005). Bakker (1985) stated
that the cover of Elymus athericus on salt-marshes in the Netherlands decreased due to cattle
grazing. Therefore, it can be recommended to introduce cattle into the area (single or mixed
with sheep). It may also be a useful tool to hamper the expansion of competitive species of
surrounding dune grasslands, such as Phragmites australis, Calamagrostis epigejos and
Arrhenatherum elatius.

A management option that also would decrease the dominance of Elymus athericus and
increase diversity is the construction of creeks to enhance tidal flooding of the interior parts,
increasing water-logging rates and improving the colonization of early successional species.
Additive effects of machinery practices to create the channels and dig out soil will also
counteract the expansion of Elymus athericus. This possibility to create a pioneer low salt-

marsh substrate should not be ignored.
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Grazing in the entire year might promote the forage quality of several species. In
addition, the rate of consumption of Elymus athericus might be increased as at the beginning
of the growth season, the palatability of this species is higher (Vallentine 2001). Although
early grazing in the growing season may be harmful for some sensitive species, it should be
considered as a management option.

As the above mentioned valuable species that were present at the IJzermonding salt-
marsh did not appear in the seed bank in the past, the re-appearance of these species in the
area may take several years. The absence of nearby source populations makes that
reintroduction by sowing or planting might be considered as a management option (cf.

Wolters et al. 2008).

7.7 Lines of future research

1- Our results show that populations and plant communities are still dynamic in the
relatively early stages of salt-marsh succession. Future monitoring is therefore necessary to
learn about and to document long-term vegetation succession. This is also needed to evaluate
nature restoration success in the long run.

2- Moving from a more or less descriptive pattern study towards a more mechanistic
research level is the main line of thinking for future research. In that spirit, 1) investigating the
mechanism of seed dispersal, and more specifically loss and retention processes of the
viability of seeds during dispersal would be meaningful, i1) study on possible long-distance
dispersal, possible dispersal of seeds from regional species pools would be valuable.
Focussing on the particular situation of the IJzer estuary, the effects of local and artificial
levee-like structures between the newly created salt-marsh and the southern part (02) of the
old salt-marsh is of particular importance. Study on the mechanism of seed dispersal and the

transportation of seed from this part of old salt-marsh to the newly created salt-marshes is
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necessary, and may elucidate why some species have not appeared in the restoration site, yet,
although present in O2, 1iii) further study on post dispersal factors is recommended.

3- Although we could detect already some effects of sheep grazing on a few vegetation
zones and on particular plant species, further monitoring is needed to analyze all effects of
sheep grazing on vegetation, especially in communities dominated by palatable species, such
as Atriplex spp. and Chenopodium spp..

4- Study on the impact of herbivores other than sheep and at fluctuating densities and
combinations during different seasons would also be of great scientific interest. Finally, scale-
related phenomena of grazing impact would be of great management interest and in the study
of vegetation succession under grazing in general. Unfortunately the salt-marsh environment
of the LJzer estuary is too small to study these spatial and temporal processes and interactions.
The Verdonken Land Van Saeftinghe would be a good alternative to study these processes
together. The Zwin area also has some potentials in this sense, certainly when the recently

planned expansion of the salt-marsh area is combined with grazing management.
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Summary

Plant succession is the change in species composition or three-dimensional architecture
of the plant cover of a specified place through time or the changes observed in an ecological
community, following a perturbation that opens up a relatively large space. Vegetation
succession has temporal and spatial aspects and results from many causes and processes,
particularly the colonization, growth and mortality of organisms under particular
environmental conditions. Successional vegetation processes are an important aspect in
ecological restoration, because they determine the final success, and hence, the type and
timing of restoration measures. Therefore, vegetation succession and its study should be taken
into account in virtually every restoration program. Beside the importance of vegetation
succession studies in restoration programs, newly (by man or naturally) created substrates
offer us unique opportunities to study plant succession fundamentally, in which salt-marshes
are a remarkable habitat. The main objective of this study is to investigate on the
characteristics of new colonizers in a newly created salt-marsh and the effect of the most
important abiotic (inundation frequency, salinity and texture) and biotic factors (propagule
availability and sheep grazing) on vegetation succession in time. The effect of stochastic and
deterministic factors on spatial vegetation succession was compared between newly created
salt-marsh and old salt-marshes. In addition, seed bank density and similarity between seed
bank and above-ground vegetation and their differentiation with depth were compared
between salt-marshes in different successional stages (old and newly created).

