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• Dune slack, soil and vegetation devel-
opment over the past four decades

• Detailed time series of increase in soil C
and decrease in pH

• Unsuitable habitat conditions L. loeselii
in lime-poor dunes in 34 years

• Current formation of new dune slacks
on SW-Texel every 4–5 years.

• Texel stronghold EU-habitat directive
species L. loeselii for many years
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Actual and expected presence of L. liparis in dune slacks of different age on SW-Texel. T1–T11 are existing dune

slacks, with future presence based on present-day developments in vegetation and soil, and unsuitable habitat
conditions 34 years after the start of succession. T15–T20 are expected future dune slacks, based on the current
rate of new dune slack formation once every five years. Expected presence of Liparis loeselii in T15–T20 is based
on present-day developments in vegetation and soil.
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Dune slacks are important habitats, with many endangered plant species. A series of eleven dune slacks of 1–
42 years old was studied in SW-Texel, the Netherlands, with the EU-habitat directive species Liparis loeselii pres-
ent in all except the youngest and oldest. Analysis of aerial photographs revealed that new slacks are currently
formed every 4–5 years. In each slack, topsoil and vegetation data were collected in 2010 and 2014–2015. During
succession, vegetation changed from brackish pioneer stages to dune slackswith L. loeselii and Parnassia palustris
and ultimately grassland species. Differences between dune slacks and sampling periods weremostly significant.
Herb cover and soil C increasedwith slack age, and over the five year study period, while bare sand, bulk density
and pH decreased. The annual pH-decreasewas 0.055 and 0.075 for pH-H2O and pH-KCl respectively, and annual
C-increase 0.16% and 35 g m−2. Liparis loeselii was only present between pHH2O 5.8–7.5 and pHKCl 5.6–7.6, and
only occurred at C-content below 4.3%. In lime-poor dunes, environmental conditions thus become unsuitable
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approximately 34 years after the start of succession. In the dune slacks, Liparis loeselii establishedwithin 6 years,
showed peak values after 11–16 years, and declined until conditions became unsuitable. Rejuvenationmay occur
after large storms with fresh sand deposits. However, even with further succession, the present populations are
not endangered and probably last until 2040. With new dune slacks every 5 years, L. loeselii occurs in approxi-
mately eight different dune slacks at the same time, ensuring viable populations also in the future. This shows
that adverse effects of succession can be counteracted by dynamics on local and landscape scale.

© 2016 Elsevier B.V. All rights reserved.
Nature conservation
Orchid
pH
1. Introduction

Dune slacks belong to the priority habitats (H2190) of the European
Habitat directive (European Union, 1992). Dune slacks are dynamic
habitats, and once formed, undergo succession of vegetation and soil.
Although habitat conditions and changes during succession in dune
slacks are generally known (e.g., Lammerts and Grootjans, 1998;
Shahrudin et al., 2014), integrated studies of actual dune slack forma-
tion, soil succession and the response of characteristic plant species
are scarce. Such information is important, because adverse effects of
succession on characteristic plant species may be counteracted by
local and landscape dynamics.

One of the characteristic dune slack species is the orchid Liparis
loeselii (L.) Rich., which has been listed as priority species in the EU-
habitat directive (European Union, 1992). Liparis loeselii occurs in
coastal dune slacks and calcareous peatlands (Jones and Etherington,
1992; Lammerts and Grootjans, 1998; Wheeler et al., 1998; McMaster,
2001; Pawlikowski, 2008; Naczk and Minasiewicz, 2010; Milanović,
2012; Oostermeijer and Hartman, 2014). The species has a wide distri-
bution, ranging from the northeast of the United States and Canada, to
northern and Central European countries and Russia, but populations
of L. loeselii are in serious decline over most of its geographical range.
In the European Union, it is now considered as an endangered species
(Schnittler and Günther, 1999).

The relationship between survival of L. loeselii and successional
stage in coastal dune slacks was first studied in Wales by Jones and
Etherington (1992). They found that L. loeselii appeared between 12
and 15 years after initial vegetation establishment of the slacks. The
orchid started to decline when the shrub, Salix repens, developed a
dense vegetation cover, which occurred after around 40 years. In
addition to vegetation development, abiotic factors such as pH and
soil organic matter also affect the survival and population density of
L. loeselii (e.g. Stuckey, 1967; Wheeler et al., 1998; Lammerts and
Grootjans, 1998; Wotavová et al., 2004; Janečková et al., 2006;
Oostermeijer and Hartman, 2014; Grootjans et al., 2016). Favourable
conditions recorded for the species include a high pH (N6), combined
with low availability of nutrients and low amounts of soil organic mat-
ter. A complicating factor is that L. loeselii has short-living populations
with high rates of local extinction, and needs regular formation of new
sites for survival (Eriksson, 1996; Oostermeijer and Hartman, 2014).
The appearance of new plants is most prevalent in young dune slacks
(Jones, 1998).

In the present study, we focus on a series of dune slacks on the
southern tip of the isle of Texel, the Netherlands, which is a good
model system to study the changes in habitat conditions during differ-
ent successional stages. Texel is a dynamic, actively growing area, with
dune formation since the 1300s (Sha, 1990; Ballarini et al., 2003). In
the last century, a series of dune slacks has developed on a shoal at-
tached to the island in 1908–1916, and dune (slack) formation is still
an active process. The goal of this study is to analyze how fast develop-
ment of new dune slacks has been over the past decades, how fast suc-
cession goes and how long it takes to reach unsuitable conditions for
dune slack species such as L. loeselii. The ultimate questionwaswhether
development of suitable habitat occurs fast enough to maintain a viable
population in the future.
2. Methods

2.1. Study area

The southern tip of Texel is one of the few places in Europe where
natural formation of primary dunes still occurs (Fig. 1). The coast has
been growing since the 13th century, due to accreting shoals in the
ebb-tidal delta since the formation of the Marsdiep, the main connec-
tion between North Sea and Wadden Sea (Sha, 1990; Ballarini et al.,
2003). The shoal the Hors became attached in 1749. The Onrust, the
shoal on which the present dune formation takes place, became at-
tached in 1908–1916. A new shoal is approaching: Razende Bol-
Noorderhaaks, which has been above the low water line since 1925.

On the beach plains, new dune ridges and slacks have formed since
the 13th century (Sha, 1990; Ballarini et al., 2003). In the present
study, only dune slacks formed since the last century, south of the fore
dune ridge of 1910, are taken into account. The series starts with dune
slacks at the border of thewestern lake, formed after the final formation
of a sand dike around 1964. The next large dune valley, Kreeftepolder,
has also been created by sand dikes, and has been cut off from the sea
since 1977 (Ballarini et al., 2003). In the area south of this sand dike, au-
tonomous dune development has been allowed since 1984, which has
resulted in the formation of many larger and smaller dune slacks,
surrounded by relatively low sand dunes. All dune slackswere gradually
colonized by L. loeselii. Since L. loeselii populations cannot survive when
the habitat is overgrown by woody species (Jones and Etherington,
1992; McMaster, 2001; Bzdon and Ciosek, 2006), especially the older
slacks are mown.

