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6 Why Young Coastal Dune Slacks Sustain 
a High Biodiversity

A.P. Grootjans, E.B. Adema, R.M. Bekker and E.J. Lammerts

6.1 Introduction

Dune slacks are depressions within coastal dune areas that are flooded during
the rainy season, which in Europe is during winter and spring (Boorman et al.
1997; Grootjans et al. 1998), but in the tropics during the summer (Vázquez,
Chap 12). During the dry season the water table may drop far below the sur-
face.Young dune slacks that have been formed in a natural way, by sand blow-
ing or natural dune formation (Piotrowska 1988; Zoladeski 1991), are very
poor in nutrients and at the same time very species-rich. Various life and
growth forms can be present in such slacks: annuals, biennials, perennials,
young shrubs and trees (Crawford and Wishart 1966; Ranwell 1972). Dune
slack soils are usually calcareous, since they normally originate from recently
deposited sands that contain much shell fragments. Dune slacks with acid
soils occur in areas where sand has been deposited at the beach with a low ini-
tial lime content. Examples are dune areas in parts of Poland (Piotrowska
1988) and the Dutch, German and Danish Wadden Sea Islands, where initial
lime contents are low (less than 2 % CaCO3; Petersen 2000) and where precip-
itation dominates over evaporation. This leads to prominent decalcification
processes in the top layer and to rapid acidification (Stuyfzand 1993). In dryer
areas where evaporation dominates over precipitation, decalcification
processes are less evidently expressed in the vegetation. Flooding frequencies
during the wet period are decisive for the plant species composition in such
dune areas (Zunzunegui et al. 1998; Munoz-Reinoso 2001).

Although many species are now restricted to the coastal area, dune slacks
have very few endemic species (Van der Maarel and Van der Maarel-Versluys
1996). Many typical dune slack species can also occur in calcareous fens, fen
meadows, and other types of inland wetlands. The restriction of many wet-
land species to the coastal area is no doubt related to the intensive land use in
the mainland areas.

Ecological Studies,Vol. 171
M.L. Martínez, N.P. Psuty (Eds.)
Coastal Dunes, Ecology and Conservation
© Springer-Verlag Berlin Heidelberg 2004



In the following, we will discuss the complex interactions between dune
slack vegetation, hydrological conditions, and management in dune slacks in
order to conserve or restore these ecosystems for future generations. The
examples discussed will be mostly from the NW European dune areas, where
dune areas have been affected very negatively by human activities, such as
mass recreation, abstraction of drinking water for large cities, increased
atmospheric nitrogen deposition from industrial and agricultural areas, and
large-scale afforestation (Van Dijk and Grootjans 1993). This destruction of
what is seen by many as the last remnants of natural ecosystems led to much
societal opposition during the last decades and many restoration projects
were initiated to restore dune ecosystems with a high biodiversity (Kooijman,
Chap. 15).

6.2 The Dune Slack Environment

Since dune slacks are in fact temporary wetlands, most typical dune slack
species have to be adapted to both wet and dry conditions. Consequently,
plants that grow in dune slacks may experience severe anoxic conditions,
which can be followed by sometimes very dry conditions.

6.2.1 Hydrological System

Dune slacks are not just temporary dune ponds filled with water during the
wet season and evaporate water during the dry season. Although such slacks
exist they are very rare. Most dune slacks are fed by various water sources.
This can be precipitation water, surface water or groundwater. The latter two
sources are usually calcareous while the first is acid. The hydrological situa-
tion can be more complicated, since the groundwater may come from differ-
ent hydrological systems (Munoz-Reinoso 2001; Grootjans et al. 2002). In
most cases the maintenance of dune slack ecosystems depends on both the
amount of precipitation and groundwater discharge. Dune slacks fed by cal-
careous groundwater are usually situated at the low-lying periphery of the
dune system, where most of the groundwater of the main hydrological system
discharges. However, seepage slacks can also be found close to the top of the
main hydrological system when thick clay or peat layers prevent infiltration to
deeper layers and give rise to local groundwater flow towards adjoining dune
slacks. Such slacks function as ‘flow-through lakes’ with groundwater dis-
charge in one part of the slack and infiltration of surface water in another
(Stuyfzand 1993). In a dune area with several dune slacks lying close together,
slight differences in water level between the slacks may initiate groundwater
flow from one slack to another (Kennoyer and Anderson 1989; Grootjans et al.
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1996). Under such conditions calcareous groundwater from deeper layers can
flow towards the up-gradient parts of the slack. The influx of calcareous
groundwater stimulates mineralisation of organic matter and consequently
the accumulation of organic matter is lower here than at the infiltration sites
(Sival and Grootjans 1996).