The results showed that viable seed availability might be the most important constraint for
plant species to act as early colonizers, and the development of salt-marsh target species could
be restricted by limited viable seed production and also unfavourable soil conditions. This

study confirms the importance of a nearby salt-marsh to a restoration site and the importance
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of a continuous water bridge between seed source and sink. The lack of colonization success
of some species is most probably caused by the low connectivity between source and sink.
Plant composition within the restoration site (newly created salt-marsh) changed over time. In
areas of the site with a higher inundation frequency, the rapid expansion of some species (e.g.
Suaeda maritima), the appearance of new species (e.g. Salicornia procumbens), and change in
the abundance of other species (e.g. Salicornia europaea) resulted in a variation in plant
composition. At lower inundation frequencies, the expansion of some species (e.g. Elymus
athericus), and turnover of others, resulted in a change in species composition; higher
turnover and higher expansion of perennials at lower inundation frequencies. In general,
species turnover was lower at higher inundation frequency.

The results showed that sheep grazing had some effects on vegetation succession
physically and chemically despite the very short time since grazers were introduced. Species
richness increased in Elymus athericus- dominated community and decreased in some parts,
after sheep were introduced. In addition, sheep grazing changed forage quality in time.
Nevertheless, species composition and the cover of dominant species did not change
significantly through sheep grazing while natural plant succession (in composition and
coverage) was going on.

It appears that in our salt-marsh patches, deterministic factors (electric conductivity and
texture of soil and elevation) are important in both early and late successional stages.
However, annual species in old salt-marsh might germinate in the stochastically appearing
vegetation gaps, unrelated to the deterministic factors, where competition with perennials
does not prevent the colonization.

Seed density was higher in the early successional stage than in the late successional
stage. The seed bank composition remains rather constant and is composed of early

successional species that produce many seeds that persist during the succession sere. In early
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successional stages new colonizers become to a large extent incorporated in the seed bank
leading to a relatively high similarity between seed bank and above-ground vegetation; in the
late successional stages, most dominant species have a transient seed bank or probably no
seed input, leading to a relatively low similarity between seed bank and above-ground
vegetation. The distribution of seed bank density with depth in old salt-marshes was the same

as in newly created salt-marsh with the highest density in upper soil layer.
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Appendices

Appendix A - The position of the vegetation plots used in chapter 2. Lines reflect different (mean)
tidal lines during the observation period 1991-2000; from high (east) to low (west) these are: highest
measured high water level during the observation period (6.14m TAW); mean high water level at
spring tide (4.68m TAW); mean high water level (4.45m TAW); mean high water level at neap tide
(3.92m TAW); lowest measured high water level (2.71lm TAW); mean general water level (2.38m
TAW). There are 175 plots on the new salt-marsh and 66 plots on the old salt-marsh.

new salt-marsh

old salt-marsh

m Meters
0 125 250 500
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Appendix B - The position of the vegetation plots used in chapter 3. Lines reflect different (mean)
tidal lines during the observation period 1991-2000; from high (east) to low (west) these are: highest
measured high water level during the observation period (6.14m TAW); mean high water level at
spring tide (4.68m TAW); mean high water level (4.45m TAW); mean high water level at neap tide
(3.92m TAW); lowest measured high water level (2.71lm TAW); mean general water level (2.38m
TAW). There are 119 plots on the new salt-marsh.

