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Abstract: Sand nourishments and groynes as coastal protection measures (CPM) address similar
challenges on sandy coasts but take different approaches: while groynes are intended to reduce
alongshore sediment transport and erosion, nourishments add new sediment to the system to
compensate for erosion. The aim of this study is to compare the ecological effects of such measures on
the vegetation. To this end, nutrient analysis and botanical mappings were carried out on a site with
installed groynes, a site where sand nourishments are regularly carried out, and a control site without
any CPM. In addition to an increase in nutrient availability after the sand nourishment, significant
changes in plant species diversity and composition were also measured. The number of higher
plants, mosses, and lichen species was lower at the nourishment site. The opposite impacts were
observed at the groyne site: an increase in sediment cover by higher plants and mosses and a distinct
increase in lichen species. The results suggest that groynes lead to a stabilization of the coastal system
and enable dense vegetation growth. In contrast, sand nourishments lead to nutrient input and
unstable habitat conditions, attracting certain plant communities but preventing the establishment of
ground-covering vegetation.
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1. Introduction

Coastal dunes are exposed to numerous ecological challenges, including nutrient
and moisture deficiency, sediment transport, and salt spray [1]. These challenges create
spatial dynamics within the dune: the influences of wind, sand movement, and salt
stress tend to decrease with increasing distance from the sea [2]. This gradient leads
to an ecological differentiation and manifests itself in a zonation pattern characterized
by different vegetation types (Figure 1). Nutrient-rich, moist beachwrack piles near the
waterline provide a specialized habitat for nitrophytes and create wind shelter for sand
accretion. This process promotes the establishment of pioneer vegetation that marks the
formation of primary dunes. Within these primary dunes, species such as Leymus arenarius
(L.) HOCHST. and Elytrigia junceiformis (A. Love & D. Léve) HAND & BUTTLER, as well as
summer annuals including Atriplex littoralis (L.), Cakile maritima SCOP., and Salsola kali (L.),
find a niche. The stabilization of the sediment and the further accumulation of sand are
facilitated by the rhizomes of these plants [3-5]. Wind drift transports sand towards the land
and leads to the formation of secondary dunes, the foredunes. The sand is stabilized by the
large rhizomes of Ammophila arenaria (L.) LINK and Elytrigia junceiformis. These plants can
catch sand and even grow through up to 40 cm of sand if they are buried underneath [3,5].
The wind-exposed, secondary white dune is still influenced by the interplay of wind-driven
sedimentation and erosion [5]. The sand is lime-rich and maintains a high pH, yet it lacks
humus [2]. The wind-sheltered side of the dunes transitions into the grey dune, which is
characterized by changing microclimates and soil conditions [5]. In this area, although still
relatively dry and exposed to the wind, the soil is leached and humus accumulates, leading
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to a pH shift towards acidic conditions and an increase in soil fertility [2]. Sandy grasslands
predominate here with species such as Corynephorus canescens (L.) P. BEAUV., Carex arenaria
(L.), Jasione montana (L.), pioneer mosses, and lichens [3,5]. This zonation of coastal dunes is
usually stable but dynamic changes and developments are possible over varying timescales.
The transition from a primary dune to a white dune can occur within a few years, the shift
to a grey dune can take up to 10-20 years, and further progression to a brown dune can span
over 60-70 years [5]. While these dune ecosystems demonstrate resilience, interventions
such as storm floods, land subsidence, and tread damage can trigger regression and alter the
established zonation [5]. To a certain extent, these disturbances can maintain dune mobility
and offer an ecological niche for rare pioneer species [6] but anthropogenic disturbances in
particular often lead to a loss of biodiversity [7].
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Figure 1. Cross-sectional overview of the stages of dune development and the most common termi-
nology at the German Baltic Sea Coast. Adapted with permission from [8]. 2024, Sarah Mamerow.

Coastal protection measures (CPM), including sand nourishments and groynes, are
essential strategies employed to safeguard vulnerable coastal regions. However, the coastal
environments, including sandy beaches and dunes, already face significant threats such as
coastal squeeze [9]. CPM can add more challenges to these coastal systems, e.g., by the intro-
duction of foreshore structures, particularly hard structures to stabilize the coastline. They
can affect sediment dynamics and hydrodynamic as well as depositional processes [10-12].
The consequences of the stabilization of formerly dynamic ecosystems are shrub inva-
sion, increasing nutrient concentration, and a decrease in species variety [5]. Furthermore,
ecosystem engineering processes by dune grasses are disturbed [13]. In contrast to those
hard measures, soft measures were developed as more environmentally friendly techniques.
Dunes, when appropriately managed, serve as a critical component of soft CPM too. How-
ever, it is important to recognize that the wear and erosion of these dunes are expected.
Therefore, repeated nourishment becomes a necessary part of their maintenance. To extend
the duration of sand nourishment projects, groynes or breakwaters are installed at the
beach [14]. Although sand nourishments are considered as soft CPM, these actions can still
affect the ecology of dunes starting with biota burial and habitat loss [10,12] leading to a
reduction in the essential ecosystem functions [15]. Changes in plant diversity and coverage
are believed to be the result of substantial anthropogenic action too [16]. Disturbances
may lead to decreased plant coverage, but the implementation of CPM can also introduce
nutrient inputs, fostering increased plant coverage by species adapted to nutrient-rich
sediments [16], underlining the intricate ecological consequences of CPM in sandy beach
and dune ecosystems.