6.2.2 Adaptations to Flooding and Low Nutrient Supply

Plant species with well-developed aerenchyma such as Schoenus nigricans
and Littorella uniflora can counteract anoxia by actively leaking oxygen from
the roots into the surroundings. This phenomenon is called radial oxygen loss
(ROL) (Armstrong 1975).Anoxic conditions, therefore, may prevent the estab-
lishment of late-successional species without ROL capabilities. Such species
are not adapted to high concentrations of reduced iron, manganese and sul-
phide that can occur in the rooting zone under anoxic conditions (Studer-
Ehrensberger et al. 1993). Sulphide in particular can be very harmful for plant
species if it remains in a reduced state (Lamers et al. 1998).

In addition to anoxia, dune slack species have to cope with nutrient-poor
conditions (Schat et al. 1984). Many species, such as Littorella uniflora, Cen-
taurium pulchellum, and Radiola linoides, have a very low nutrient demand
because they are very small. Others, such as Schoenus nigricans, form large
and long-lived tussocks. The tussock as such, is not an adaptation to nutrient
poor conditions, but this particular species can very efficiently recycle nitro-
gen and phosphorus from senescent to juvenile shoot tissue (Ernst and Van
der Ham 1988). In this way, it can capture nutrients in the tussock, making
them unavailable for fast growing grasses and herbaceous species (Van Beck-
hoven 1995).

6.3 Succession in Dune Slacks

Natural succession in dune slacks starts with a pioneer phase in which small
pioneer species establish on an almost bare soil. This wet soil is usually cov-
ered with a thin layer of green algae and laminated microbial mats (Van
Gemerden 1993; Grootjans et al. 1997), and only a few phanerogamous species
are adapted to the very low nutrient availability in this phase. In a later stage,
where some organic matter has accumulated, pleurocarpic bryophytes and
small dune slack species can establish. In this stage, the accumulation rate of
organic matter increases and after 10–15 years tall grasses and shrubs appear,
which eventually leads to the decline of pioneer species that require nutrient-
poor and base-rich habitats. Red list species, such as Dactylorhiza incarnata,
Epipactis palustris and Liparis loeselii represent such basiphilous species,
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which are most abundant in the intermediate phases, where they receive
nutrients from soil mycorrhizas (Smith 1966).

The shift from pioneer stage to more mature stages usually takes place
between 20–30 years (Van der Maarel et al. 1985). In some dune slacks, how-
ever, pioneer stages may last for at least 30–60 years (Petersen 2000; Adema et
al. 2002). The rate of vegetation succession in dune slacks is largely controlled
by the productivity of the ecosystem, the decomposition of organic matter
and the recycling of nutrients within the ecosystem (Koerselman 1992; Olff et
al. 1993). To monitor factors governing vegetation succession over a period of
more than half a century is almost impossible to carry out. However, sod-cut
experiments, in which the organic top layer is removed, are available in some
dune slacks where nature managers have tried to restore pioneer stages at var-
ious time intervals. Such a spatial representation of supposed successional
stages is called a chronosequence. An analysis of vegetation development in
such a chronosequence (Berendse et al. 1998) showed that during the first 10
years most of the organic matter was stored in the living plants, particularly
in the root system (Fig. 6.1). After about 15 years the amount of soil organic
matter increased, while the pH dropped steeply, and a thick (c. 10 cm) organic
layer developed. This drop in pH only occurred in dune slack which were poor
in CaCO3, not in calcareous soils with lime contents above 0.3 % CaCO3 (Ernst
et al. 1996).
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6.3.1 Nutrient Limitation During Succession

Fertilisation experiments in the same chronosequence showed that the
growth of the aboveground biomass was limited by both nitrogen and phos-
phorus in the youngest (2-year-old) sod-cut experiment (Fig. 6.1; Lammerts
et al. 1999). In the 5-year-old stage and in the 37-year old stage only nitrogen
was limiting, most likely because many pioneer species have a very low phos-
phorus demand (Willis 1963; Van Beckhoven 1995). The sedge species
Schoenus nigricans showed no response at all to either nitrogen or phospho-
rus additions. This implies that, as long as phosphorus limits the growth of
tall grasses, basiphilous pioneer vegetation can persist for quite some time,
even when nitrogen availability increases. Buffer mechanisms that keep the
soil above pH 6 appear to be crucial for maintaining low phosphorus avail-
ability.

