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Reading guide
Before you lies the product of an intensive research project concerning the Master Thesis for the
study ‘Forest and Nature Conservation’. The layout, structure and size (i.e. number of pages and
number of words) of this thesis is based on the author guidelines of the scientific journal ‘ Journal of
Applied Vegetation Science’; this is done in close counselling with both supervisors. The aim is to
publish the results in this paper. The request from the second supervisor to present the results in a
‘paperstyle-format’ added magnitude to hope and publish the results. Some minor revisions will be
made to this thesis prior to sending it to the review-panel of the JAVS. Figures will be transformed so
that they are interpretable in black and white and some possible revisions after the final thesis
defence will be implemented.
In the end of this thesis you will find a short Dutch article that was written to summarize the results
so that is understandable, also for non-scientific readers. This to enhance the fact that these
important results also reach managers of dune slacks areas and generally interested people. This
article will be published in the November 2019 issue of ‘ Hollands’ Duinen’. Since significant work was
put in and some new tables where created, I chose to insert this article as an appendix in the thesis.
Note that this is the pre-print edition with some minor layout errors.
Also, a combined article of the before described ‘Hollands’ Duinen’ article and some research that
was done on the development of plant species in the same study area by Frans Hooijmans, will be
published in ‘ De Levende Natuur’ somewhere in January 2020.
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Abstract
Questions: Calcareous humid dune slacks are among Europe’s most species-rich and valuable
ecosystems. Mainly due to water extraction and subsequent infiltration with nutrient rich water,
their biodiversity has been under severe stress. To counteract these impacts, restoration measures
are taken, but scientific evaluation of the effects of the measurements on the infiltrated slacks are
scarce. This study evaluates 21 years of nature restoration with an emphasis on the pre-purification
of inlet water and its effect on soil and vegetation. Specific questions are: a) How did the vegetation
composition and soil parameters change after 21 years of restoration measurements? b) Can we
relate the changes in soil parameters to changes in vegetation composition? c) How is the vegetation
influenced by the still present infiltration ponds?
Location: Three dune slacks in Meijendel, a coastal area in the Netherlands.
Methods: We used a vegetation dataset containing 186 relevés from 2001, 120 from 2008 and 186
from 2018. Relevés consist of a time series from transects set up in 2001. Vegetation was classified
and divided into groups. We used ordination and Linear Mixed Modelling to determine change in
vegetation and the steering environmental variables responsible for this change. For the models, we
used a balanced dataset containing 45 soil samples from 2001 and 45 from 2018, taken from the
same sites.
Results: Vegetation in a sod-cut transect developed from roughed nitrophilous vegetation in 2001, to
well-developed basiphilous small-sedge vegetation in 2018. Older successional types are
characterised by lower soil pH, higher organic matter content and higher nutrient load. From the
modelling it could be concluded that a reduced load of total phosphorous and ammonium was a
significant explanatory variable concerning the development of vegetations toward the aimed
vegetation types.
Conclusion
The vegetation development and vegetation types we observed fall well within described succession
schemes, suggesting the vegetation is not negatively influenced by nearby infiltration ponds. Sod
cutting proved to be a good management option for restoring basiphilous dune-slack vegetation,
considering the inlet water is low in phosphates and ammonium. Largely intact or restored hydrology
of the system is also a prerequisite for successful restoration.
Digital appendix:

1. Synoptic table of blocks per year sorted

Nomenclature
Nomenclature of syntaxa follows Schaminée et al. (2017). Nomenclature of plant species follows van
der Meijden (2005) and nomenclature of bryophytes follows Siebel & During (2006).