2.2. Development of dune slacks

For all dune slacks formed before 1986, the dates on themap of dune
formation of Ballarini et al. (2003) were used, to determine when the
foot of the surrounding dune ridge had been present. This date was
used as the moment that slack formation had finished. For the dune
slacks formed between 1986 and 2005, estimates of formation were
based on aerial photographs. Aerial photographs of the area were avail-
able for 1986, 1996, 2000, 2003, 2005 and 2008. Because the photo-
graphs differed in quality, resolution and/or colour, interpretation in
GIS was based on human observation and supervised classification,
rather than digital unsupervised classifications. A dune slack was as-
sumed to be formed when the influence of groundwater was visible
on the aerial photographs, and when the surrounding dunes became
higher andwere growing together. For the period 2005–2014, high res-
olution (10 cm–1 m) infrared aerial photographs were available for
every year except 2007. All of the aerial photographs, except 2008,
were taken during ebb-time, and for most years both winter and sum-
mer recordings were available. For comparison with the earlier dataset,
dune slack formation and vegetation development were analyzed with
supervised classification, based on the criteria used above. The aerial
photographs were also used to assess vegetation development in the
sampling locations, together with vegetation maps of the area of 1988,
1994, 1996, 1999, 2004 and 2005. All materials were provided by
State Forestry Service, the site manager, Rijkswaterstaat, responsible
for coastal defence, and the Ministry of Defence, the actual owner of



Fig. 1.Map of the dune slacks in SW-Texel. T1–T11 are the dune slacks used in this study, T12–T14 are rejuvenated sites after a large flood in the western part of T6. The first date in the
legend is the year of dune slack formation; the second date is the year of first vegetation establishment, i.e., the start of the succession process, and considered as age of the dune slack.
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the area. The photographs andmaps showed aroundwhat time vegeta-
tionwas first established, i.e. was first visible, andwhen the dune slacks
weremore or less completely vegetated. The time of the first vegetation
establishment is considered to be the start of the succession process,
and determines the age of the dune slack. Historical data of the occur-
rence of L. loeselii in the study area since 1978were provided by the sec-
ond author.

2.3. Field survey

Field measurements were conducted in 2010, 2014 and/or 2015.
In 2010, field measurements were conducted in nine dune slacks

(T1–T8 and T10), representing a succession series of slacks with differ-
ent age (Fig. 1, Table 1). In each slack, four replicate plots were selected
at the end of June according to stratified random sampling, in vegetation
with Liparis loeselii, if present. In the oldest site (T1), where the species
no longer occurred, former localities were indicated by the site manag-
er. In the youngest site (T10), where the specieswas not yet found, sam-
pling sites were selected in the young valley floor, where the species
Table 1
Age and vegetation history of a series of dune slacks on SW-Texel. Age of first vegetation is consi
large underestimation, as the total number of L. loeselii plants in 2010 was much larger in T6 th
large storm in the westernmost part of T6.

Code Formation dune slack Age first vegetation Arrival L. loeselii Slack age in

T1 1964 1973 1978 37
T2 1986 1986 1992 24
T3 1977 1994 1995 16
T4 1977 1994 1995 16
T5 2000 1999 1998 11
T6 2000 1999 1998 11
T7 2000 1999 1998 11
T8 1996 2003 2008 7
T9 2007 2007 2011 3
T10 2005 2009 2015 1
T11 2012 2013 – –
T12–T14 2000 1999 1998 –
was expected in the future. In two of the larger slacks (T4 and T6), in
each of the four plots, two subplots were selected, because the vegeta-
tion with L. loeselii occurred in two zones, closer to and higher above
the water level. All plots were marked with GPS-coordinates. In addi-
tion, in all dune slacks, the total number of L. loeselii plants was counted.
In T6, however, in 2010, the plants were only counted in a small area
around the sampling plots. As a result, population size in the whole
slack was greatly underestimated, as numbers amounted to 18,000 in
2011 (personal communication Thea Spruit).

In 2014, the above sampling scheme was more or less repeated, al-
though it was not possible to use exactly the same sampling locations,
due to GPS-inaccuracies. Sampling plots were selected in May for soil
analysis, and properly marked for vegetation and water table analysis
at the end of June. In addition to the nine dune slacks selected in 2010,
four plots were randomly selected in a new dune slack, which did not
yet exist then (T11). The total number of L. loeselii plants was counted
in all dune slacks, except T8, due to lack of time. Also, in T6, thewestern-
most part, which comprised approximately 10% of the area, L. loeselii
plants were counted separately from the rest of the valley. This part
dered as start of the succession process and determines the slack age. 1= this is probably a
an in the plots alone, and in 2011 counted as 18,000. T12–T14 are rejuvenated sites after a

2010 Mowing regime Total Liparis 2010 Total Liparis 2014 Total Liparis 2015

Yes 0 0 0
Yes 230 2 37
Yes 1120 12 106
Yes 1350 2 6
No 50 21 425
Yes 2001 47 102
No 200 206 1426
No 10 – 10,424
No – 125 190
No 0 0 4
No – 0 0
Yes – 2471 8030
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was rejuvenated by a large storm in 2012,whichflooded the valleywith
its own freshwater (pushed up by the sea), andblew in large amounts of
fresh sand, partly redistributed by thewater. In thiswesternmost part of
T6, the storm led to a thin layer of fresh sand on top of the existing soil.

In 2015, this sampling procedure was repeated, again inMay for soil
analysis and at the end of June for vegetation and water table measure-
ments. In addition to the already existing plots, four plots were random-
ly selected in a young dune slack with L. loeselii (T9), which was
undetected before, but appeared to be slightly older than the youngest
slacks in our earlier series (T10 and T11). Also, three sampling sites
(T12, T13 and T14)were selected in thewesternmost part of T6, rejuve-
nated after a large storm in winter 2012, with four randomly selected
plots in each. Liparis loeseliiwas abundant in the rejuvenated sites, but
had largely disappeared from the main part of the T6 slack. The total
number of L. loeselii plants was counted in all dune slacks, with the
westernmost part of T6, where the rejuvenated T12–T14 were situated,
separated from the rest of the valley.

In each plot, depth of the water table was measured in 2010, 2014
and/or 2015 at the end of June in a bore hole, after stabilization of at
least 15 min. Water tables were also measured in the valley floor, in
bore holes when necessary, to determine height above the valley floor.
All vascular plant species were recorded in a 1 × 1m plot, with nomen-
clature according to vanderMeijden (2005), and cover visually estimat-
ed as percentage. The bryophyte layer was not (always) analyzed to the
same detail, but was generally dominated by Calliergonella cuspidata.
Since differences between the plots in species composition were rela-
tively small for different sampling years, data of 2010, 2014 and 2015
were combined. In each plot, all plants of L. loeseliiwere counted and di-
vided in three groups: one-leaved young plants, two-leaved vegetative
adults and two-leaved flowering adults (Oostermeijer and Hartman,
2014). These data were used for the calculation of the total number of
L. loeselii plants in each plot, as well as the contribution of young plants
to the total number. Soil samples were collected at the end of June
(2010) or in May (2014–2015), in the same plots used for vegetation
analysis and water table measurements. In each plot, three soil samples
of the upper 5 cm were collected with 100 cm3 metal pF-rings, which
comprised most or all of the soil organic matter. One sample was kept
fresh for pH and EC-measurements; the other two were combined to
one sample and dried, and used for bulk density and analysis of C and N.