Due to increased accumulation of organic material in later successional
stages, the N-mineralisation also increases, leading to a higher availability of
mineral nitrogen (Berendse et al. 1998). The phosphorus availability is also
relatively high in older dune slacks on the Dutch Wadden Sea islands because
soils are poor in iron here and the phosphorus is, therefore, only loosely
bound to iron-organic compounds (Kooijman and Besse 2002). Tall growing,
late successional grass species, such as Calamagrostis epigejos, rapidly
increase in cover after the nitrogen and phosphorus limitations have been
lifted (Ernst et al. 1996).

In the 80-year-old stage the aboveground biomass was no longer limited by
nitrogen. The most likely explanation for this lack of response to nutrient
addition in this old successional stage is that competition for light has become
a dominant factor. Willow (Salix repens) and heathland species (Empetrum
nigrum, Erica tetralix) invest in supportive, non-productive tissue and lift
their photosynthetically active parts to the top of the vegetation. In this way
they can in some stage overgrow the small pioneer species.

Atmospheric input of nitrogen may accelerate the accumulation of organic
matter in the topsoil considerably, because the growth of most pioneer and
mid-successional species is N-limited and therefore, responsive to additional
supply of nitrogen.

6.3.2 Seed Banks and Succession

Seed bank research (Bekker et al. 1999) showed that most pioneer species,
such as Centaurium pulchellum, and several Juncus species had long-term
persistent seed banks and that many late successional species, such as Salix
repens, Eupatorium cannabinum and Calamagrostis epigejos had transient
seed banks (Thompson et al. 1997). The species that had long-term persistent
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seed banks were also the species that appeared immediately after sod cutting,
even if the original pioneer vegetation had disappeared since several decades.
Figure 6.2 clearly shows that the group of dune slack pioneer species as a
whole had long-term persistent seed banks with seeds surviving at least 5
years but often for longer periods. The longevity index in Fig. 6.2 (after
Bekker et al. 1998) was constructed from records of longevity in the database
of Thompson et al. (1997). It indicates the ‘average’ period of seed survival in
the soil. An index of 0–3 means that the seeds are transient; they cannot sur-
vive in the soil longer than 1 year. The range 4–7 indicates that seeds can sur-
vive for 1–5 years, and from 8–10 seeds survive for more than 5 years. The
group of late successional species had short-lived or transient seed banks,
while the seed longevity of the group of mid-successional species was inter-
mediate. However, no data are available with respect to most typical dune
slack species such as orchid species, which are critically endangered in NW-
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Europe. This means that we cannot rely on the presence of living seeds in sites
where these species were found and have disappeared recently during vegeta-
tion succession.

The establishment of a new population of an endangered sedge species
(Schoenus nigricans) can be illustrated in a recent sod-cut experiment in the
dune slack Koegelwieck on the island of Terschelling. This slack is fed by cal-
careous groundwater that enters at the southern border. The water proceeds
as surface water and becomes less calcareous due to dilution by precipitation
water. When the surface water infiltrates again at the northern boundary, the
water has become very calcium poor. Schoenus nigricans did not appear to
have a long-term persistent seed bank, but had to establish new populations
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from scarcely distributed individuals in the close vicinity of the sod-cut area
(Fig. 6.3). One of the target species, for instance, Schoenus nigricans, estab-
lished small populations, within 1 year after sod cutting, although no viable
seeds were found in the soil, not even in the stage where Schoenus nigricans
was abundant. So, apparently Schoenus nigricans had to establish a new pop-
ulation from the limited number of adult plants surviving in the uncut vege-
tation which was more than 75 years old (Lammerts et al. 1999). The distribu-
tion of young Schoenus plants in the slack suggests that the young plants
establish themselves either close to the mature plants at the exfiltration side of
the slack or were transported by surface water flow to the infiltration part of
the slack. One year later, the distribution of juvenile Schoenus plants is more
or less random in the sod-cut area, except for the very wet and the very dry
parts. After 8 years the distribution of Schoenus plants has changed consider-
ably. The species is now most abundant in the western part of the slack with
slightly less wet conditions. The sites that were favourable for germination in
1991/1992 were evidently not the sites that are favourable for more adult
plants.