Keywords
calcareous Dune slack, vegetation change, infiltration, restoration, topsoil removal, time series,
Caricion davallianae, Junco baltici-Schoenetum nigricantis, Saginion maritimae.
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21 years of restoration effects on humid calcareous dune slack
vegetation in the Dutch mainland coast
Coastal dune systems are among the most ecologically diverse ecosystems of Europe (Jansen et al.
2016; European environment agency, 2015). Steep environmental gradients and frequent dynamics
enhance high floral and faunal diversity (e.g. Dijkema et al. 1993; van der Maarel & van der MaarelVersluys 1996; Pollet & Grootaert 1996). Within the coastal dune systems, calcareous dune slacks are
especially biodiverse and valuated for the occurrence of rare and endangered plant species
(Grootjans et al. 2004; Grootjans et al. 1998; Sparrius et al. 2012). Within Europe, the Netherlands
carry special responsibility for the conservation of dune slacks since the size of Dutch dune slacks is
considerably and they are ecologically highly diverse (Janssen & Schaminée 2009; Janssen et al.
2016).
Basiphilous, early successional communities (e.g. Junco baltici-Schoenetum nigricantis, SamoloLittoreletum and Centaurio-saginetum) are typical vegetation types and characterised by
waterlogged conditions for parts of winter and spring, relatively calcareous soil conditions (pH >6.5)
and low nutrient availability, with nitrogen being the limiting nutrient most of the time, and
phosphorous when nitrogen limitation is lifted (Lammerts & Grootjans 1997; Westhoff et al. 1995;
Schaminée et al. 1998; Lammerts et al. 1999). The influx of calcareous seepage water is considered a
steering variable for these communities and calcareous dune slacks in general (Grootjans et al. 1998).
Besides buffering the soil, waterlogged, anoxic conditions promote denitrification, maintaining low
nitrogen levels (Berendse et al. 1998). Another important steering variable in dune slacks is the
content of organic matter in the soil and the eutrophication and acidification related to this. Soils
with an organic matter contents over ten percent rarely inhabit basiphilous dune slackvegetation;
only when it goes along with a very high calcareous seeping intensity, organic matter may
accumulate to a certain degree (Grootjans et al. 1995).
Due to these specific environmental constraints in a system that has a strong anthropogenic
signature, humid dune slacks are also among the most vulnerable of all European habitat types
(Jansen et al. 2016). Due to anthropogenic pressures, only 3-5 percent of the original areal remains
(Council of the European Communities 1992). Since 1850, deterioration of the Dutch dune systems
was set in motion. At first, mainly due to afforestation, quarrying, erosion and expanding industry
(Bakker et al. 1979). From the middle of the 19th century onward, practices in relation to water
winning for public purposes where the main cause of ecological deterioration (van Dijk 1989). To
sustain in public water supply for the Western Netherlands, the Dutch government installed water
winning facilities in the dunes, extracting water and thus desiccating dune slacks. Although effects
differed locally, water extraction has been considered as one of the major causes of the strong
decline in Dutch dune slack areal (Bakker et al. 1979; van Dijk & Grootjans 1993). In the mid 1950’s,
simply too much water was extracted from most of the dune systems. This caused the fresh-saline
cline to shift, making it harder to pump up fresh drinking water. As a solution, fresh water from rivers
and nearby polders was infiltrated into the dune system to rewet it again (Oltshoorn 1983). The
general expectation, even among biologists, was that with the water supply, the flora and fauna
associated with dune slacks would also return (van Dijk & Grootjans 1993). However, as the water
was not pre-purified, large amounts of nutrients, in some places up to 30 times normal
concentrations, where added to the system (van Dijk & Bakker 1984). The characteristic vegetation
did not return and instead highly productive marsh and nitrophilous species started to overgrow the
dune slacks (van Dijk & de Groot 1987; Hezewijk 1984). From approximately 1985 onward, prepurification of inlet water was started. Phosphate stripping using iron-sulphate and removal of
floating particles were considered effective measurements for restoring dune slacks (Draak 2012; van
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Dijk & Bakker 1984). Nitrogen and Potassium concentrations indeed strongly reduced, but most of
the times, nutrient concentrations still exceed natural concentrations (van Dijk & Bakker 1984). In
addition to this, dune management organizations started restoring the dune slacks by sod cutting,
mowing and extensive grazing. The puzzle is still not completely solved: although some restoration
attempts have been successful (van der Hagen et al. 2008), quite often the restoration success was
limited (Grootjans et al. 2002).
This paper adds to the knowledge of calcareous humid dune slack restoration by analysing a time
series of vegetation and soil data over a time span of more than twenty years after restoration
measures in three calcareous humid dune slacks in the Netherlands, assessing the impact of
restoration measures and infiltration ponds inferred from temporal change in vegetation
composition and soil parameters.
The following research questions will be addressed:
a) How did the vegetation composition and soil parameters change after 21 years of restoration
measures?
b) How can the change in soil parameters be related to the change in vegetation composition?
c) How is the vegetation influenced by the still present infiltration ponds?

Methods
Study area description
The study was carried out in the valley Meijendel, located near the city of The-Hague (52°03’52°12’N, 4°12’-4°24’E). This dune area is used for drinking water extraction since 1874 (Boerboom
1957). It was infiltrated with nutrient rich water from the river Rhine from 1955 to 1976. After 1976,
pre-purified water from the river Maas was used (Koerselman et al. 1990). The first large grazers
where introduced in 1990 to counteract for the collapsed rabbit population (due to myxomatoses
and VHS) (Breedveld 2016). Besides grazing, some areas where sod cut, and some infiltration ponds
where completely removed to restore the original dune landscape. The study was carried out in
three different locations within Meijendel. One previously infiltrated and restored dune slack
(Kikkervalleien) and two valleys that where, and still are, also under the influence (due to seepage) of
a nearby infiltration pond (Parnassiapad and Libellenvallei) (Figure 1). All areas are grazed by kettle
and horses with a density of 1 animal per 15 hectares; animals can roam freely between
sublocations.
Kikkervalleien
‘Kikkervalleien’ is an area within Meijendel that used to be an infiltration pond (a natural dune slack
was infiltrated). These infiltration ponds have been dispatched in 1997, after which the area was sodcut and/or dredged, thus resetting the vegetation succession. The area is grazed year-round since
1998. In 2001, mainly pioneer Saginion maritimae and nitrophilous pioneer vegetations where
present. Areas closest to (former) infiltration ponds where dominated by nitrophilous tall forb
communities of the classes Galio-Urticetea and Convolvulo-Filpenduletea.
Parnassiapad:
Parnassiapad consists of a series of connected small dune slacks surrounded by dune ridges. No
6