The present study contains botanical mappings to study the following questions:
(i) How is the vegetation composition changed due to the sand nourishment? (ii) Are
there differences in the vegetation composition between nourished, groyne-protected,
and unprotected coastal zones? (iii) How do species richness and biodiversity react to
sand nourishments?
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2. Materials and Methods
2.1. Study Site

The data were collected in Ahrenshoop and Graal Mueritz, two municipalities at
the German Baltic Sea Coast (Figure 2, Ahrenshoop: 54°22'50.573" N 12°25'16.506" E
and Graal-Mueritz: 54°15'34.412"” N 12°14/30.692" E). Both municipalities are located on
the Bodden compensation coast, which consists of different islands and spits. Hilltops
of moraines are connected by narrow land bridges. These land bridges were formed by
currents that eroded material from the island cores. The most important feature of this
geographical region is the highly structured shape of the coast [17,18]. While the sediment
supply for Graal Mueritz is ensured by sand transport from more western sections of
the coast, the sediment supply for Ahrenshoop was originally ensured by cliff retreat.
These cliffs are located in the 15 km coast section between the two municipalities and are
actually protected by three breakwaters to prevent a retreat of the coast [18]. They are
used as sediment traps to stabilize the shore but prevent the alongshore sediment transport
from feeding the adjacent beaches. Through the missing sediment supply by cliff retreat,
these high alongshore sand transport rates weaken the protective function of the dunes in
Ahrenshoop and storm surges threaten the municipality. Therefore, sand nourishments are
carried out every five to ten years [19]. The last nourishment in winter 2021/22 consisted of
600,000 cubic meters nourishing almost 4.5 km of coastline. The sand for the nourishment
was extracted approximately 10 km from the coast from a sand deposit that had previously
been inspected for suitability by the construction supervisors. The nourished zone in
Ahrenshoop included parts of the beach, as well as the primary dune and the white dune
(Figure 2). The coastal dynamic location in Ahrenshoop is representative of many places
on the German Baltic Sea coast and was therefore chosen for the analyses and comparison.
Furthermore, the timing of the coastal protection measure (CPM) was another reason why
this site was chosen for the analysis: sand nourishments only happen at selected sites
in Germany, and for the year 2021, only the coast of Ahrenshoop was nourished. Graal
Mueritz has an almost identical geographic orientation compared to Ahrenshoop and is
therefore suitable for comparison with the coast in Ahrenshoop. As CPM, wooden groynes
are normally installed on the beach in some parts of the coasts. There is also a protected
nature reserve near Graal Mueritz, in which coastal protection is not carried out. This offers
the opportunity to sample an unprotected section of coastline.
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Figure 2. On the left side, sampling sites Ahrenshoop and Graal-Mueritz at the Baltic Sea, Germany.
In Ahrenshoop, a nourishment took place in winter 2021/2022. In Graal Mueritz, wooden groynes
are installed in some parts of the beach. Another part of the beach is without any coastal protection
(=control site). On the right side is a cross-sectional overview of the placement of the nourished
material at the coast in Ahrenshoop. Adapted with permission from [8]. 2024, Sarah Mamerow.

2.2. Performed Samplings

The sampling plan consisted of taking sediment samples in Ahrenshoop before and
after the sand nourishment to determine nutrient concentrations in the sediment and
botanical mappings to determine the biodiversity on the beach and dune (GPS coordinates
of all sampling sites are shown in Table A1). The sediment cores were driven 20 cm deep
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into the sediment to determine sediment conditions within the germination and root growth
depth of most seeds. For the results of the sediment characteristics (mean grain size, sorting,
water, and organic and carbonate content), see [20]. For botanical mappings, all higher
plants and mosses were determined. Lichen sampling was only performed once at the site.
The sediment samples and botanical mappings were performed on the dates according to
the following table (Table 1):

Table 1. Sampling plan for the performed sediment samplings and botanical mappings at the sites
(Graal Mueritz and Ahrenshoop).