new salt-marsh

Meters
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Appendix C - The position ofthe exclosures and enclosures used in chapter 4. Lines reflect different
(mean) tidal lines during the observation period 1991-2000; from high (east) to low (west) these are:
highest measured high water level during the observation period (6.14m TAW); mean high water level
at spring tide (4.68m TAW); mean high water level (4.45m TAW); mean high water level at neap tide
(3.92m TAW); lowest measured high water level (2.71lm TAW); mean general water level (2.38m
TAW). There are 5 exclosures (no sheep grazing possible) and 5 neighbouring enclosures (in which
sheep are able to graze); two couples are on the old salt-marsh, three on the new salt-marsh

Enclosure
Exclosure

Meters
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Appendix D - The position of the vegetation plots used in chapter 5. Lines reflect different (mean)
tidal lines during the observation period 1991-2000; from high (east) to low (west) these are: highest
measured high water level during the observation period (6.14m TAW); mean high water level at
spring tide (4.68m TAW); mean high water level (4.45m TAW); mean high water level at neap tide
(3.92m TAW); lowest measured high water level (2.71lm TAW); mean general water level (2.38m
TAW). There are 95 plots on the new salt-marsh and 60 plots on the old salt-marsh.

new saltmarsh
old saltmarsh

Meters
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Appendix E.l - The position ofthe vegetation and seed bank plots used in chapter 2 and 6 in the [Jzer
estuary study area. There are 10 plots on the new salt-marsh and 16 plots on the old salt-marsh (the
atter not used in chapter 2).

new salt-marsh
old salt-marsh

Meters
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Appendix E.2 - The position of the vegetation and seed bank plots used in chapter 6 in the Zwin
study area. In total, 14 plots were sampled.

old salt-marsh

Meters

Appendix E.3 - The position of the vegetation and seed bank plots used in chapter 6 in the
Verdronken Land van Saeftinghe study area. In total, 50 plots were sampled (extraction from Google

Earth; all 50 sampling points are given on the map, but some samples are so close together that they
appear as one point on the map )
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Appendix F — Relative abundance of all species in seed bank and above-ground vegetation in the new
and old salt-marshes in the 1Jzermonding.

Seed bank Vegetation
Species New Old
0-5cm  5-10cm  10-15cm total 0-5cm  5-10cm  10-15cm  total New Old

Agrostis stolonifera 0.00 047 0.00 0.07 [ 0.00 0.00 0.43 0.05 | 3.33 0.00
Anagallis arvensis 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 0.37 0.00
Aster tripolium 0.06 0.00 0.00 0.05 [ 0.14 0.5 0.00 0.13 | 0.00 0.54
Atriplex littoralis 0.84 055 0.00 073 [ 081 1.09 0.36 0.84 | 0.00 0.00
Atriplex prostrata 0.56 3.68 1.32 1.05 [ 191 1.09 2.76 1.79 | 0.37 0.22
Beta vulgaris 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 0.00 033
Centaurium pulchellum 0.00 053 0.00 0.07 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Chenopodium album 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 0.37 0.00
Chenopodium rubrum 11.35 3076 20.10 1471 |12.18 1.85 1.84 855 | 0.00 0.00
Cirsium arvense 025 568 1.13 1.07 | 0.82 1.03 0.00 0.79 | 0.74 0.00
Cirsium vulgare 0.00 0.00 0.00 0.00 [ 0.06 0.16 0.00 0.08 | 0.37 0.00
Conyza canadensis 0.00 023 0.00 0.03 [ 033 0.00 0.00 0.21 | 0.37 0.00
Crepis capillaris 0.00 0.00 0.00 0.00 | 0.10 0.00 0.00 0.07 | 0.00 0.00
Cynosurus cristatus 058 0.29 0.66 0.55 1.32 0.00 0.32 0.89 | 0.00 0.00
Digitaria sanguinalis 0.00 0.00 0.00 0.00 [ 0.06 0.00 0.00 0.04 | 0.00 0.00
Diplotaxis tenuifolia 0.20  0.00 0.00 0.16 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Elymus athricus 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 1037 55.82
Elymus repens 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 10.74 0.00
Epilobium hirsutum 0.00 0.00 0.00 0.00 [ 0.06 0.00 0.00 0.04 | 0.00 0.00
Glaux maritima 0.00 0.1 0.00 0.08 [ 128 0.20 0.00 0.88 | 0.00 0.22