2.4. Laboratory analysis

After homogenization by hand, pH values were determined on fresh
samples in demineralized water and in a 0.1 M KCl-solution, using a
1:2.5 weight:volume ratio. Electrical conductivity was measured in the
water-extract as a proxy for salinity, but as this gave no extra informa-
tion other than significantly higher values for the most saline site T7,
this parameter was not further used. In general, mean EC values ranged
between 91 and 597 μS cm−1. However, in the most saline T7, mean
values increased to 1085 μS cm−1 in 2014 (after floodingwith seawater
in 2012), and were still 654 μS cm−1 in 2015. Bulk density was deter-
mined after drying of the samples for 48 h at 105 °C. After grinding of
subsamples, C and N contents were determined with a CNS analyzer
(Westerman, 1990). Total C and N stocks in the upper 5 cmwere calcu-
lated, based on bulk density and C- and N-contents in %. In 2014, one
sample in T1 and one sample in T5 had unrealistically high values, and
were discarded for these and related parameters. Soil C:N ratios were
also calculated. In 2010, however, one sample in T10 had an extreme
C:N ratio of 24.7, which was much higher than the other values at that
stage of succession, and was discarded.

2.5. Statistical analysis

Differences in soil and vegetation parameters between dune slacks
and sampling years were only tested for the nine slacks sampled in
2010, 2014 and 2015. As differences between 2014 and 2015 were
relatively small, these two yearswere combined to one samplingperiod.
A two-factor general linear model was used, with dune slack (T1–T10)
and sampling period (2010 and 2014–2015) as independent factors
(Codey and Smith, 1987), so that repeated measurements were explic-
itly taken into account. Differences between individual dune slacks and/
or sampling periods were tested post-hoc with the LSmeans test.

For the entire succession series of the eleven dune slacks, with the
younger T9 (only sampled in 2015) and T11 (only sampled in 2014
and 2015) included, differences in soil and vegetation parameters
were tested with a one-factor general linear model with dune slack as
independent factor, and post-hoc LSmeans tests.

To calculate the actual change in pH and C in the topsoil during suc-
cession, linear regressionwas appliedwith age of the dune slack, i.e. age
since the first vegetation appeared. For this analysis, plot values for pH
(H2O and KCl), C-content and C-stocks per m2 for a particular year
(n = 4) were combined to obtain mean values per sampling site and
each sampling year. These mean values (n = 38) were used as input
values for linear regression.

Regression was also used to test whether the number of L. loeselii
plants in the plots was affected by pHH2O, pHKCl, C-content and age
(n=144). These analyseswere conductedwith andwithout rejuvenat-
ed plots. For pHH2O, pHKCl and age, correlationswere not significant, be-
cause the species was present in 2010 in most plots, but afterwards
disappeared, probably because the short-lived plants usually disappear
from a particular patch 4–8 years after colonization (Oostermeijer and
Hartman, 2014), even though environmental conditions had only
slightly changed. For C-content, the relationship was significant
(R=−0.18 and−0.20with andwithout rejuvenation plots respective-
ly), but here aswell, the trend linewas obscured bymany plots without
L. loeselii. For this reason, trend lines were not included in the graphs.

To test the effect of rejuvenation of soil and vegetation after a large
storm in 2012 in T6, the three rejuvenated sites T12, T13 and T14
were compared with the unaffected low and high T6 sites in the same
valley in 2015. A one-way general linearmodelwas usedwith rejuvena-
tion as independent factor, and differences between particular mean
values were post-hoc tested with LSmeans tests.
3. Results

3.1. Dune slack formation and vegetation development

The analysis of aerial photographs and vegetationmaps resulted in a
dune slack series of different age (Fig. 1, Table 1). Formation of the
oldest dune slacks (T1) was completed in 1964. Liparis loeselii was
first recorded there in 1978, together with Dactylorrhiza incarnata and
Parnassia palustris. Based on developments in other dune slacks, we
set the start of vegetation development, i.e. age of the dune slack, five
years before the arrival of L. loeselii, in 1973. In 1998, L. loeselii was still
present with 2300 individuals. In 2009, however, the species had be-
come locally extinct, except for one plant along a heavily used footpath.

The second dune slack (T2),which has a secondary rather than a pri-
mary origin andwas formed by blow-outs, still mainly consisted of bare
sand on the aerial photograph of 1986, butwas completely vegetated on
the aerial photograph of 1996. Liparis loeseliiwas first observed in 1992.
The species is still present, but decreased from 230 individuals in 2010
to only a few in 2014–2015.

The two sampling sites in Kreeftenpolder (T3 and T4) were formed
in 1977, even before the secondary dune slack T2 had developed. How-
ever, because the area remained very dynamic due to the large size, veg-
etation development started only in 1994. Liparis loeseliiwas first found
in 1997, but the species is assumed to have been there since 1995, since
the plants were already flowering. In 2003, 1389 individuals were
counted in the eastern part of the Kreeftenpolder (T3). In 2010, the pop-
ulation still consisted of 1120 individuals in T3 and 1350 in T4, but num-
bers have sharply declined since then to 106 and 6 respectively in 2015.
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The large dune slack complex SE of Kreeftenpolder consisted of T5,
T6 and T7, respectively a series of small secondary dunes slacks north
of the large valley (T5), the middle and west part of the large primary
valley, filled with freshwater (T6), and the east, more saline part
where the sea still has access from time to time (T7). In 1994 and
1996, the valley was still a beach plain with primary dunes and regular
access of the sea. Dune slack formation was finished in 2000, and access
of the sea was reduced from four channels to only one. Vegetation had
started to develop in 1999, with species such as Juncus articulatus,
Glaux maritima and Sagina nodosa. Liparis loeselii was first found in T6
in 1998. It is not knownwhen L. loeselii colonized T5 and T7, but it is as-
sumed that this happened around the same time. Liparis loeselii reached
peak values around 2010–2011, with 18,000 individuals counted in T6.
In this valley, numbers have strongly decreased since then, except for
the westernmost part, where soils and vegetation have rejuvenated
after a large storm in 2012. In T5 and T7, however, the population is
still in good health.