6.3.3 Stability of Pioneer Stages

The influx of anoxic and iron-rich groundwater is important for vegetation
succession in yet another way. Lammerts et al. (1995) showed that pioneer
stages were much more stable in groundwater-fed dune slacks compared to
slacks that were situated in infiltration areas. They hypothesised that the dis-
charge of groundwater in spring and early summer keeps the soil moist so
that laminated microbial- and algal mats do not dry out (Van Gemerden
1993). It was already known that algal mats can stabilise sandy substrates dur-
ing the very early stages of dune slack formation (Pluis and De Winder 1990).
When growth leads to the formation of visible layers these are called micro-
bial mats. Prerequisites for the growth of microbial mats are the availability of
water, much light, and the absence of excessive erosion and consumption by
animals. Optimal growth conditions occur on bare soils that are regularly
flooded or attain sufficient moisture by capillary water supply. Cyanobacteria
in microbial mats can fix nitrogen (Stal et al. 1994) and the mats may develop
in a relatively short period. They may, therefore, assist in the colonisation by
phanerogams.

Photosynthesis is concentrated in the algal layer of the microbial mat. Res-
piration by heterotrophic bacteria rapidly depletes oxygen that is produced in
this top layer. Consequently, oxygen penetration in microbial mats is shallow
ranging from less than 2-mm depth in the dark to 5–6 mm during active pho-
tosynthesis (Van Gemerden 1993). In the absence of oxygen, alternative elec-
tron acceptors, such as sulphate, are used by heterotrophic bacteria, which use
organic matter as carbon source. Well-developed mats in sulphate-rich envi-
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ronments are therefore characterised by an intense sulphur cycling. Sulphate-
reducing bacteria produce sulphide which is partly oxidised again by either
phototrophic sulphur bacteria in the presence of light or by colourless sul-
phur bacteria when sulphide diffuses to the oxic layer. Sulphide concentra-
tions may reach toxic levels for higher plants depending on the amount of
available sulphate and the amount of sulphide-fixing iron minerals.

Adema et al. (2002) measured sulphide and oxygen concentrations in a
dune slack on the Wadden Sea island Texel in the Netherlands, using micro-
electrodes (Fig. 6.4). They found that on the infiltration side of the slack where
the topsoil had been decalcified, the sulphide concentrations reached toxic
levels (30–90 µmol/l) for some higher plants, in particular sedges (Lamers et
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al. 1998). Plants that could grow at the infiltration side of the slack were com-
mon reed (Phragmites australis) and small pioneer species, such as Samolus
valerandi and Littorella uniflora.At the exfiltration side, no sulphide was mea-
sured, although the redox potentials were much lower than in the infiltration
site, due to continuous inflow of anaerobic and iron-rich groundwater
(Fig. 6.5). The authors argued that the iron-rich groundwater fixed the free
sulphide produced by the microbial mats by forming FeS. At the infiltration
side, however, no iron was present any more and free sulphide could accumu-
late. These relatively high sulphide concentrations did not harm common
reed, nor the pioneer species, since they are capable of oxidising sulphide to
sulphate by releasing oxygen from their roots (radial oxygen release). The sul-
phide production in the infiltration areas can, however, release phosphates in
the iron-depleted topsoil due to binding of sulphides with iron (Lamers et al.
1998). The infiltration side of such a slack, therefore, would not be able to
maintain a pioneer vegetation for a long time and tall reed vegetation would
soon take over.

A stable pioneer vegetation existed for over 60 years between the exfiltra-
tion and central parts of the slack because the pH is buffered here; sulphide
production is neutralised by iron and acidification is prevented by discharge
of calcareous groundwater. Sival et al. (1998) found that in exfiltration sites of
dune slacks also secondary, in situ, carbonate deposition occurred in early
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stages of dune slack succession. The carbonate was deposited in a very thin
layer on the mineral soil. Loss of CO2 from the calcareous groundwater
resulted in carbonate precipitation at the soil-air interface (Chafetz 1994),
thus counteracting soil acidification in a very significant way. Such carbonate
precipitation occurs when water tables remain and temperatures are also
high. Under such conditions CO2 escapes from the discharging calcareous
groundwater or is taken up by algae, mosses or small water plants. Calcium
carbonate is then deposited as a thin silty layer on the soil or even on the
leaves of plants. At the exfiltration side of the slack, therefore, the groundwa-
ter discharge contributes to maintaining a high pH, low nutrient availabilities,
in particular phosphate, and preventing toxic sulphide conditions.