Gnaphalium luteoalbum 0.00 023 0.00 0.03 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Halimione portulacoides 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 0.37 033

Juncus biifonius 026 0.6l 4.16 0.60 [ 419 192 6.80 391 | 0.00 0.00
Juncus sp. 020 348 4.58 098 [ 000 174 1.94 0.64 | 0.00 0.00
Limonium vulgare 0.00 0.00 0.00 0.00 [ 0.21 O.16 0.00 0.17 | 3.33 12.19
Lycopus europaeus 0.07 0.00 0.00 0.05 [ 077 071 1.08 0.79 | 0.00 0.00
Matricaria maritima 0.20  0.00 0.00 0.16 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Mentha aquatica 0.00 0.00 0.00 0.00 | 0.19 0.00 0.00 0.12 | 0.00 0.00
Mpyosotis arvensis 0.06 0.00 0.00 0.05 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Parapholis strigosa 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 741 0.11
Phragmites australis 0.05 0.26 0.00 0.08 [ 0.07 032 0.00 0.12 | 0.00 10.77
Plantago coronopus 0.07 0.00 0.00 0.05 [ 0.00 0.00 0.00 0.00 | 0.37 0.00
Plantago major 13.98 0.95 1.10 11.21 | 0.13  0.00 0.00 0.09 | 0.37 0.00
Plantago maritima 0.00 0.00 0.00 0.00 [ 0.06 0.00 0.00 0.04 | 000 0.11
Poa annu 0.05 057 0.00 0.12 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Poa pratensis 0.00 047 0.00 0.07 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Poa trivialis 024 099 2.50 0.51 [ 0.00 0.00 0.41 0.04 | 0.00 0.00
Polygonum aviculare 0.00 0.00 0.00 0.00 [ 0.07 0.00 0.00 0.04 | 0.00 0.00
Puccinellia maritima 0.00 0.00 0.00 0.00 [ 031 0.16 0.00 024 | 185 457
Ranunculus sceleratus 0.07  0.00 0.00 0.05 1.82 230 3.65 2.13 | 0.00 0.00
Rubus caesious 0.06 0.00 0.00 0.05 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Rumex conglomeratus 0.00 0.00 1.32 0.10 [ 0.07 0.00 0.00 0.04 | 0.00 0.00
Rumex crispus 0.05 0.66 1.80 0.27 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Rumex maritimus 0.00 099 0.00 0.14 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Rurippa palustris 0.00 0.26 0.00 0.04 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Sagina apetala 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00 0.00 | 0.37 0.00
Sagina maritima 0.00 0.00 0.60 0.04 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Sagina procumbens 0.00 0.00 0.00 0.00 [ 0.00 0.18 0.00 0.04 | 0.00 0.00
Salicornia sp. 5536 3938 3943 5196 [3540 4974 50.99 4056|1370 2.94
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Samolus valarandi 0.05 0.00 0.50 0.08 | 0.00 0.00 0.00  0.00 [ 0.00 0.00
Scirpus maritimus 053 0.00 0.00 042 [ 0.00 0.00 0.00 0.00 | 0.00 0.00
Senecio inaequidencs 0.00  0.00 0.00 0.00 | 0.07 0.00 0.00 004 | 0.00 0.00
Senecio jacobaea 0.00  0.00 0.00 0.00 | 0.17 0.00 0.00 0.11 | 0.00 0.00
Sisymbrium altissimum 000 0.23 0.00 0.03 | 0.00 0.00 0.00  0.00 [ 0.00 0.00
Solanum nigrum 0.00  0.00 0.00 0.00 | 0.78 034 0.00  0.59 [ 0.00 0.00
Solanum triflorum 0.06  0.00 0.00 005 | 053 1.09 1.04 072 [ 0.00 0.00
Sonchus arvensis 0.00  0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 [ 074 0.00
Sonchus asper 0.00  0.00 0.00 0.00 | 044 0.19 0.00 033 [ 0.00 0.00
Sparganium erectum 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.37 0.04 | 0.00 0.00
Spartina townsendii 0.00  0.00 0.00 0.00 | 0.00 0.00 0.00  0.00 [ 0.00 881
Spergularia sp. 11.18 1.77 1132 987 (2634 2641 2096 2579| 815 185
Stellaria media 0.00  0.00 0.00 0.00 | 0.00 0.00 064 007 [ 0.00 0.00
Suaeda maritima 320 3.29 1.06 3.05 | 538 224 297 436 3630 098
Triglochin maritimum 0.00  0.00 0.51 0.04 | 3.65 657 342 435 | 000 022
Typha latifolia 0.00  0.00 0.00 0.00 | 0.05 0.00 0.00  0.03 [ 0.00 0.00
Urtica dioica 044  3.09 7.91 1.35 | 020 037 0.00 022 [ 0.00 0.00
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Appendix G — Relative abundance of all species in seed bank and above-ground vegetation in the old
salt-marshes (Saeftinghe and Zwin).