infiltration pond was present, but polluted water has reached the dune slack with groundwater
flows. Now the Parnassiapad still receives seeping water from a nearby infiltration pond. It is being
grazed year round since 1990 and locally (including parts of the location of vegetation sampling) the
site has been sod-cut in 1997. In 2001, small-sedge communities of the Caricion davallianae and
some patches of Phragmitetalia where present. Higher parts of the dune slack where occupied by
grasslands of the Taraxaco-Galietum and Phleo-tortuletum (Koelerio-Corynephoretea).
Libellenvallei
Libbellenvallei has never been infiltrated or used for water winning, but is under the influence of
seeping water from the nearby infiltration ponds. It was mown once a year from 1975 until mid-2000
where after year round grazing was introduced. In 2011, some lower parts where sod-cut but not in
the places where we recorded the vegetation. In 2001, the vegetation mostly consisted of Caricion
davallianae and Hydroloctylo-Baldellion communities in the wetter parts and Taraxaco-Galietum
grasslands in the dryer parts. A notable species is the very rare Gentiana cruciata that thrives in the
Taraxaco-Galietum on this location. The Libellenvallei one of the few valleys in Meijendel that is open
for public.

Figure 1 Locations of Blocks and transects in Meijendel.

Experimental setup
To follow the changes in soil and vegetation composition as a result of the restoration measures, a
correlative field sampling design was set up in 2001 (Hoogerwerf 2002). Four transects where laid
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out in the three locations. Each transect consists of a series of blocks (10 x 4 meter, indicated with
capital letter A-J) that are subdivided into 20 plots (0.5 x 4 meter). Blocks within transects where
recorded in 2001 using DGPS. Due to incorrect recording, only three transects could be recovered in
2018. Transect 1 (Kikkervalleien) consists of 4 blocks (A, B, C, D) and 80 plots. Transect 2
(Parnassiapad I) consists of 3 blocks (E, F1, F2; F1 and F2 are conglomerated into one longer block) and
60 plots, . Transect 3 (Parnassiapad II) could not be recovered. Transect 4 (Libellenvallei) consists of 2
blocks (I, J) and 40 plots.

Data collection
In 2002, five years after the last large-scale restoration measures in Meijendel, the transects where
recorded for the first time. Both vegetation and soil where considered (Hoogerwerf 2002). In 2008,
the transects where recorded a second time with exclusion of blocks B, F, G and H (Nanne & Vogelaar
2008). This time, no soil samples were taken. The vegetation of blocks A-F was recorded again in
2017. Vegetation in blocks I and J, and soil samples for all blocks where collected in September 2018.
In order to reduce observer bias concerning vegetation recording, (sub) species that are considered
difficult to identify where lumped according to van der Meijden (2005). Salix repens subsp. arenaria
and Salix repens subsp. repens where lumped in the final dataset as Salix repens for instance, and
Euphrasia nemorosa, E tetraquetra and E. stricta where lumped as Euphrasia stricta. The complete
database (available through the Dutch National Vegetation Database; Schaminée et al. 2002) does
contain all the original taxon names as where identified in the initial surveys. For the recording of the
vegetation, the adjusted scale of Braun-Branquet was used (Barkman et al. 1964), these values where
transformed to percentages using the designated function within JUICE (Tíchy 2002) (r = 1; + = 2; 1 =
3; 2m = 6; 2a = 8; 2b = 18; 3 = 38; 4 = 68; 5 = 88). Five soil cores where taken in the upper 10 – 15 cm
in plots 2, 6, 10, 14 and 18 per block. The five samples per plot were pooled to form a mixed sample.
A total of 45 mixed samples were collected. Soil samples were transported to the lab in an insulated
box and where analysed for soil moisture as loss of mass after drying 24 hours at 105 °C; organic
matter content as loss of mass after combustion; available phosphate (PO4), potassium (K), nitrogen
(NO2 and NO3), ammonium (NH4), and sodium (Na) in calciumchloride (CaCl2) solution (0.3 Molar);
total PO4, NO2 and NO3 after digestion with H2SO4-salicic acid-H2O2 (Houba et al 1995a; Houba et al
1995b); pH-H2O was determined. Previous soil analyses (Hoogerwerf 2002) where conducted using
the same methods. We did not measure CaCO3 concentrations in the soil samples, as this was not
measured in 2002(for reasons unknown). We also decided to omit soil moisture in further analyses
since data for this in the 2001 dataset could not be recovered.