The formation of T8, in the western part of the study area, started
around 1994, and was completed around 1996, which is earlier than
T5, T6 and T7. However, the dune slack was still affected by seawater
in the early years, and the first vegetation appeared only in 2003. In
2008, L. loeselii appeared, togetherwithAgrostis stolonifera and Parnassia
Table 2
Characteristic plant species in dune slacks of different age on SW-Texel. The dune slacks T1–T11
westernmost part of T6. Species occurring with low frequency in only one or two slacks are no

T1 T2 T3 T4 T5 T6

n= 12 12 12 24 12 24
Age in 2010 37 24 16 16 11 11
Carex nigra V – – – – –
Cynosurus cristatus III – II – – –
Trifolium repens V IV IV III – –
Trifolium dubium III II II II – –
Rhinantus angustifolius V II III II II II
Ranunculus flammula IV III III IV II IV
Hypericum tetrapterum IV – I I – I
Prunella vulgaris IV – I I – I
Galium palustre III II III IV – II
Lotus pedunculatus III – IV II – IV
Luzula multiflora I – I – – II
Carex disticha IV III I II I –
Cardamine pratense III II II I – II
Anthoxanthum odoratum III – – I – II
Euphrasia stricta III I II II III IV
Dactylorrhiza incarnata II III II I II II
Eleocharis quinqueflora II I III II V III
Leontodon saxatile II – I I I I
Linum catharticum II – I I I I
Potentialla anserina I I – II – –
Calliergonella cuspidata V V V V V V
Epipactis palustris III III V I V IV
Holcus lanatus IV V V V II V
Mentha aquatica V IV IV V III V
Salix repens V V V V V V
Hydrocotyle vulgaris V V V V I V
Carex oederi IV IV III III V II
Phragmites australis IV III III V II V
Juncus articulatus II V III IV V V
Agrostis stolonifera II IV IV IV II IV
Eleocharis palustris I II II IV I II
Liparis loeselii – III II III III III
Parnassia palustris – I – II III III
Carex arenaria – I I II II I
Plantago lanceolata – – I I I I
Juncus maritimus – – II I V III
Pedicularis palustris – – II – – II
Blackstonia perforata – – – – I I
Oenanthe lachenalii – – I I – II
Bolboschoenus maritimus – – – – – I
Carex distans – – – – – I
Centaurium littorale – – – – – I
Glaux maritima – – – – – –
Carex extensa – – – – – –
palustris. Population size of L. loeselii strongly increased from 10 plants
in 2010 to 10,424 in 2015.

T9, T10 and T11 are the youngest dune slacks. According to the aerial
photographs, T9 was formed and vegetated in 2007. Liparis loeseliiwas
encountered in 2013, but may have established a few years earlier
around 2011, as there were already more than hundred individuals in
2014. T10 was formed in 2005, two years earlier than T9, but became
vegetated only in 2009, when access of the sea was reduced. Liparis
loeselii established in 2015. The youngest slack, T11, was formed in
2012. First vegetation appeared in 2014, but L. loeselii has not yet
established.

T12, T13 and T14, located in the westernmost part of T6, were reju-
venated by a large storm in winter 2012, which deposited a layer of
fresh sand. The dune slack itself was thus formed in 2000, but the sam-
pling sites were reset in 2012. Liparis loeselii has been very prominent in
2014 and especially 2015, when the population consisted of 8030
individuals.

3.2. Changes in plant species composition

Plant species composition clearly changed during dune slack succes-
sion (Table 2). Some specieswere present in almost all dune slacks, such
belong to the regular succession series; T12–T14 are rejuvenated sites after a storm in the
t included.

T7 T8 T9 T10 T11 T12 T13 T14

12 12 4 12 8 4 4 4
11 7 3 1 – 11 11 11
– – – – – – – –
– – – – – – – –
– – – – – – – II
– – – – – – – –
– – – – – – – III
– – – – – III – –
– – – – – – – –
– – – – – – – –
– – – – – – – –
– – – – – – II IV
– – – – – – – –
I – – – – – – –
I – – – – II – –
I – – – – – – –
I IV – – – V V V
I III – – – III II III
I – – – – IV – V
I III – – – III II –
I III – – – III II –
III III – – – – – –
II I IV – – V IV V
II I II – – V V V
I – III – – – V V
V V V I – III III III
V III V – IV V V V
III V II – I II II II
III V IV – IV V II V
V II V V III V V V
III V IV III V V V –
IV III IV V IV II V IV
II – II I I II II III
V V III I – V V V
II III III I – V V III
III IV III – – IV III –
– I – – – – – –
V – II V I – II V
– – – – – – – IV
– – – – – II V II
III – – – – I – –
– – – I – III II –
II – III – – – – –
– III – I – IV – –
– IV – V – – – –
– – II III – – – –



Table 3
Differences between dune slacks (T1–T10), sampling years (2010 and 2014–2015) and
their interactions in vegetation and soil characteristics. Only the nine slacks sampled in
all three years are included (n = 132). Significant effects are given as probability value;
ns = not significant (p N 0.05).

Dune slack Sampling year Slack ∗ year

Height above slack floor (cm) 0.0001 ns ns
Water level (cm below surface) 0.0001 0.0006 ns
Herb layer (%) 0.003 0.0001 0.0001
Moss layer (%) 0.0001 0.0001 0.0001
Bare sand (%) 0.0001 0.0001 0.0001
Number of Liparis plants 0.021 0.0001 0.0001
Contribution young plants (%) 0.002 ns 0.029
pH-H2O topsoil 0.0001 0.004 ns
pH-KCl topsoil 0.0001 0.0002 ns
Bulk density (g cm−3) 0.0001 0.0001 ns
C-content topsoil (%) 0.0001 0.004 ns
N-content topsoil (% 0.0001 0.002 ns
Total C in topsoil (g m−2) 0.0001 ns ns
Total N in topsoil (g m−2) 0.0001 0.045 ns
C:N ratio topsoil (g g−1) 0.0001 0.0001 0.0001
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as Carex oederi, Juncus articulatus, Phragmites australis and Salix repens.
However, brackish pioneer species such asCarex extensa,Glauxmaritima
and Centaurium littorale only occurred in young ones, such as T8, T9 and
T10. Characteristic dune slack species such as L. loeselii and Parnassia
palustris already established in T10, but were not present any more in
T1, the oldest dune slack. Other dune slack species, such as Epipactis
palustris, Dactylorrhiza incarnata, Linum catharticum and Euphrasia
stricta appeared later in succession, and were found in T8 and older
slacks. Grassland species such as Rhinanthus angustifolius established
in T6 and older dune slacks, while Cynosurus cristatus, Trifolium repens
and Trifolium dubium were found in T4 and older dune slacks. Only
one species occurred exclusively in T1, the oldest slack: Carex nigra, a
species of slightly acidic wetlands.

3.3. Succession of vegetation and soil

Differences between dune slacks and sampling periods were signifi-
cant for almost all vegetation and soil parameters, except for height
above the valley floor, contribution to young L. loeselii plants to the
total number and total C in the topsoil (Table 3).