Species

Seed bank

Vegetation

0-5cm 5-10cm 10-15cm  total

0-5cm 5-10cm  10-15cm  total

Saeftinghe Zwin

Agrostis stolonifera
Arenaria serpyllifolia
Aster tripolium
Atriplex littoralis
Atriplex prostrata
Calamagrostis epigejos
Centaurium erythraea
Centaurium pulchellum
Cerastium fontanum
Chenopodium glaucum
Chenopodium rubrum
Cirsium arvense
Cochlearia officinalis
Convolvulus arvensis
Conyza canadensis
Crepis capillaris
Cynosurus cristatus
Digitaria sanguinalis
Elymus athricus
Elymus repens
Epilobium hirsutum
Epilobium palustre
Festuca rubra

Glaux maritima
Gnaphalium luteoalbum
Gnaphalium uligiinosum
Halimione portulacoides
Holcus lanatus

Juncus bufonius
Juncus gerardii

Juncus sp.

Lolium perenne
Limonium vulgare
Matricaria discoidea
Matricaria maritima
Medicago lupulina
Parapholis strigosa
Phragmites australis
Plantago coronopus
Plantago major
Plantago maritima
Poa annu

Poa pratensis

Poa trivialis
Polygonum aviculare
Polygonum persicaria
Potentilla anserina
Puccinellia maritima
Ranunculus sceleratus

0.16
0.00
0.00
0.00
0.06
0.00
0.44
0.54
0.02
0.03
0.01
0.08
0.01
0.00
0.02
0.00
0.14
0.00
0.00
0.00
0.00
0.01
0.00
0.90
0.01
0.02
0.00
0.00
62.69
9.44
9.46
0.00
0.00
0.01
0.01
0.00
0.00
0.20
0.00
1.03
0.01
0.05
0.01
0.01
0.01
0.00
0.00
0.01
0.01

Saeftinghe
0.46 0.33
0.07 0.03
0.28 0.05
0.01 0.00
0.12 0.22
0.04 0.00
0.03 0.05
0.19 0.04
0.01 0.05
0.08 0.00
0.03 0.00
0.34 0.44
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.05 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.03 0.00
0.00 0.00
0.00 0.00
3.37 1.76
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.05
39.31 33.30
6.95 6.29
6.95 6.29
0.00 0.00
0.00 0.00
0.00 0.05
0.00 0.00
0.02 0.00
0.00 0.00
0.14 0.21
0.00 0.00
1.66 0.09
0.01 0.00
0.19 0.00
0.00 0.00
0.06 0.00
0.13 0.00
0.00 0.00
0.00 0.00
0.07 0.08
0.02 0.18

0.24
0.02
0.07
0.00
0.08
0.01
0.32
0.42
0.02
0.04
0.01
0.17
0.01
0.00
0.01
0.00
0.11
0.00
0.00
0.00
0.01
0.01
0.00
1.55
0.00
0.01
0.00
0.00
55.08
8.63
3.64
0.00
0.00
0.01
0.00
0.01
0.00
0.19
0.00
1.12
0.01
0.08
0.00
0.02
0.04
0.00
0.00
0.03
0.02