Summarising, the hydrological regime of a dune slack is essential for a
good functioning of the dune slack ecosystem. Factors that stabilise the
longevity of pioneer stages comprising many Red List species are always asso-
ciated with a regular supply of groundwater.

6.4 Impact of Human Disturbances on Ecosystem
Functioning

The high biodiversity noticed shortly before World War II often marked the
beginning of a recovery process after a period of over-exploitation of the
dune environment. Sod cutting of slacks occurred frequently but little docu-
mentation is available on the reasons why the slacks were sod cut. Fertilisation
of gardens, were mentioned, roof material (Beinker 1996), but no real histori-
cal evidence has been presented. One reason for sod cutting during Word War
II appears to be clear: the material was used to cover the fortifications of the
German Atlantic Wall. These activities served one purpose very well. Dune
slack succession was set back on a large scale and this is one of the reasons
why many pioneer and typical dune slack species can still be found along the
NW European coast.

Factors that contributed to the dramatic decline of biodiversity in wet
dunes during the second half of the 20th century were lowering of the water
levels in the adjacent polder areas, reclamation for agricultural use and
afforestation with pine plantations. In the Netherlands large-scale distur-
bances of dune slack environment started around 1853 when the vast stock of
fresh dune water became a major source of drinking water production for the
large cities. Large dune areas actually became drinking water catchments. The
exploitation of dune water resulted in a large-scale lowering of the water table
by 2–3 m on average (Bakker and Stuyfzand 1993). At the same time, large
parts of the dune area were saved as a landscape in a time of rapid industrial-
isation and rapid urbanisation in this densely populated area. Munoz-Reinoso
(2001) also reported on the negative effects of groundwater abstraction in the
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Doñana National Park in Spain. He found that the impact of a groundwater
abstraction facility near a large tourist resort, was obscured by large fluctua-
tions in precipitation from year to year. Using aerial photographs he assessed
a clear increase of scrubs and trees (notably Pinus pinea from surrounding
pine plantations) along the shores of dune ponds over a period of 23 years. He
suggested that the following mechanism is responsible for this increase in
trees: The invasion of trees and large shrubs, under natural conditions, is  pre-
vented by the occurrence of exceptionally high floods during the spring,
killing most of the tree and shrub species from dryer habitats. This flooding
frequency stabilises the open grassy and heath vegetation that is adapted to
temporary very wet conditions. The abstraction of groundwater from the
main aquifer prevents some discharge of groundwater in the dune ponds, thus
preventing the exceptional high flood even in areas situated more than 5 km
away (González Bernáldez et al. 1993).

The very negative effects of drinking water extraction in the Dutch dune
areas led to the development of new production techniques. To increase the
water tables in the dried out dune areas, surface water from the rivers Rhine
and Meuse was transported into the dunes and through an extensive network
of ponds and canals was infiltrated in the soil. For nature conservation this
technique was disastrous. The input of polluted river water led to increased
water tables in the dune slacks, but at the same time promoted eutrophication
in practically all dune slacks (Van Dijk and Grootjans 1993).