Date Sediment Samplings:

7 April 2021 Graal Mueritz

21 July 2021 (before the nourishment) Ahrenshoop

14 March 2022 (one month after the nourishment) Ahrenshoop

19 May 2022 (3 months after the nourishment) Ahrenshoop

11 August 2022 (6 months after the nourishment) Ahrenshoop

25 May 2022 (more than one year after the nourishment) Ahrenshoop

Date Botanical Mappings:

22 July 2021 Graal Mueritz (incl. lichen)
16 August 2021 (before the nourishment) Ahrenshoop (incl. lichen)
2 July 2021 (the year after the nourishment) Ahrenshoop

11 July 2023 (two years after the nourishment) Ahrenshoop

The concentrations of selected nutrients (nitrate, nitrite, phosphate, and ammonia) in
each sediment sample were analyzed using the spectrophotometric method by Lambda 2,
UV/VIS Spectrometer, and Perkin Elmer [21]. For this, 10 g of sediment was suspended in
50 mL of distilled water for one hour and then filtered through a glass fiber filter (pore size
0.45 pm, number of replicates n = 5).

Each botanical mapping consisted of 2 m wide belt transects (1 = 5) from the beach
to the end of the grey dune to determine species composition and soil coverage by higher
plants. For this, long measuring tapes were placed vertically to the water line crossing
all habitats from the beach to the coastal forest. On both sides of the measuring line,
another line was placed in parallel at a distance of one meter. Within this 2 m wide area
spanning from the waterline to the coastal forest, the plants were determined following
Jager et al. [22]. The percentage cover of each species was estimated using a modified
and combined Braun-Blanquet abundance dominance scale (Table 2, [23]). Changes in
species number and abundance were calculated with the Shannon Index H [24]. All lichens
detected in the sampling area were collected by hand and stored in paper bags. The
lichens were air-dried after collection and determined using a microscope with a maximum
magnification of 400. The morphological identification of lichens followed Wirth et al. [25]
including the nomenclature concept provided by Printzen et al. [26]. Some species of the
genus Cladonia were analyzed using thin-layer chromatography according to Culberson
and Amman [27] in solvent system A.

Table 2. Braun-Blanquet table [28] with determination of the degrees of vegetation coverage in
percent and transformation in accordance with Ellenberg [23] coverage. With ind. = individual.

Degree of Presence after Transformed Cover Grade after
Frequency Bragun-Blanquet [26] Ellenberg [211/%
Very seldom r(=1ind.) 0.1
+(=2-51ind.) 0.2
Seldom 1 (<5% cover, but <50 ind.) 2.5
2m (<5% cover, but >50 ind.) 5
Common 2a (=5-15% cover) 10
2b (=16-25% cover) 20
Frequent 3 (=26-50% cover) 375
Mass 4 (=51-75% cover) 62.5

5 (>75% cover) 87.5
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ammonia concentration nitrate concentration nitrite concentration

phosphate concentration

For the statistical analysis, we used the R statistical software Version 4.0.3. The
sediment samples were analyzed after checking for normality and variance homogeneity
using an ANOVA or the Kruskal-Wallis test with the sampling site as the factor. The
additional test was necessary since the requirements for the ANOVA were not met by
all parameters. Post-hoc pairwise multiple comparisons were carried out using Dunn’s
Test against an alpha level of 0.05 to identify differences between the sampling times. For
multidimensional scaling, the Bray—Curtis distance was used.

3. Results
3.1. Nutrient Concentration in the Sediment

There were significant changes in nutrient concentrations within the samples (Figure 3).
The nitrate, nitrite, and ammonia concentrations increased after the nourishment at both
the beach and the dune. The highest values were measured one month after nourishment.
After that, the concentration started to decrease again. The phosphate concentration
in the sediment increased after nourishment too. The highest values were measured
after nourishment at both habitats. The concentration did not decrease between one and
three months after nourishment. Six months after nourishment, the concentration had
decreased again.
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Figure 3. Nutrient concentrations (nitrate, nitrite, ammonia, and phosphate) of the sediment at the
beach and dune in pmol per L. Shown are sediment samples from Ahrenshoop (AH) before, one month,
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three months, six months, and one year after nourishment. For comparison, the species richness of
two dunes in Graal Mueritz (GM, control, and groyne sites) is pictured. Values presented by Box plots
are median (middle bar), and the lower and upper hinges correspond to the first and third quartiles
(the 25th and 75th percentiles) from 5 replicates. The Box plots also include whiskers (representing
5-95% of variability) and outliers (points). Different letters indicate significant differences between
sampling times (Dunn’s Test, p < 0.05).