Height above the valley floor did not differ between sampling pe-
riods, but clearly varied among dune slacks (Tables 4, 5). Current and
former L. loeselii sites were located relatively low in the valley floor for
the youngest primary dune slacks (T9, T10 and T11), and the secondary
dune slacks formed in blow outs (T2 and T5). In the older primary dune
slacks, water tables had risen with time due to coastal accretion, and
current and former L. loeselii sites were found in higher (upslope) posi-
tions. Water tables, measured at the end of June, also differed between
dune slacks, but in a differentway. Theywere relatively low in the youn-
gest (T9, T10 and T11), but also in the western slacks (T2, T4 and T8),
probably because the groundwater body is relatively small there. In
Table 4
Vegetation and site characteristics in dune slacks of different age. For mean values and standard
nificant differences between dune slacks for a particular parameter (p b 0.05). n.d. = not dete

Age 2010 n Height above slack floor (cm) Water table (cm below surface

T1 37 12 22 (6)c 19 (6)ab

T2 24 12 5 (5)a 28 (18)b

T3 16 12 17 (3)c 16 (14)a

T4 16 24 12 (11)b 27 (18)b

T5 11 12 2 (4)a 11 (6)a

T6 11 24 17 (12)c 13 (11)a

T7 11 12 12 (7)bc 27 (10)b

T8 7 12 11 (6)b 29 (8)b

T9 3 4 5 (4)a 27 (4)b

T10 1 12 5 (4)a 28 (8)b

T11 – 8 0 (0)a 21 (12)ab
the eastern slacks (T3, T5 and T6), where the groundwater body is
much larger, water tables were significantly higher. Water tables were
also higher in 2014–2015 than in 2010, mainly because 2014 was a
wet year and water tables were on average 16 cm higher than in
2010. In 2015, water tables at the end of June were again similar to
those of 2010.

The cover of the herb layer generally increased with dune slack age,
from 51% in the youngest T11 to 93% in the oldest T1. Herb cover also
significantly increased between 2010 and 2014–2015. Interactions be-
tween dune slack and sampling period were significant, because herb
coverwas alreadyhigh in older slacks, but strongly increased in younger
slacks.Moss cover was very low in young, showed an optimum in inter-
mediate and decreased again in older dune slacks. Moss cover signifi-
cantly decreased between 2010 and 2014–2015. Interactions between
dune slack and sampling year were significant, because moss cover
was already low in older slacks, but strongly decreased in slacks of inter-
mediate age.

Bare sand also significantly differed among slacks and sampling
periods. Bare sand was actually only found in the younger dune
slacks T5–T11, and even here decreased rapidly between 2010 and
2014–2015. In T5, T6 and T7, which were eleven years old in
2010, bare sand decreased from 13 to 33% at that time to 1–3% in
2014–2015. In T10, which was one year old in 2010, bare sand de-
creased from 71% to 0% over the same period. Even in the youngest
slack, T11, bare sand decreased from 58% to 33% between 2014 and
2015, i.e. in one year time. Only in T8, which was seven years old in
2010, substantial amounts of bare sand remained, probably due to
high aeolian activity in the surroundings.

The number of L. loeselii plants in the plots significantly differed be-
tween dune slacks and sampling periods (Fig. 2). In 2010, the dune
slacks showed optimum values in T6, then eleven years old. In 2014–
2015, L. loeselii had strongly decreased in the older dune slacks. Substan-
tial numbers were only found in T5–T8, which still had relatively large
bare sand cover in 2010. Highest values were found in T7, the most sa-
line slack which was flooded with seawater in 2012, and in T8, which
was then eleven-twelve years old. Interactions between dune slack
and sampling period were significant, because L. loeselii increased in
younger slacks, but decreased in older ones. The percentage of young
plants also significantly differed between dune slacks, but not between
sampling periods, although interactions between these two factors
were significant. In 2010, the contribution of young plants to total num-
bers of L. loeselii ranged between 16 and 28% in T2–T5 (Table 6). In T6
and T7, values were relatively low with 6–10%, although total numbers
were still high. However, in T8, the youngest dune slackwith L. loeselii at
that time, contribution of young plants amounted to 50%, although total
numbers were still low. In 2014–2015, the contribution of young plants
had not really changed in T2–T6. However, the relatively saline popula-
tion in T7 had rejuvenated afterfloodingwith seawater in 2012, and the
contribution of young plants to total numbers had increased to 47%. In
T8, however, total numbers had increased, but the contribution of
young plants in the plots decreased to 8%.
deviations, data of 2010, 2014 and/or 2015 were combined. Different letters indicate sig-
rmined. Number of L. loeselii plants is the total number of individuals in a plot of 1 × 1 m.

) Herb layer (%) Moss layer (%) Bare sand (%) Number of L. loeselii plants

93 (6)c 12 (15)ab 0 (0)a 0 (0)a

69 (18)ab 52 (31)c 0 (0)a 3 (4)ab

84 (13)bc 43 (27)c 0 (0)a 6 (12)ab

75 (20)bc 34 (27)bc 0 (0)a 3 (7)ab

72 (15)b 17 (19)ab 10 (18)ab 7 (8)ab

75 (24)bc 25 (29)b 8 (15)ab 11 (22)b

82 (18)bc 4 (7)a 7 (14)ab 11 (19)b

83 (12)bc 1 (3)a 14 (13)b 8 (9)ab

93 (5)bc 9 (1)a n.d. 8 (15)ab

76 (36)bc 1 (0)a 24 (36) b 1 (0)ab

51 (22)a 0 (0)a 45 (22) c 0 (0)a



Table 6
The contribution of young plants (%) to the total number of L. liparis (if present) in 1 × 1m
plots in different dune slacks in 2010 and 2014–2015. Values given are means (1–8) and
standard deviations (if applicable). Different letters indicate significant differences in the
contribution of young plants with other dune slacks and/or sampling periods.

Dune slack Age in
2010 (yr)

Young plants in
2010 (%)

Young plants in
2014–2015 (%)

T1 37 – –
T2 24 28 (8)ab 20 (2)ab

T3 16 18 (13)ab –
T4 16 25 (34)ab 50 (71)ab

T5 11 16 (18)ab 31 (34)ab

T6 11 10 (11)a 0 (0)ab

T7 11 6 (12)a 47 (38)b

T8 7 50 (58)b 8 (14)a

T10 1 – 0 (−)ab

Table 5
Mean values and standard deviations of vegetation and soil characteristics in different
sampling years. Only the nine dune slacks sampled in all three years are included. Signif-
icant differences for a particular parameter between 2010 and 2014–2015 are given with
an asterisk (p b 0.05).

2010 2014–2015

Height above slack floor (cm) 10 (12) 13 (10)
Water level (cm below surface) 27 (15) 19 (13)*
Herb layer (%) 70 (25) 82 (17)*
Moss layer (%) 40 (35) 15 (18)*
Bare sand (%) 16 (24) 2 (6)*
Number of Liparis plants 12 (17) 3 (9)*
Contribution young plants (%) 21 (28) 24 (33)
pH-H2O topsoil 6.7 (0.7) 6.6 (0.6)*
pH-KCl topsoil 6.7 (0.8) 6.4 (0.8)*
Bulk density (g cm3) 1.13 (0.33) 0.92 (0.39)*
C-content topsoil (%) 1.4 (1.7) 2.3 (2.6)*
N-content topsoil (%) 0.08 (0.09) 0.14 (0.15)*
Total C in topsoil (g m−2) 573 (412) 656 (486)
Total N in topsoil (g m−2) 35 (23) 43 (29)*
C:N ratio topsoil (g g−1) 16.0 (2.2) 14.4 (2.5)*
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Soil pH values gradually and significantly decreased with slack age
(Table 7). In the youngest dune slack, T11, mean pH was 8.0 for pHH2O

and 8.6 for pHKCl. In the oldest T1, values had decreased to 5.4 and 4.8
respectively. Soil pH also significantly decreased from 2010 to 2014–
2015. Interactions among slack and sampling period were not signifi-
cant, which indicates that response patterns were similar across all
dune slacks. Correlations between pH and slack age were highly signif-
icant (Fig. 3). R2-values were 0.74 for both pHH2O and pHKCl, and the
overall decrease was 0.55 units per ten years for pHH2O and 0.75 units
per ten years for pHKCl.