Data analysis
Vegetation plot data (relevés) were stored in TURBOVEG (Hennekens & Schaminée 2001) and from
there exported into JUICE (Tíchy 2002). To distinguish syntaxonomic units in the dataset (i.e. classify
the complete dataset), the adjusted version of TWINSPAN which respects cluster heterogeneity was
used (Roleçek et al. 2009). Clusters were improved manually by moving some relevés to other
clusters according to phi-coefficient and ecological interpretation.
All remaining analyses and visualizations where conducted within the ‘R’ environment (R Core Team
2019). Soil parameters where tested for equality of variance using a Levene’s Test (all samples passed
the test); hence, a paired sample T-test was used to determine if soil parameters changed
significantly over years. Alpha levels for the tests were determined at p=0.05. T-tests were also used
to test if soil variables changed significantly per block per year. To determine direction of response of
the vegetation in the time series, Detrended Correspondence Analyses (DCA) where conducted on
the complete vegetation dataset with groups per year, and on vegetation per transect
(Kikkervalleien, Parnassiapad I and Libbellenvallei) with groups per block. Ordinations were
conducted using the VEGAN package (Oksanen et al. 2018). Average axis scores per block were
calculated and plotted as arrows, indicating direction of change in multivariate space. To enhance
readability of the diagram, individual points for sites were left out, but a 95% confidence interval
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ellipse was placed around the mean group-axis score, to show the variability within. To enhance
ecological interpretation of the ordination plots, some species where plotted based on diagnostic
value for specific time-lags based on the synoptic table. A Pairwise Permutation MANOVA was used
to test for significant differences between groups using the RVAideMemoire package (Hervé 2019)
using Euclidian distance and 999 permutations. To explain vegetation change as a function of change
in soil parameters and unravelling the underlying overall patters, a Linear Mixed Model (LMM) was
build using the LME4 package (Bates et al. 2015). Because we were interested in the effect of change
in soil parameters on the vegetation of the whole Meijendel valley, only models using the whole
dataset were built and no models of individual transects were made. Site scores of the first DCA-axis
were extracted and used as response variable in the LMM. Soil parameters were used as fixed
variables and models with all possible interactions were tested. To account for spatial
autocorrelation and to allow blocks to have individual intercepts and slopes, plot nested in block was
used as random factor in the model. Because some explanatory variables where on very different
scales, explanatory variables where normalized using Z-score normalization. Best model was selected
based on AIC-criterion using the ANOVA function from the LME4-package (Bates et al. 2015). Model
visualization was done by plotting model coefficients and standard errors in a forest plot using the
ggplot2 package (Wickham 2016). Model assumptions where checked graphically. Due to overfit,
interaction effects needed to be left out of the models. No model is presented in this study using the
second DCA-axis since movement along this axis was not explained by measured soil parameters, but
by a wet-dry gradient (e.g. inundation).
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Results
Vegetation classification
Fourteen vegetation types were distinguished (Table 1) and, based on phytosociological cohesion,
pooled as subgroups in seven different main groups.
1. This community was first to appear when the Kikkervalleien was restored and dredged.
Nitrophilous and ruderal species comprise this group with no sign of typical dune slack species.
Sagina procumbens, Cerastium semidecandrum, Chenopodium rubrum, Stellaria pallida and Veronica
anagallis-aquatica differentiate this community. It is best classified as a fragment of the
Chenopodietum rubri (subassociation inops, alliance Bidention). This pioneer community is typical for
bare soils with nutrient rich conditions. Only relevés made in 2001 comprise this cluster, all made in
the Kikkervalleien transect.
2. Group two consists of a nascent, early successional Centario-Saginetum epilobietosum (alliance
Saginion maritimae) with lots of species from the community described before. Besides ruderal
species, like Poa annua, Conyza canadensis and Epilobium parviflorum, this group is differentiated by
high frequency and cover of Centaurium littorale and Sagina nodosa. The association character
species Gnaphalium luteo-album has its optimum in this group. The group can be divided into two
subgroups; one with a higher frequency of species shared with the first group and lower frequency of
Centaurium littorale and Sagina nodosa (2.1), and one more typical Centaurio-saginetum (2.2). This
group is comprised of 2001 relevés (35 out of 39) and four 2008 relevés, all made in the
Kikkervalleien transect.
3. Group three consists of a good developed Centaurio-Saginetum vegetation getting older, losing
more pioneer species and gaining more species of later successional vegetations (e.g. Carex oederi,
Carex flacca and Parnassia palustris of the alliance Caricion davallianae). Species that differentiate
group three are Sagina maritima, Sagina nodosa and Centaurium littorale (character species of
Centaurio-Saginetum) among others. A young, optimal developed subgroup (3.1) could be
distinguished from an older group (3.2) that lacks pioneer species present in 3.1. In contrast to the
latter groups, group three has a lot of later successional species present. All relevés that comprise
this group are made either in the Kikkervalleien transect in 2008 or in the Parnassiapad transect in
2001.
4. Group four is differentiated by Centaurium littorale, Sagina nodosa, Carex trinervis, Galium
uliginosum, Dactylorhiza majalis and the liverworth Pellia endiviifolia. The vegetation in this group
can be classified as the Junco baltici-Schoenetum nigricantis trifolietosum, a variant without Schoenus
nigricans, but rich in character species of the alliance Caricion davallianae. Group four is subdivided
in four subgroups describing an early stage with some Saginion-maritimae species present but
lacking most of the Schoenetum character species (4.1), a second subgroup containing a mixture of
the before mentioned alliances (4.2) as well as a later successional subgroup lacking most of the early
stage Saginion species (4.3). The fourth subgroup is lacking own diagnostic species but contains most
of the Caricion davallianae character species (4.4). This group reflects a typical undisturbed moist
dune slack vegetation and contains the bulk of the vegetation dataset (189 out of 488 relevés). The
group comprises of relevés from Kikkervalleien transect 2018 and Libellenvalleien and Parnassiapad
transects of all years.
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Table 1 Synoptic table with percentage frequency and median cover. Differentiating species are marked with blocks
Remaining species that have no diagnostic value are left out of the table to preserve space.
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5. Group 5 consists of two subgroups and is differentiated by Gentianella amara (group 5.1), Chara
vulgaris (group 5.2), Eleocharis palustris and Samolus valerandi. This group contains most moistindicating species. It can be classified as a wet branch of the Junco baltici-Schoenetum nigricantis
trifolietosum under nutrient poor conditions. Group 5.1 contains solely relevés from the Libellenvallei
transect 2001, Block F, and group 5.2 from the Kikkervallei transect 2018 block D, as well as a few
relevés from the Libellenvallei transects 2001 block F.
6. Group 6 consists of species of both the Polygalo-Koelerion and the Caricion davallianae alliances
(e.g. Danthonia decumbens, Agrimonia eupatoria from Polygalo-Koelerion and Juncus subnodulosus
from Caricion davallianae). Furthermore, it lacks a lot of typical Polygalo-Koelerion species (as does
group 5) and does contain species that are associated with enriched, moist to wet conditions (e.g.
Eupatorium cannabinum, Lythrum salicaria and Valeriana officinalis). Group 6 contains only relevés
from the Libellenvallei transect 2008 and 2018. This group reflects later stages of the natural
succession and was expressed in the field as a type with relative high Salix repens shrubs, with rough
grasses and marsh-vegetation growing in between the shrubs.
7. Group 7 is the somewhat dryer counterpart from group four, differentiated by species that are
common in the dry grasslands (Koelerio-Corynephoretea; e.g. Ammophila arenaria, Koeleria
macrantha, Picris hieracioides and Polygonatum odoratum). Group 7 shares a lot of Caricion
davallianae species with group 5 but lacks the pioneer species of moist conditions (e.g. Carex oederi).
Group 7 represents the higher parts in blocks that do not get submerged or waterlogged in winter
but are moist due to seepage. Group 7 can be divided in two subgroups, of which 7.1 is rich in species
that indicate dryer conditions that are lacking in group 7.2. Both subgroups are rich in PolygaloKoelerion species. Relevés in this group are made in blocks E, I and J in all years and represent the
upper plots in these blocks in dryer conditions.