3.2. Botanical Mappings

Several botanical mappings were conducted to determine species richness as well
as soil coverage. There were significant differences between the control sampling sites,
groynes, and the sampling times at the nourishment site (Figure 4). There are two different
trends visible: on the secondary dunes at the nourishment site, the species richness was
generally lower than at the other two sites. There was a slight increase in species richness
in the second year after nourishment. There were also significant differences between the
Shannon Index H of the sampling sites. Just like the species richness, at the secondary
dunes, the Shannon Index H was slightly lower at the nourishment site than at the control
and groyne sites.
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Figure 4. Number of higher plants and lichens, Shannon Index H, and soil coverage for each habitat
(primary, secondary white, and secondary grey dune) in Ahrenshoop (AH) before, 6 months, and
18 months after the nourishment. For comparison, the species richness of two dunes in Graal-Mueritz
(GM, control site, and groyne site) is pictured. Values presented by Box plots are medians (middle
bar), and the lower and upper hinges correspond to the first and third quartiles (the 25th and 75th
percentiles) from 5 replicates. The Box plots also include whiskers (representing 5-95% of variability)
and outliers (points). Different letters indicate significant differences between sampling times (Dunn’s
Test, p < 0.05).
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These results of species number, soil coverage, and Shannon Index H are directly
linked to the occurrence of the higher plant and lichen species in the mapped ecosystems.
In the following table (Table 3), all detected species are listed, and the ecosystems where
they were found are marked.

Table 3. Higher plant species and mosses (a) and lichen species (b) identified in the botanical
mappings at Ahrenshoop and Graal Mueritz. Identified higher plant species are marked with
grey shade. Light grey indicates a sediment coverage <10% and dark grey indicates a sediment
coverage >10%. Marking X indicates the presence of a species without information about sediment
coverage. Mapings were performed before sand nourishment in Ahrenshoop, as well as 6 months
and 18 months after. In Graal Mueritz, the same mappings were performed on a site with groynes
and on a site without any coastal protection (control). The mappings covered primary (P), secondary
white (W), and secondary grey (G) dunes.

(a) Ahrenshoop Graal Mueritz
Before 6 Months 18 Months Groynes Control
Higher Plant Species and Mosses: P W G P WG P WG P W G P \ G

Acer pseudoplatanus (L.)

Ammaphila arenaria (L) LINK I 2 —
Anthriscus sylvestris (L.) HOFFM.

Artemisia maritima L.

Atriplex littoralis (L.)

Brachythecium albicans (HEDW.) SCHIMP. - -
Bromus erectus HUDS.

Bromus hordeaceus L.

Cakile maritima SCOP.

Carex arenaria (L.)

Cerastium holosteoides FR.

Ceratodon pupureus (HEDW.) BRID.

Corynephorus canescens (L.) PBEAUV

Crambe maritima L.

Dicranum scoparium HEDW.

Elaeagnus sp. L.

Elymus athericus (Link) KERGUELEN

Eryngium maritimum L.

Festuca pratensis HUDS.

Galium aparine L.

Galium mollugo L.

Hieracium umbellatum L. e
Hippophae rhamnoides L.

Honckenya peploides (L.) EHRH.

Hypochaeris radicata L.

Ilex aquifolium L.

Jasione montana (L.)

Juncus tenuis WILLD.

Leymus arenarius (L.) HOCHST. [

Lathyrus japonicus subsp. maritimus (L.)
PW.BALL

Melampyrum pratense L.

Nardus stricta L.

Pinus sylvestris L.

Poa nemoralis L.

Populus tremula L. | [
Pucinellia distans (JACQ.) PARL.

Quercus robur L.

Rosa canina L.

Rosa rugosa THUNB.

Rubus sp. L.
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Table 3. Cont.

(a) Ahrenshoop Graal Mueritz
Before 6 Months 18 Months Groynes Control
Higher Plant Species and Mosses: P W G P WGP WG P \4 G P W G

Salix caprea L.

Salix repens L.

Sedum acre L.

Senecio vulgaris L.

Sonchus arvensis L.

Spergularia marina (L.)

Taraxacum sp. FHWIGG

Tripleurospermum maritimum (L.)

Viola tricolor L.

(b) Ahrenshoop Graal Mueritz
Before 6 Months 18 Months Groynes Control

Lichen and Lichenicolous Fungi: P W G P WG P WG P W G P \ G

Amandinea punctata (Hoffm.) COPPINS & | A
SCHEID.

Cladonia chloropaea (Sommerf.) SPRENG. s
Cladonia fimbriata (L.) FR. s
Cladonia furcata (Huds.) SCHRAD.

Cladonia gracilis (L.) WILLD.