Bulk density also significantly decreased during succession, and also
between 2010 and 2014–2015, due to accumulation of soil organicmat-
ter, which is much lighter than sand. Both C-content and total C in the
topsoil showed a significant positive correlation with slack age. C-
content increased from 0.1% in T11 to 6.0% in T1, and total C from 102
to 1326 g m−2. Mean C-content also significantly increased between
2010 and 2014–2015, from 1.4% to 2.3%. The relation between soil C
and slack age was again highly significant, with R2 values of 0.66 for
C-content and 0.72 for total C. The overall increase in C-content was
1.6% in ten years, after a delay of a few years. The overall increase in
total C in the topsoil was 354 g m−2 in ten years.

Soil C:N ratios generally increased during succession, from 7.5 in the
very young T11 to 18.4 in the oldest T1. However, C:N ratios decreased
between 2010 and 2014–2015. The significant interactions between
dune slack and sampling period suggest that this decrease especially oc-
curred in younger dune slacks. In both T8 and T10, C:N ratios decreased
from approximately 15 to 11 over the five year period.
Fig. 2. Number of L. loeselii plants in 1 × 1 m plots in different dune slacks in 2010 and
2014–2015. The numbers given are mean values (n = 4–16) and standard deviations.
3.4. Distribution patterns and rejuvenation of Liparis loeselii

Distribution patterns of L. loeseliiwith environmental factors and age
were mostly not significant, because the species disappeared from
many plots after 2010, even though environmental conditions had
only slightly changed. In plots with suitable pH and C-content, approx-
imately half of the samples did not contain L. loeselii.

Nevertheless, some patterns emerged (Fig. 4). The range of L. loeselii
in pH was clearly restricted. In the succession series with eleven dune
slacks, the species was only present between pHH2O 5.8–7.5 and pHKCl

5.6–7.6, and peak values occurred around 6.5 in both cases. In rejuve-
nated plots, the species already appeared aroundpHH2O 7.8, possibly be-
cause the soil was less saline than normally at such a high pH. With
respect to C-content, L. loeselii was only found below 4.3%. The species
did not occur at higher C-content, i.e. in places where a clear organic
layer had developed. In the age series of the eleven dune slacks, L. loeselii
appeared within approximately 6 years, although this may occur earlier
in rejuvenated plots. Liparis loeselii showed clear peak values after
10–16 years, and prolonged persistence even after 29 years. The peak in
L. loeseliiwas more or less in accordance with the patterns within slacks
T3, T6 and T8 (Table 1), which showed peak values around 2003, 2010
and 2015 respectively, when they were nine-twelve years old.

Although acidification and accumulation of soil organic matter in
dune slacks is unavoidable, regeneration may occur to some extent. Re-
juvenated plots in the westernmost end of T6, where a large storm had
deposited fresh sand in winter 2012, showed significantly higher bare
sand cover, bulk density and pH than the unaffected plots in the same
dune slack (Table 8). Herb cover decreased, but the number of L. loeselii
plants strongly increased. The total number of plants in the rejuvenated
part of the dune slack was approximately 8000 in 2015, which was
much higher than the approximately 100 specimens in the remaining
90% of the total area of T6. The contribution of young plants in the
plots was also relatively high, and ranged from 24 to 93% of the total
number of L. loeselii plants.
4. Discussion

The exact dating of when a dune slack had developed, when first
vegetation appeared and when L. loeselii established was hampered
by lack of information and suitable aerial photographs, especially for
the oldest dune slacks. As a result, dates may have been over- or
underestimated with one or a few years. Also, development of dune
slack could be a bit erratic. Sometimes, first vegetation arrived before
the slack was completely formed, but sometimes vegetation arrived
much later, because access of the sea had to be reduced first. Neverthe-
less, the overall assessment of age seems valid, and gives important in-
formation, such as the current development of new dune slacks once
every 4–5 years, the arrival of L. loeselii generally within a few years
after the first vegetation established, peak values in L. loeselii after



Table 7
Soil characteristics in dune slacks of different age on SW-Texel. For mean values and standard deviations, data of 2010, 2014 and/or 2015 were combined. Different letters indicate signif-
icant differences between dune slacks for a particular parameter (p b 0.05).

Age 2010 n pH–H2O pH–KCl Bulk density (g cm−3) C–content (%) C–stock (g m−2) C:N ratio (g g−1)

T1 37 12 5.4 (0.3)a 4.9 (0.4)a 0.47 (0.17)a 6.0 (3.2)d 1326 (400)e 18.4 (0.6)e

T2 24 12 6.6 (0.)bc 6.4 (0.4)c 0.80 (0.28)b 3.0 (1.7)bc 1001 (281)d 15.6 (0.9)cd

T3 16 12 6.3 (0.)b 6.1 (0.5)b 0.62 (0.31)ab 4.2 (2.4)c 1023 (365)d 17.0 (1.4)de

T4 16 24 6.6 (0.4)bc 6.4 (0.6)c 1.02 (0.29)c 1.8 (2.0)b 720 (466)c 14.8 (1.3)c

T5 11 12 6.8 (0.4)c 6.7 (0.5)cd 1.20 (0.19)d 0.5 (0.3)ab 299 (141)ab 14.1 (2.6)c

T6 11 24 6.6 (0.3)c 6.5 (0.3)c 0.91 (0.34)bc 1.6 (1.7)b 520 (282)b 15.1 (1.7)c

T7 11 12 6.8 (0.3)cd 6.6 (0.3)c 1.06 (0.18)c 0.9 (0.5)ab 469 (215)b 14.2 (1.5)c

T8 7 12 7.1 (0.3)d 7.1 (0.3)d 1.47 (0.12)e 0.3 (0.2)a 201 (89)a 13.1 (4.3)bc

T9 3 4 6.9 (0.1) cd 6.7 (0.3) cd 1.17 (0.09) cd 0.3 (0.2) ab 179 (116) ab 11.3 (2.1) b

T10 1 12 7.4 (0.4)d 7.7 (0.6)e 1.41 (0.12)e 0.2 (0.1)a 137 (53)a 12.1 (2.5)bc

T11 – 8 8.0 (0.4)e 8.6 (0.2)f 1.52 (0.06)e 0.1 (0.0)a 102 (23)a 7.5 (1.6)a
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approximately ten years, and persisting populations until approximate-
ly after 34 years, when pHH2O has dropped to values below 5.8 and C-
content increased to values above 4.3%.
4.1. Dune slack development