Ordination of vegetation
The ordination of the complete dataset (Figure 2) shows a distinct pattern from right to left. The first
ordination axis of the complete dataset correlates (from right to left) with a decrease in pH-H20 and
an increase in plant available and total nutrients in the soil. The axis is best explained as succession
over time with older vegetation reflected by lower axis scores. The second DCA axis correlates with
(from bottom to top) a decrease in plant available NO3 and an increase in plant available NH4.
Movement along the second axis is best explained by a dry-wet gradient. When considering the
ordinations of individual transects, the movement of the blocks through space is most obvious in the
Kikkervalleien (Figure 3). A clear movement along the first ordination axis from right to left
corresponds with an increase in organic matter content, available sodium and an increase in total
and available plant nutrients. Shifts are evident from nitrophilous pioneer communities (group 1) and
species poor Centaurio saginetum communities to well-developed Schoenetum vegetation on the left
side of the diagram. The second ordination axis represents a wet-dry gradient with wetter plots on
the bottom and dryer plots near the top of the diagram (indicated by projected species). The
PERMANOVA analysis indicated that for the Kikkervalleien, each group differed significantly
(p<0.001) from its predecessor. The Libellenvallei and Parnassiapad show less movement but roughly
the same patters (Figure 4; Figure 5). Both transects shift to positions with lower available
phosphate, nitrate and ammonium and an increase in total nitrogen and sodium in the soil.
Libellenvallei shows a decrease in total phosphate and an increase in available potassium as opposed
to Parnassiapad. An increase in soil organic matter percentage and a decrease in soil pH-H2O is
something all three transects have in common.
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Figure 2 DCA ordination of complete dataset. Circles represent groups as defined in the synoptic table.