In less-affected dune areas, as the Wadden Sea coast, 70 years of dune fix-
ation, in which every spot of bare soil had to be covered with branches or
hay due to legislation, this resulted in an almost complete stop in natural
dune formation. This has led to rapid vegetation succession in dry dunes, but
also in slacks. For economical reasons grazing by cattle has stopped in most
of the European coastal areas. This has led to enhanced grass encroachment
(Veer 1997) and the development of woodland. A positive feedback mecha-
nism exists between increased biomass production and decreased ground-
water levels. Tall vegetation types, such as shrubs and forests intercept more
nutrients from atmospheric deposition than relatively open and short vege-
tation types, which leads to increased growth and a higher evapotranspira-
tion. The result is an increased drop in water tables during the summer and
consequently in a decreased discharge of groundwater in the dune slacks
(Stuyfzand 1993). If the supply of groundwater decreases, shrubs and tall
grass species invade the site and pioneer communities lose the competition
due to increased availability of nutrients. The succession was stimulated
even more by increased atmospheric N-deposition during the last 50 years.
The total amount of nitrogen which was deposited on the vegetation via pre-
cipitation and dust particles increased from ca. 10 kg N ha–1 year–1 in 1930
to ca. 25 kg N ha–1 year–1 in 1980 (Stuyfzand, 1993) and has stabilised
between 25 and 35 kg N ha–1 yr–1 in the late 1990s (Ten Harkel and Van der
Meulen 1996; Van Wijnen 1999). All these human disturbances during the
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last 50 years have led to enormous loss of biodiversity along the European
coasts.

At present, the pioneer stages in dune areas are rare in most parts of west-
ern Europe. Large blowing dune systems still occur in, for instance, Spain in
the Coto Doñana, in Poland in the Wolinski National Park, in France near Bor-
deaux, on the German Wadden Sea island of Sylt, in Denmark and on the
Dutch Wadden Sea island of Texel.

6.5 Restoration of Dune Slacks

During the last decade many restoration projects have been initiated to
restore the biodiversity in European dune slacks. The first attempts, some
40–50 years ago, were not very successful. Ponds with rather steep slopes were
dug in some convenient site to compensate for lost species-rich dune slacks.
The number of target species establishing in such sites was rather low
(Fig. 6.6). Better results were obtained by sod cutting in already existing dune
slacks where relics of target species were still present in the grass- or shrub-
dominated vegetation. Actually, the best results were obtained unintention-
ally. Very species-rich pioneer slacks developed behind the artificial sand
dikes on large sand flats. These dykes were constructed for coastal defence
purposes. The reason for these unexpected developments is that this situation
resembles the natural dune slack formation by enclosure of sandy beaches by
growing dune ridges. The vegetation development starts under near-natural
conditions here. Usually, endangered pioneer species can easily colonise such
areas since small populations are practically always present in older stages
nearby, and dispersal mechanisms (wind, water, animals) appear to be very
effective. If a well-developed soil seed bank is present, the pioneer stages are
rich in Red List species immediately after the restoration measures.

In dune slacks, where the top soil has not yet been decalcified, mowing or
grazing are also suitable restoration measures to restore or maintain species-
rich dune slacks. However, when old dune slack soils have been decalcified
mowing and grazing will not suffice to conserve the basiphilous dune slack
species, because the acidification will proceed and organic material accumu-
lates in the topsoil rapidly. These accumulated nutrient stocks in the soil com-
partment appear to act as a threshold. First, an endo-organic layer is formed
in the top soil, but in decalcified soils also ecto-organic layers are formed on
top of the surface. The surface is elevated in this way, preventing a good con-
tact with the calcareous groundwater. Under such conditions basiphilous Red
List species are no longer able to establish new populations. The soil seed
bank underneath the organic layer may still be rich in Red List species, but
when time passes the soil seed bank becomes depleted due to viability loss.
When buffer mechanisms (blowing sand or groundwater fluxes) can be
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restored in acidified slacks, sod cutting is the best option here, since it
removes the organic layer entirely.

Apart from man-made dune slacks there should be room for stimulating
dynamic natural processes (action of wind and water) that form and sustain
natural dune slacks. In this way endangered species can survive without
human interference.
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Fig. 6.6. Conceptual model of occurrence of endangered dune slack species (Red List
species) after restoration measures have been carried out. 1 Unsuccessful projects where
measures were carried out in unsuitable sites and where seed banks are depleted. 2 Tem-
porary success, followed by rapid decrease in target species is encountered in slacks
where environmental conditions are unfavourable, but where seed banks were still pre-
sent. 3 Successful, but short-lived, reconstruction of pioneer vegetation with many Red
List species. Dispersal mechanisms are effective, but environmental conditions are sub-
optimal. Mowing may sometimes retard a rapid spread of later successional species and
a rapid decline in Red List species. 4 Very successful projects where many typical dune
slack species establish in large numbers and persist for many decades. Natural processes
retard the succession towards late successional stages. A mowing regime may stabilise
the pioneer stage even longer. (After Grootjans et al. 2002)
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