Cladonia portentosa (Dufour) COEM.

Cladonia rei SCHAER. s
Cladonia scabriuscula (Delise) NYL.

Cliostomum griffithii (Sm.) COPPINS a 1
* Corticifraga fuckelii (Rehm) D.HAWKS. & P
R.SANT.

» v v n nu n

Evermia prunastri (L.) ACH. s

Hypogymnia physodes (L.) NYL. Ls

Lecania cyrtella (Ach.) TH.FR. 1 1 A Al

Lecanora chlarotera NYL. 1

Lecidella elaecochroma (Ach.) M.CHOISY Al 1 A

Parmelia sulcata TAYLOR I, m

Peltigera canina (L.) WILLD. s

Peltigera didactyla (With.) J R LAUNDON S

Peltigera rufescens (Weiss) HUMB. s

* Phoma peltigerae (P.Karst) D.HAWKSW. P
1
1

~

~
— —

Physcia adscendens H.OLIVIER 1 1
Physcia tenella (Scop.) DC. LR R R
Polyozosia persimilis (Th.Fr.) S.Y. KONDR, Al 1
LOKOS & FARKAS §
Xanthoria parietina (L.) TH.FR. 1 1 1 Al 1
* Xanthoriicola physciae (Kalchbr.) D.HAWKSW. X X

* Lichenicolous fungus; A = Ammophila arenaria, 1 = litter, m = mosses, P = Peltigera spec., R = Rosa rugosa, s = sand,
X = Xanthoria parietina.

Al 1

N

These differences in species composition and vegetation coverage between the sam-
pling sites can be used to illustrate similarities between ecosystems for both secondary
white and grey dunes. In the following figure (Figure 5), neighboring points indicate a
similar species composition and coverage. Increasing distance between points indicates
increasing differences. For the secondary white dune, all points from the nourishment site
are quite far away from the control and groyne sites while the data points representing
the two sites are close to each other. The points representing the different sampling times
at nourishment are close to each other as well. Similar, albeit not quite as pronounced,
trends are also evident in the secondary grey dune: again, points representing the species
composition at the control and groyne sites are distant from the ones at the nourishment
site. In general, the points are closer to each other than at the white dune. The stress value
for the calculation of the multidimensional scaling (MDS) was 0.1260, and the stress plot
showed R? values of 0.984 (non-metric fit) and 0.901 (linear fit).
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Figure 5. Multidimensional scaling (MDS) of the vegetation coverage on the white and grey secondary
dunes at the three experimental sites and times: the nourishment site before, 6 months after, and
18 months after nourishment, with one site protected by groynes and another one without any coastal
protection (control site).

4. Discussion
4.1. Nutrient Availability

The nutrient availability in sediments in dune ecosystems is very low compared to
ecosystems with more fertile soils [29,30]. This low phosphate availability, but also the
high buffering capacity, favors plant species that have adapted to these conditions [31].
Therefore, nutrient additions to these ecosystems can be seen as a major interference with
the natural nutrient conditions. Seedlings growing in coastal ecosystems are able to bypass
nutrient deficiency due to the availability of nutrients from the salt spray [32]. Another
natural source of nutrient input is beachwrack, which washes up on the shore and then is
decomposed by microbial communities and invertebrates leading to a release of organically
bound nutrients [33]. During sand nourishment, nutrient-rich sediments taken from deeper
sediment layers were exposed to the coast and nutrient concentrations increased [34].
Changes in the wave climate or meteorological climate were not responsible for the input
of nutrients [34]. Therefore, an effect of nutrient addition on plant communities can be
expected, e.g., a shift in species composition or increased plant biomass after the addition
of nitrogen [35]. The germination and growth of seedlings can be significantly increased by
fertilization too [36]. Nevertheless, this effect does not seem to occur everywhere in the
same way or reacts only on larger time scales since there are reports that even after four
years of increased nitrogen availability, no effects on dune plant species were measured [31].
Since the nutrient input after sand nourishment in Ahrenshoop was only temporary and
decreased within six months, a direct effect could be limited.

4.2. Single Species Analysis

Most species that were found at the three sites are common dune species according to
Bakker [3]. However, the changing abiotic habitat conditions are reflected in the abundance
and distribution of plant species along transects at the coast. At the nourishment site,
additional nutrient loads are a dominant factor influencing the performance of the plant
species. An increased moisture content, which was detected during and after nourishment,
could also have an influence on this [20].