Figure 3 DCA ordination of Kikkervalleien transect. Ellipses represent a 95% confidence interval. The
second axis is inverted as opposed to the DCA ordination of all the plots.

Figure 4 DCA ordination of Libellenvallei. Ellipses represent a 95% confidence interval.
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Figure 5 DCA ordination of Parnassiapad. Ellipses represent a 95% confidence interval.

Soil parameters
Since 2001, available plant nutrients have significantly decreased overal. Only sodium shows a
(significant) increase, tracable to a high increase of sodium in block A. Potassium also shows an
overal increase. However, no significance but for the individual I and J blocks. Total nitrogen
increased significantly for all blocks, except for blocks I and J. Total phosphate shows a slight
decrease, but no significance. For all blocks in the Kikkervalleien, available phosphate did not
increase or decrease. Soil organic matter shows a signicicant increase (overall as well as individual
blocks), but no significance in block I and J. pH-H20 shows the same pattern, but a slight increase in
blocks I and J. However, no significance was detected concerning this increase.

Table 2 – Averages of measured soil parameters. NO3, NH4, PO4, K and Na represent plant available nutrients.
OM (%)
Total01 n=45
Total18 n=45
A01 n= 5 KV
A18 n=5
B01 n=5 KV
B18 n=5
C01 n=5 KV
C18 n=5
D01 n=5 KV
D18 n=5
E01 n=5 PP
E18 n=5
F01 n=10 PP
F18 n=10
I01 n=5 LV
I18 n=5
J01 n=5 LV
J18 n=5

1.70
3.72
0.29
2.47
0.29
1.80
0.38
1.70
0.65
1.97
0.91
3.32
0.69
3.53
5.82
8.99
5.55
6.20

pHH20
7.69
7.51
7.80
7.58
7.99
7.87
8.00
7.74
7.94
7.58
7.80
7.54
7.92
7.64
6.71
6.78
7.13
7.20

NO3(mg/Kg)
0.37
0.22
0.42
0.00
0.10
0.00
0.24
0.00
0.30
0
1.02
0.24
0.22
0.08
0.30
0.00
0.50
0.94

NH4
(mg/Kg)
6.97
0.33
6.66
0.00
4.42
0.21
9.22
0.19
6.66
0.13
5.24
1.39
0.00
0.20
14.8
0.27
14.3
0.37
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PO4
(mg/Kg)
0.20
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.01
0.00
0.52
0.00
1.12
0.16

K
(mg/Kg)
9.71
7.54
5.36
16.91
4.39
4.38
8.83
3.49
3.84
5.72
7.25
8.53
5.93
6.31
16.25
7.43
29.61
8.74

Na
(mg/Kg)
11.45
34.52
5.00
113.63
3.88
9.86
5.42
11.47
7.17
16.16
8.00
43.74
8.24
26.60
29.62
24.91
27.32
37.67

Ntot
(mg/Kg)
485.50
805.48
97.54
464.88
31.59
337.14
69.01
261.53
152.58
361.31
301.70
923.81
200.03
731.27
1554.24
2025.47
1839.36
1412.67

Ptot
(mg/Kg)
101.47
98.12
104.24
105.17
93.01
80.16
74.21
70.51
73.25
63.35
78.19
83.50
88.16
102.01
145.14
113.62
168.81
162.70

Linear Mixed modelling
The coefficients of the best fitting model for DCA axis one are presented in the forest plot (Figure 6).
Dots represent model coefficients and whiskers represent standard errors of these coefficients.
When whiskers cross, or reach the center line, corresponding variables are considered not significant.
Since explanatory variables where scaled, interpretation is as follows: one standard deviation
increase of an explenatory variable (Table 3) corresponds with an increase or decrease of the axis
score equal to the place of the coefficient on the X-axis of the forest plot. The LMM shows that
organic matter content in soil, plant available PO4, plant available NO3 and plant available Na
contribute significantly in vegetation change to the left side (negative figures) of the first ordination
axis, corresponding with later successional vegetation types. Total P in soil, available NH4 soil pHH2O contribute significantly in vegetation change to the right side (positive figures) of the axis
corresponding with pioneer vegetation types corresponding with early year vegetation recordings.
Model intercept (DCA axis 1 score) was estimated at 0.56 with a standard error of 0.19. Random
effect intercept (plot nested in block) was estimated at 0.21 wit a standard error of 0.45.

Table 3 Standard deviations of soil parameters concerning the complete dataset.