The current rate of dune slack formation once every 4–5 years is
rather high. On the Wadden islands, new dune slacks usually form on
a scale of decades to centuries (Oost et al., 2012; Löffler et al., 2011).
The rate of dune slack formation is currently higher than in the past, be-
cause they are no longer created by man-made sand dikes. In the old
way, large beach plains were cut off, and took a long time to stabilize
and vegetate. Since 1984, however, natural development of fore dunes
and dune slacks is allowed, which has led to rapid formation of many
small to medium sized dune slacks.
Fig. 3.Decrease in pHH2O and pHKCl and increase in C-content and C-stock in the topsoil with age
correlations with age are significant (p b 0.05).
The main reason for fast dune slack formation on the island of Texel
is the large supply of fresh sand, however, provided by the shoals
forming in the ebb-tidal delta of the Marsdiep inlet (Sha, 1990;
Ballarini et al., 2003). Attachment of new shoals occurs in approximately
a hundred-year cycle, which has taken place repeatedly during the last
850 years. It starts with the formation of a main ebb channel in the
southern half of the inlet, which then extends seawards, where it inter-
rupts the tidal currents parallel to the shore. This leads to development
of a large shoal, which grows above the low water line and migrates
to the east, due to predominant westerly wind and waves. Eventually
the shoal will become attached to the island of Texel. In this way,
the Onrust, on which the dune slacks of this study have been
formed, became attached in 1908–1916. The new shoal, Razende Bol-
Noorderhaaks, is still separated from Texel, but when it arrives, sand
supply will be high enough for formation of new suitable habitats for
L. loeselii for at least the next century.
of the dune slack. Each data point (n=39) is based on 4 subreplicates. For all parameters,



Fig. 4.Occurrence of L. loeselii in dune slacks on SW-Texel with different age, pHH2O, pHKCl and C-content. Filled dots are plots in the dune slack succession series (n=144); open dots are
rejuvenation plots (n = 12).
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4.2. Decrease in pH during succession

One of the questions was how fast the dune slacks on the southern
tip of Texel becomeunsuitable for critical plant species such as L. loeselii,
which appeared to be approximately 34 years after the start of the suc-
cession process. The pH-range of the species in the present study, be-
tween 5.8 and 7.5 for pHH2O and 5.6–7.6 for pHKCl, with peak values
around 6.5 in both cases, is consistent with the preference of the species
for habitats with pH N 6 in other studies (e.g. Stuckey, 1967;Wheeler et
al., 1998; Oostermeijer and Hartman, 2014; Grootjans et al., 2016). In
the present study, suitable pH values were reached within six years,
and the species then indeed appeared. This is earlier than in Jones and
Etherington (1992), who found that L. loeselii appeared between 12
and 15 years after initial vegetation establishment in the slacks, perhaps
because source populations on Texel are numerous, nearby and
producing large numbers of seeds. The peak values in L. loeselii in our
Table 8
Rejuvenation effects on vegetation and topsoil characteristics in 2015 after flooding of the slac
significant (p N 0.05). Mean values and standard deviations (n = 4) are given for each plot sep
ticular parameter.

Rejuv T6-low control T6-high c

Number of L. loeselii plants 0.014 0 (0)a 0 (0)a

Young plants (%) 0.005 – –
Height above slack floor (cm) ns 7 (2)a 26 (8)b

Water table (cm below surf) 0.003 6 (2)a 24 (8)b

Herb layer (%) 0.0001 90 (8)c 90 (12)c

Moss layer (%) ns 9 (9)a 18 (17)a

Bare sand (%) 0.017 1 (3)a 3 (5)a

pH-H2O topsoil 0.004 6.8 (0.3)a 6.8 (0.3)a

pH-KCl topsoil 0.001 6.5 (0.3)a 6.7 (0.3)a

Bulk density (g cm3) 0.010 1.14 (0.22)b 0.65 (0.2
C-content topsoil (%) ns 0.7 (0.4)ab 1.7 (1.2)b

Total C in topsoil (g m−2) ns 380 (156)b 437 (202
C:N ratio topsoil (g g−1) ns 13.5 (1.4)c 14.8 (0.9
study after approximately ten years more or less correspond with
Oostermeijer and Hartman (2014). These authors found a longevity of
10–15 years formost Dutch L. loeseliipopulations, although they can be-
come older. In our study, the species also persisted for a longer period,
albeit in low numbers.

In the dune slacks of Texel, acidification occurs relatively rapidly, due
to the low primary lime content of 0.5% in the sand. Grootjans et al.
(2016) estimated decalcification rates between 0.15 and 0.73 m per
century, depending on whether the dune is vegetated or not, and the
soil located above or below the groundwater level. In our study, approx-
imately 20 years was needed to reach pHH2O 6.5 in the upper five cm,
below which all lime has dissolved (Duchaufour, 1982). This more or
less corresponds with the decalcification rates given above. The de-
crease in pH with time also corresponds with other studies in lime-
poor dunes. In wet dune slacks on theWadden islands, the pHKCl values
of most dune slacks reported by Shahrudin et al. (2014) perfectly fit
k in 2012. Rejuv= significant effect of rejuvenation, given as probability values; ns = not
arately. Different letters indicate significant differences between sampling sites for a par-

ontrol T12 rejuvenated T13 rejuvenated T14 rejuvenated

7 (5)ab 9 (5)b 56 (10)c

60 (32)ab 93 (15)b 24 (9)a

31 (2)bc 35 (2)c 7 (5)
31 (2)bc 49 (2)c 21 (5)
61(5)b 53 (13)b 35 (13)a

10 (7)a 11 (13)a 80 (8)b

29 (9)b 39 (24)b 0 (0)a

7.6 (0.2)b 7.5 (0.2)b 6.9 (0.2)a

8.0 (0.0)c 7.4 (0.2)b 6.8 (0.4)a

5)a 1.42 (0.09)c 1.44 (0.08)c 0.95 (0.12)b

0.3 (0.1)a 0.2 (0.1)a 1.3 (0.5)b

)bc 200 (74)a 105 (55)a 603 (133)c

)c 9.4 (1.4)b 6.4 (1.9)a 17.0 (1.1)d



Fig. 5. Actual and expected presence of L. liparis in dune slacks of different age on SW-
Texel. T1–T11 are existing dune slacks, with future presence based on present-day
developments in vegetation and soil, and unsuitable habitat conditions 34 years after
the start of succession. T15–T20 are expected future dune slacks, based on the current
rate of new dune slack formation once every five years. Expected presence of L. loeselii
in T15–T20 is based on present-day developments in vegetation and soil.
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within our range. In four dune slacks, however, pH values were much
higher than expected in our study area. These slacks are all character-
ized by high groundwater seepage or regular inundationwith seawater.

In the lime-poor dunes of our study area, the regression model
suggests that it takes approximately 32–36 years to reach unsuitable
pH-conditions for L. loeselii. This explains why the species had already
disappeared from T1 in 2010, which was then approximately 37 years
old, except for one plant adjacent to a heavily used footpath, with prob-
ably higher pH. In 1998, however, 2300 individuals were still found in
this dune slack. According to the model, pHH2O would then have been
approximately 6.4, and pHKCl 6.1, which would indeed have been suit-
able values.

4.3. Increase in soil organic matter content

The absence of L. loeselii in soils with C-content higher than 4.3%was
also following expectations, as the species generally occurs in dune
slacks with low soil organic matter content (Lammerts and Grootjans,
1998;Wotavová et al., 2004; Janečková et al., 2006). However, L. loeselii
also occurs in rich fens, in which the soil largely consists of organic mat-
ter. Shahrudin et al. (2014) also found the species in a dune slack with
very high C-content, albeitwith high pHdue to large groundwater seep-
age. This suggests that soil organicmatter content is less important than
pH.