Plant species profit from nourishment — One of those species is Artemisia maritima,
which is known to profit from fertilization in salt marshes [35]. Cakile maritima is also
known to grow best under high-nutrient and -moisture conditions, e.g., through beach
wrack [33,37]. Both were found more frequently after nourishment, especially at the white
dune. Lathyrus japonicas might have also profited as this species is not negatively affected
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by nutrient addition [38,39]. Similar results were noticed for Sedum acre, which has already
shown increased growth after fertilization of the soil [40], Honckenya peploides, which has
a broad spectrum for nutrient concentration in substrates [41], Tripleurospermum mariti-
mum, which prefers nitrogen-rich substrates and shows increased growth after adding
fertilizer [42], and Salix repens, known to grow better under increased nutrient concentra-
tions [43,44]. Additionally, arbuscular mycorrhiza [43] enables species such as Salix sp. or
Rubus sp. to maintain nutrient uptake at a steady level [45,46]. Symbiotic nitrogen-fixating
bacteria within their stem and rhizome tissue [47] enable Elymus athericus to increase
growth under high-nutrient conditions [35,37,48,49]. Other species that profit from the
nourishment are highly competitive r-strategists known to respond with high rates of
growth after disturbances. Some fast-growing shrub species, e.g., Rosa rugosa, show this
behavior, resulting in large-scale vegetation composition changes. As this species is a strong
competitor for space and nutrients [50], an increase in the spreading after nourishment is
also possible. However, large-scale distribution of this species is prevented by complete
coverage of the plants by sand in the nourished area, which the plants cannot survive. This
explains why Rosa rugosa is rarely found at the white dune at the nourishment site but is
common and increasingly found at the grey dune. More competitive species are Hieracium
umbellatum and Corynephorus canescens [51,52]. Enduring plant species able to withstand
unsuitable conditions were also recorded, e.g., Jasione montana [53], Galium mollugo [54],
and Crambe maritima [38,55]. At the control and groyne sites, these species were found
on multiple transects, showing that the species is also able to establish a certain coverage
under better conditions.

Plant species inhibited by the nourishment—There are multiple reasons why plant
species did not emerge after nourishment or decreased in the months after nourishment
activities. One of them is the distribution of seeds of annual plants. This is the case for
Atriplex littoralis, which could benefit from additional nutrients [35] but the annual plant is
limited in its spreading of seeds. Less competitive species, e.g., Cerastium holosteoides [56,57],
Eryngium maritimum [38,58], and Rosa canina [59], are also inhibited after nourishment.
Another reason for the inhibition of species distribution is the elevated moisture in the
sediment, which not every species can cope with. Although the genus Taraxacum includes
many different species, with some of them even preferring periodically flooded areas [60],
the species did not emerge after the measure.

Plant species not affected by the nourishment—Plant species that neither increased
nor decreased were Carex arenaria and Leymus arenarius. Two years after nourishment,
both species were still present on the white and grey dunes. A possible reason for the fast
recovery is their root system and ability to acquire nutrients: Carex arenaria is a fast-growing
species with roots up to four meters in length [61], and there have been reports of increased
growth under high-nutrient conditions [54,62], as well as indirect evidence for nutrient
transfer through clones [63]. For the dune species Leymus arenarius, arbuscular mycorrhiza
has been reported [64]. Additionally, a wide-ranging root system enables plant species to
acquire nutrients from adjacent areas [65], helping them to profit from increased nutrient
loads, which can result in increased seedling establishment [66].

Plant and moss species detected only/mostly at the control and groyne site—There
were several species occurring at both groyne and control sites but not or rarely at the
nourishment site, indicating that this site is unsuitable. One of those species is Brachythecium
albicans, a widely spread moss species that can be found on sandy substrates [67]. The moss
species Ceratodon purpureus and Dicranum scoparium are also pioneer mosses appearing
mostly in later successional dune stages [68]. These species did not appear on the freshly
nourished dune but did at control and groyne sites. Festuca sp. and Senecio vulgaris
dominate stabilized dunes under low-nutrient conditions [69-71]. Other species rely on
already-developed soil to establish a population, which is only provided at the groyne and
control sites, e.g., Hypochaeris radicata [72], or developed dune landscapes with depressions
and increased soil moisture, e.g., Juncus sp. [73].
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Melampyrum pratense and Sonchus arvensis are common plants growing on fixed dunes
and contribute to sand-catching [3,74]. The species Puccinellia distans and Poa nemoralis are
not common dune species but can survive if the ecosystem enables soil development [75,76].
This composition of different species in dense vegetation stands offers a habitat to other
plants, such as Nardus stricta [77], llex aquifolium [78], and Quercus robur [79]. It is therefore
not surprising to see those species appear on the stabilized dune. Low sediment dynamics
can lead to increased coverage by lichens.

In contrast to species that rely on stable conditions, some plant species need a certain
amount of disruptions and cannot establish themselves on completely fixed dunes, such as
Anthriscus sylvestris [80], Pinus sylvestris [81], Bromus sp. [82], and Thes tricolor [83].