SD total
set

OM (%)

pH-H2O

2.83

0.41

NO3
(mg/Kg)
0.49

NH4
(mg/Kg)
5.64

PO4
(mg/Kg)
0.29

K (mg/Kg)
7.72

Na
(mg/Kg)
38.46

Ntot

Ptot

727.69

37.96

Figure 6 Forest Plot of estimated LMM-coefficients. Whiskers represent standard errors. Standard errors crossing or reaching
the centre line are considered not significant.
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Discussion
Vegetation development
Our vegetation analysis revealed that transects starting from bare soil and nitrophilous vegetation
(Kikkervalleien) had moved towards typical moist dune slack vegetations that are characteristic for
the most biodiverse states of dune slacks. The initial state of the Kikkervalleien transect (prior to the
first vegetation recording in 2001) consisted of even more roughed, nitrophilous vegetation then
group 1 in this study (pers. comm. H.G.J.M. van der Hagen). When nitrophilous species dominate
restoration sites, it is an indication that the return of basiphilous pioneer vegetation could be difficult
to achieve (e.g. Melzer & van Dijk 1986; Grootjans et al. 2002). The fact that these communities
submerged right after sod cutting has most likely to do with a persistent and deep soil seed bank of
these nitrophilous species (Thompson et al. 1996) since these constituted the dominant vegetation
prior to sod cutting. The fact that the system did not ‘lock’ into a state with these communities
surpressing basiphilous pioneer vegetation, lies in the fact that a strong reduction in nutrients
occured, most likely due to inlet water being stripped of most excess nutrients and the fact that the
hydrology of the system is still largely intact. Concerning the longevity of the vegetation; the change
from pionieer to Schoenetum vegetation was observed in 2018, which means a maximum of 21
years of vegetation development. Sýkora et al. (2004) found that well developed Schoenetum
communities (comparable with group four in this study), where present ten years after sod-cutting,
which is more or less parralel to our observations for the Kikkervalleien. These communities only
maintained a species rich state for about three years, after which basiphilous species where more
and more interchanged with acidophilous species as time increased. This is clearly not the case for
the Schoenetum- vegetations in the transects of this study, since they persist well over ten years in
the Kikkervalleien and well over 20 years in the other two transects. Lammert & Grootjans (1998)
found that the lifespan of basiphilous pioneer vegetation in a dune slack has an avarage lifespan of
30 – 50 years under natural conditions, reaching an optimal assembly around 25 years and start
declining after around 35 years. However, under mowing regimes, basiphilous pioneer vegetation
can potentially last up to 150 years (Lammert & Grootjans 1998). The buildup of organic matter and
the attendant acidification and eutrophication being the most important steering variables for
succession. For secundary dune slacks specifically (as are the three valleys in our study), they found
that the lifespan is fluctuating around these numbers, more according to the amount of pH-buffering
taking place. Since there is no buffering from inundation with seawater (anymore) in the systems
from this study, it is implied that the pH buffering mechanisms (i.e. base rich seeping water) are
keeping the vegetation in optima-forma. The pH values well above 6.5, low organic matter contents
and the low available phosphorous further strengthens this line of thought (Lammerts et al. 1999;
Sival 1996). Libellenvalleien-transect is the oldest of the valleys in terms of soil development. This is
reflected by the vegetation indicating most nutrient rich conditions (group 6). In this part of the study
area, some of the critical species have declined in the transects (i.e. Gentianella amarella, Polygala
vulgaris and Dactylorhiza incarnata; see digital appendix for detailed information on species change
per block). This falls perfectly within the described succession schemes (Westhoff & van Oosten
1991; Sýkora et al. 2004), but succession speed and dissappearence of critical species may be
enhanced due to the ceising of annual mowing in this valley and possible selective grazing of kettle
on ‘tasty’ red list species (Tamis et al. 2007). Since no qualitative grazing-data was used for this study,
no solid statements can be made concerning this matter but future study on the influence of large
grazers in these vegetation types is recommended.

Change in soil parameters
When considering the change in soil parameters, it is evident that for each transect plant available
nutrients (with the exception of sodium) and total phosphate have decreased. This is contradictive
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with other studies, suggesting a buildup of nutrients over time (e.g. Lammerts et al. 1999; Sýkora et
al. 2004). The decrease in nutrients can be correlated to the pre-purification of inlet water. Van Dijk
& Bakker (1984) showed that the flowing velocity of groundwater is an imporant driver for the
nutrient flux in the soil. Pre-purification of inlet water started in 1976, but the groundwater that did
not reach the dune slacks yet, still consisted of nutrient rich waters prior to pre-purification. It is
suggested that in the first soil measurements (2001) still some nutrient rich water from groundwater
flows reached the blocks, resulting in slightly higher measurments of most soil parameters. In 2018,
most of the nutrient rich groundwater is flushed out of the system and replaced with pre-purified
water. Van Dijk & Bakker (1984) calculated that with the infiltration, ground water flow velocity is
between 0.1 and 0.03 meters per day. Given that the distances of the researched dune slacks in this
study are roughly 800 meters from the nearest infiltration pond means that in 20 to 70 years, all of
the groundwater should be replaced, resulting in lower nutrient status of the soil. Since fast flowing
groundwater supplies more nutrients than slow flowing groundwater (van Dijk & Bakker 1984), it is
suggested that in 2001, only some last echos of fast flowing groundwater and coherent nutrients
where measured and that the nutrient status in 2018 is free from fast flowing groundwater flows
prio to pre-purification. A third measurement of the blocks in the future however is neccecary to
conclude this. Total nitrogen has increased over time. This is coherent to other studies, that suggest a
buildup of total N in line with an increase in soil organic matter and succesional stage of the
vegetation (Berendse et al. 1998; Sýkora et al. 2004). Most of the nitrogen is not available for plants
however. Lastly, the increase in total sodium is notable. This has most likely to do with some great
winter storms in 2017 and 2018, in which a severe storm from the west on 18th of januari 2018 is
most striking (KNMI 2018). These storms promote saltspray and are suggested to be responsible for
the enhanced sodium parameters. All measured soil parameters fall within the abiotic marges that
are known for the vegetation types found in this study (Wamelink et al. 2011; Wamelink et al. 2007).
Consultation of abiotic parameters of syntaxa was done within SynBioSys (Schaminée et al. 2007)