0.00
0.00
1.32
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.20
0.00
0.00
0.00
0.00
0.00
0.78
0.00
0.00
0.00
0.00
0.00
0.00
5.08
0.00
0.00
0.00
0.00
47.19
11.98
11.98
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.19
0.00

Zwin

0.25 0.00
0.00 0.00
0.05 0.00
0.00 0.00
0.09 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 1.34
0.08 342
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 045
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
3.21 10.54
0.00 0.00
0.00 0.00
0.04 0.00
0.00 0.00
78.56 57.24
7.78 10.41
7.78 10.87
0.00 0.00
0.00 0.00
0.00 0.00
0.04 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.15
0.00
0.46
0.00
0.05
0.00
0.00
0.00
0.00
0.12
0.34
0.00
0.00
0.00
0.00
0.00
0.25
0.03
0.00
0.00
0.00
0.00
0.00
4.30
0.00
0.00
0.02
0.00
66.99
932
935
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.06
0.00

6.06
0.00
3.82
0.05
1.91
0.00
0.00
0.00
0.00
0.00
0.00
0.93
0.00
0.05
0.00
0.05
0.00
0.00
10.43
0.38
0.00
0.00
8.02
3.55
0.00
0.00
0.00
0.00
0.00
3.71
0.00
1.36
0.00
0.00
0.00
0.00
0.44
10.64
0.05
0.55
3.44
0.00
0.05
0.00
0.05
0.00
1.20
9.77
0.00

0.00
0.00
4.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
14.76
0.00
0.00
0.00
0.83
0.71
0.00
0.00
53.81
0.00
0.00
0.12
0.60
0.00
548
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.60
0.00
0.00
0.00
0.00
0.00
0.00
2.38
0.00
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Rubus caesious
Rumex acetosa
Rumex crispus
Rumex sp.

Rurippa palustris
Sagina apetala
Sagina procumbens
Salicornia sp.
Scirpus maritimus
Senecio inaequidencs
Senecio jacobaea
Senecio vulgaris
Solanum nigrum
Sonchus arvensis
Sonchus asper
Sonchus crispus
Spartina townsendii
Spergularia sp.
Suaeda maritima
Taraxacum vulgaria
Trifolium fragiferum
Trifolium repens
Triglochin maritimum
Typha latifolia
Urtica dioica

0.00
0.02
0.03
0.01
0.00
0.01
0.00
6.13
0.82
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
7.14
0.00
0.00
0.05
0.00
0.22
0.00
0.12

0.00
0.03
0.00
0.00
0.00
0.02
0.01
11.84
1.55
0.00
0.00
0.00
0.01
0.18
0.02
0.00
0.00
24.78
0.02
0.00
0.03
0.04
0.70
0.02
0.12

0.04
0.10
0.00
0.00
0.00
0.12
0.00
17.30
4.72
0.00
0.00
0.04
0.06
0.42
0.00
0.00
0.00
25.35
0.00
0.00
0.04
0.00
1.66
0.17
0.47

0.00
0.03
0.02
0.01
0.00
0.02
0.00
8.26
1.26
0.00
0.00
0.00
0.01
0.09
0.01
0.00
0.00
12.61
0.00
0.00
0.04
0.01
043
0.02
0.15

0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
14.30
0.64
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.59
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.29
0.10
0.00
0.00
0.00
0.05
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.77
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.56
0.39
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.40
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
572
0.29
0.00
0.00
0.00
0.03
0.00
0.00

0.00
0.00
0.00
0.38
0.00
0.00
0.00
6.11
535
0.00
0.00
0.00
0.00
0.05
0.33
0.00
15.34
2.73
0.98
0.22
0.87
0.05
1.04
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.83
238
4.64
0.00
0.00
0.00
0.00
0.00
0.00

206