Lichen species-Lichen species, which are able to grow on Ammophila arenaria [68,84]
on white dunes, were only present at the control and groyne sites. Species of the genera
Cladonia and Peltigera, as well as the fruticose lichens Evernia prunastri and Hypogymnia
physodes and the foliose lichen Parmelia sulcata, were only growing at these two sites, too.
The species of the genera Cladonia and Peltigera occur on more or less acidic, rather nutrient-
poor sand [25,68,84]. The other three lichen species usually grow epihytically [25,84],
but they can also settle on rather nutrient-poor sand [68,84]. The settlement of all these
species will only be possible if sand transport is reduced and the conditions are more stable.
They mark the beginning of the development of grey dunes [2]. The contents of nutrient
elements and organic matter in grey dunes are already higher than in white dunes [68,84].
The lichen species Cladonia rangifera has, in previous experiments, also reacted well to
increased nutrients up to a certain level as a consequence of soil development [85], causing
vegetation composition through soil coverage [86].

The number of lichen species was generally higher at the control site, and especially at
the groyne site, than at the nourishment site. That means that the lower the sand dynamics,
the greater the lichen diversity.

4.3. Vegetation Composition and Biodiversity

The biodiversity of coastal dune ecosystems is similar in most habitats. Embryo
(primary) dunes, main (secondary white) dunes, and transition (secondary grey) dunes
have similar species numbers [87]. To maintain this high coastal biodiversity, it is therefore
important to conserve all habitats in the coastal system since all of them can contribute
evenly to the biodiversity. Mobile dunes can have a higher plant biodiversity [6,88].
Indicators for a mobile dune are natural disturbances, e.g., regular wash-overs by waves or
blow-outs by wind [88,89]. CPMs are usually opportunistic to these disturbances, either
inhibiting them by stabilizing the dune or forcing oversized disturbances. Moreover,
the replantation of certain species, e.g., Ammophila arenaria, used on a global scale for
the reforestation of dunes [90], can lead to a reduction or disappearance of certain dune
species [91].

Differences in species composition on the dunes are visible in this study in the results
of the different CPMs: At the groyne site, the adverse effects of nourishment on plant
diversity were only minimal, enabling lichen and moss species to persist. No additional
sediment was flushed onto the dune, so no burial of existing vegetation happened, and
the vegetation cover was able to develop. At the nourishment site, the additional sediment
first led to the burial and destruction of the existing vegetation. In the second step, only
young individuals of Ammophila arenaria were replanted. These changes caused a setback
in the dune succession to a less stabilized dune more similar to embryo dunes or early
white dunes. Increased eolian sediment transport can promote this even further and mainly
reinforces the establishment of plants adapted to sediment movement. Moreover, although
nourishment was limited to the beach and white dunes, the grey dune was also affected by
these processes.

Active dune management, and primarily the removal of certain plant species, affects
the vegetation composition as well. This influences shrub species the most as shrub invasion
in dune systems causes the loss of grassland and leads to the enrichment of the soil and
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therefore is not a desired goal for dune development [60,92]. Both species of Hippophae
rhamnoides and Populus tremula were affected by this removal at the nourishment site.

In general, the species detected at all sites are in the wide range of species numbers
already published by other researchers for this region [7]. The number of species at the
nourishment site is at the lower limit of this range. A low species richness is an indicator of
missing habitat stability concerning abiotic and biotic conditions [93]. The lichen species
numbers were also lower at the nourishment site. Lichen settlement starts only under stable
habitat conditions, e.g., lower sediment dynamics, since they are not able to survive burial
by sand. The soil coverage follows the same trend, although replantation of marram grass
was performed. However, the necessary soil coverage of 30% to stabilize the sediment and
inhibit eolian erosion was achieved [94]. In general, this study shows that the soil coverage
by plants increases with increasing stabilization of the dune. While the coverage by marram
grass decreases, the increase in heath and shrub species progresses even faster [90]. This
supports the higher soil coverage measured at the groyne and control sites than at the
nourishment site. The overall reduced species numbers are also shown by a decrease in
plant diversity measured by Shannon Index H. While the plant diversity at the groyne and
control sites is similar to earlier reports, the nourishment site again shows lower values
than at other sites at the Baltic Sea, normally ranging between one and three [15]. On
other coasts, this can be even higher. Reports from the Mediterranean Coast usually show
diversity indices of around three to four with an increased species number [95]. Index H
includes both the number of species and abundance to make an estimation of the diversity
at the site, with a higher index indicating higher diversity.