Soil parameters driving vegetation change
As expected, an increase in organic matter combined with a decrease in pH-H2O are important
parameters defining vegetation change along the first DCA-axis indicating succession (Lammerts &
Grootjans 1998). Our data concerning the DCA ordination implies that later successional stages of
vegetation occur on soil richer in total P, total N, plant available PO4, K and Na and a higher content
of organic matter. Early successional vegetation types occur on soils with higher pH-H2O, and higher
available NO3 and NH4 concentrations. The fact that earlier vegetation stages are found on soils with
a higher available NO3 and NH4 concentration is most likely due to a good buffer capacity of the soil.
Nutrient limitation studies suggest that these early stages have increased availability of nitrogen and
a decreased availability of phosphorous due to a higher (initial) lime content in the soil (Lammerts et
al. 1999; Lammerts & Grootjans, 1997). When taking the results of the LMM into consideration, pH
and organic matter show the same pattern as the ordination. Total phosphate shows an important
difference since the total amount of phosphate in the transects has decreased overall (Table 2) and
blocks are allowed to have own slopes and intercepts in the model. An increase in total phosphate
shifts the intercept to higher DCA-values (i.e. more back in time). This does stroke with the fact that
there used to be higher total phosphate in the soil due to past infiltration with polluted water. Prepurification of inletwater has thus significantly lowered the amount of phosphate in to the dune slack
system, contributing to a desirable dune slack vegetation. Since it is described that over time,
nutrients including phosphate increase in dune slacks (e.g. Lammerts & Grootjans 1997, 1998). The
parameter estimate for total phosphate is therefore evidence that the lowering the phosphate levels
in inlet water is crucial for creating and maintaining these dune slack vegetation types after
management as done in the Kikkervalleien. Coherent to this, Lammerts & Grootjans (1997) showed
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that reduction of total phosphate is one of the most important management measures when
restoring or maintaining basiphilous pioneer communities. Other estimates related to the prepurification measures are those of NO3 and NH4. During the inlet with nutrient rich water, both NO3
and NH4 had exessively high concentrations (van Dijk & Bakker 1984). With pre-purification
measures, NH4 decreased in Meijendel with a factor ten, while NO3 concentrations decreased less a
factor 2 (van Dijk & Bakker 1984; Koerselman 1993) We see this same pattern in the LMM-results.
There is a clear correlation between the lowering of nutrients in inlet water and a decrease of
nutrients in our soil measurments. Since the most impactfull management measure in Meijendel was
pre-purification of inlet water we assume a causal relation. Grazing is the only other management
measurment worth mentioning but the very low grazing density combined with the almost parralel
decline of soil P and NH4 and the reductions in inlet water make it plausible to assume a causal
correlation. Lastly, our LMM analysis shows that an increase in plant available sodium is a significant
contributing factor , positive for dune slack vegetations. High sodium contents are known to be
beneficial for rich, basiphilous pioneer vegetion, which will persist longer with salt-spray, temporal
floording with seewater or seepage of brackish water (Lammerts & Grootjans 1998; Sival 1996).

Conclusion
We conclude that the dune slack vegetation in the study area is not affected by nutrient rich seeping
water from nearby infiltration ponds, showing that with the appropriate management choices it is
possible to let dune slack exploitation and natural values coexist. The fact that the Schoenetum
vegetation persists in Meijendel, lies in the reduced nutrient load of inlet water, where reduced
ammonium and total phosphate are significant contributors, and the largely intact hydrology
buffering the system. Libellenvallei transect is furthest in succession and is not mown. Most likely the
life span of the Schoenetum vegetation in that valley can be prolonged with mowing regimes reestablished. With regard to the future of the further succession, we strongly suggest to keep
recording the transects at a certain interval to be able to get a better understanding in dune slack
succession and soil changes in relation to dune slack exploitation.
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