In dune slacks, high C-content usually significantly correspondswith
a lowpH,which is also the case in our study (R=−0.58). However, 63%
of the 19 plots with C-content of 4.3% or higher had pHH2O values be-
tween 6.1 and 7.0, i.e. in the suitable range. Possibly, high C-content
has other properties limiting L. loeselii in dune slacks, especially related
to re-establishment once the flowering plants have died. Accumulation
of organic matter has a large impact on mineralization rates, and thus
the release of ammonium (Berendse et al., 1998). Possibly, the decline
of L. loeselii in soils with high C-content is due to ammonium toxicity,
as suggested for this species by Grootjans et al. (2016), and for
Dactylorhiza incarnata, another dune slack orchid, by Dijk and Eck
(1995). However, with pH values of 6 or higher, most ammonium
is probably converted to nitrate (e.g., Booth et al., 2005). High soil
C-content may also limit recruitment of L. loeselii through low redox
conditions underwet conditions. Organic soils usually show a larger de-
cline in redox potential under wet conditions than sandy soils. Recruit-
ment may be restricted in organic topsoils, since mycelia of the
mycorrhizal fungus associated with L. loeselii cannot grow under anaer-
obic conditions (Read et al., 1998). In base-rich fens, the species is usu-
ally found in slightly elevated places, such as the top of small
hummocks. In the dune slacks of this study, 67% of the plots with too
high C-content, but suitable pH, had groundwater within 15 cm from
the surface at the end of June, so this hypothesis should be further
tested.

Under the present conditions, it takes approximately 30 years to
reach unsuitable habitat conditionswith respect to C-content. Our C-ac-
cumulation rates were more or less similar to the less productive dune
slacks described by Shahrudin et al. (2014). If the mowing regime is
continued in the study area, and C-accumulation remains the same for
the next ten years, the amount of soil organic matter will also be
3.5 kg m−2 after 50 years. Without a mowing regime, soil organic mat-
ter contentwill rapidly increase. However, in the study area, evenwith a
mowing regime, low pH becomes a limiting factor for L. loeselii within
approximately 34 years.

Together with C-content, soil C:N ratios also increased from younger
to older dune slacks, from 7.5 to 18.5 over the age gradient. It is not clear
whether this is a common development during succession. In deglaciat-
ed soils and inland drift sands, C:N ratios did not systematically change
(Nemergut et al., 2007; Sparrius and Kooijman, 2013). Possibly, in
young dune slacks, input of organic matter is mainly derived from mi-
crobial mats, which can be very extensive. These mats mostly consist
of bacteria, which generally have C:N ratios around 4–5 (Moore et al.,
2005). With time, input of plant material will increase, which has C:N
ratios of 20–50 in fresh material when N-content is 10–20 mg g−1.
Higher contribution ofmicrobialmats in young stages could also explain
the decrease in C:N ratio between 2010 and 2014–2015, which hap-
pened especially in the youngest dune slacks.

4.4. Dynamics and management of L. loeselii

For the lime-poor dune slacks on the southern tip of Texel, it is clear
that environmental conditions become unsuitable and L. loeselii popula-
tions disappear from particular dune slacks after approximately
34 years. Of course, suitable conditions can persist much longer if the
lime content of the soil is higher, such as in the southern dunes of the
Netherlands (Eisma, 1968). On the 50 year old Veermansplaat, the
population of L. loeselii consisted of 20,000 individuals in 2009, and up
to 45,000 in 2014 (personal communication Kees de Kraker). In the
more calcareous dunes of Wales, L. loeselii disappeared after 40 years,
due to overgrowing with Salix repens rather than low pH (Jones and
Etherington, 1992).

For rejuvenation of soil and vegetation, fresh sand is important.
In other dune areas on Texel, sod-cutting has led to successful re-
colonization of L. loeselii, even in two slacks of over 300 years old
(personal observation C.J.W. Bruin). In the present study, fresh sand de-
posits in existing dune slacks led to rejuvenation of vegetation and soil,
and large increases in L. loeselii. Also, in our succession series, L. loeselii
had disappeared in 2014 from the plots in dune slacks that had no
fresh sand in 2010. On Texel, with an accreting coast, large floods and
fresh sand deposits are probably restricted to the younger dune slacks,
which are still accessible to the sea. In older slacks, local aeolian dynam-
ics along footpaths and from bare dune slopes may help a little bit. In
other areas, such as the island of Borkumwith the only German coastal
population of L. loeselii, large floods may also rejuvenate older stages.
The species is growing in themargin of the salt marsh in the northeast-
ern part of the island, at the foot of the older dunes, and has survived for
N30 years without any management (Grootjans et al., 2016).

On Texel, local extinction after 34 years by unsuitable habitat condi-
tions is hardly a problem for the metapopulation at large (Fig. 5). Even
in the current dune slacks, L. loeselii is probably present until at least
2040. It is not certain whether the present rate of formation of new
dune slacks approximately once every five years will continue in the
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future, but given the large sand supply from the accreting shoals, at least
some dune slackswill develop. At the current rate of formation, the spe-
ciesmay be present in approximately eight dune slacks in various stages
of succession at the same time. The status of the L. loeseliimetapopula-
tion on Texel is also favourable because L. loeselii is awell-dispersed spe-
cies, which can colonize new sites easily (Jones, 1998). Population
genetic studies further provide support for good seed dispersal (Pillon
et al., 2007; Vanden Broeck et al., 2014; Shahrudin, 2014). Also, on
Texel, large seed sources are close by in the other slacks. On the other
Wadden islands, formation of new dune slacks and colonization by L.
loeselii is much lower, although new beach plains develop on almost
all of them (Löffler et al., 2011). On the mainland coast, formation of
new dune slacks is even rarer. However, in areas with high sand accu-
mulation, such as behind large dams, or due to large sand suppletions,
new dune slacks and L. loeseliimay have a good chance.

5. Conclusions

This study confirms that L. loeselii is a species fromyoungdune slacks
with relatively high pH and low soil organic matter content. This study
shows that suitable habitat conditions in lime-poor dunes may be
reached within 6 years after formation of the dune slack. Liparis loeselii
may reach a peak after approximately 10 years, after which it gradually
decreases. Mowing in older dune slacks is good to prolong the life span,
but within approximately 34 years, habitat conditions become unsuit-
able for L. loeselii, with pHH2O below 5.8, pHKCl below 5.6 and C-content
higher than 4.3%. In existing dune slacks, local dynamics supplying fresh
sandmay rejuvenate vegetation and soil, but probably only temporarily.
Fortunately, in the study area, landscape dynamics ensure rapid devel-
opment of suitable habitat, with a current formation of new dune slacks
once every 4–5 years. Since sand supply is probably high for at least the
next century, the SW-part of Texel will remain a stronghold for the EU
habitat directive species for many years. These results are important
for basic and applied ecology, because they show how adverse effects
of succession on characteristic, but threatened species can be
counteracted by dynamics on a local and a landscape scale.
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