Another factor that can influence the vegetation composition at the nourished dune is
sediment characteristics changes after nourishment. Plant seedlings show both avoidance
and tolerance strategies to withstand sediment stress, e.g., sediment moisture. However,
especially on the dune, seedling establishment coincided with high moisture conditions [1].
During sand nourishment, additional moisture enters the sediment by flushing the sedi-
ment onto the coastal area. This was shown at the nourishment site in Ahrenshoop too,
but like most other changes in sediment conditions, this was only temporary and was not
measured after six months [20]. Therefore, the biggest influence on vegetation composition
might not be the sediment characteristic changes, but rather the movement of sediment.
This includes the burial of seedlings and seeds under nourished sediment that can signif-
icantly influence the emergence of seedlings [1]. In addition, it must also be noted that
the overall sediment dynamics might have changed due to the regular nourishments [19]
at the nourishment site for quite some time now. During normal dune succession, the
replenishing sand for the dune originates from the beach and is moved in small quantities
over a longer period of time [6]. In contrast, sand nourishments move large quantities of
sediment over a small period of time leading to an overstabilized dune. These sand nour-
ishments can increase eolian sand transport as well [96], and increased sediment movement
can affect the plant species composition [97,98]. There are also demands for a change in
nourishment practices, asking for either concentrated nourishment with larger amounts of
sand instead of multiple repeated nourishment (e.g., sand motor in the Netherlands) to
reduce the initial burial area [99] responsible for large biodiversity loss as a consequence of
burial of all immobile and slow-moving organism [100] or mosaic nourishments to enhance
the chances for natural recolonization [99].

5. Conclusions

Coastal protection measures (CPMs) are implemented with good reason and pursue a
specific goal at their implementation site, e.g., erosion protection and flood reduction.

However, while doing this, they affect their surrounding ecosystems, which are al-
ready under pressure. Whereas the predominant practice was initially to stabilize the dune
and beach and decrease erosion, there is now an increase in evidence supporting further
effects. The species composition on nourished dunes suggests higher sediment mobility,
while the more lichen- and moss-dominated vegetation at groyne and control sites indicate
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a stabilized habitat. Especially at the groyne site, the lichen species suggest a more mature
dune system. Nutrient input by sand nourishment was only short term and the overall
nutrient concentrations at the site were not increased by the regular repeated nourishments.
These research findings can improve the current practice of coastal management: imple-
mented CPMs should be closely monitored after installation, especially when they include
repeated disturbances of the coastal system. Performed sand nourishments leading to
reduced dune development and decreased soil coverage need to be compensated. This
could include plant reforestation at the nourished dunes that include more diverse dune
species increasing both sediment stability and biodiversity in these habitats. While the
current practice is to restore only marram grass Ammophila arenaria, this could be extended
to Leymus arenarius and Corynephorus canescens or other species. Other coastal protection
measures should also be considered to counteract the cause of coastal retreat at this point.
These could be, for example, additional, carefully placed breakwaters.

The decision for specific shore management is characterized by the available resources,
littoral sediment transport, and also benefits such as recreational uses of the beach and
dunes. The two fundamentally different coastal protection measures, repeated sand nour-
ishment and groynes, were developed on the basis of these principles by coastal protection
authorities ensuring either a dynamic or more stable coastal zone. The conflict of use in
this heavily utilized environment will continue to have a significant impact on coastal
protection in the future.
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Appendix A

Table Al. Coordinates of all sediment sampling stations in Ahrenshoop and Graal Mueritz. The botan-
ical mappings were performed along transects, which span between the coordinates of each station.

. . ey Longitude Latitude
Site Station Description (De ggrees East) (Degrees North)
1 Beach 12.412062 54.379118
1 Dune 12.412390 54.378995
2 Beach 12.423305 54.384627
2 Dune 12.423598 54.384430
Ahrfimh""p 3 Beach 12.430064 54.387775
(sand h 3 Dune 12.430459 54.387484
nourishment) 4 Beach 12.436747 54.391684
4 Dune 12.437031 54.391506
5 Beach 12.443353 54.397647
5 Dune 12.443826 54.397472
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Table Al. Cont.

. . .. Longitude Latitude
Site Station Description (Degrees East) (Degrees North)
1 Beach 12.272940 54.270792
1 Dune 12.273260 54.270476
2 Beach 12.272162 54.270477
2 Dune 12.272439 54.270236
Graal Mueritz 3 Beach 12.271260 54.270152
(groynes) 3 Dune 12.271525 54.269905
4 Beach 12.270729 54.269949
4 Dune 12.271000 54.269687
5 Beach 12.269996 54.269632
5 Dune 12.270210 54.269451
1 Beach 12.286490 54.275244
1 Dune 12.286903 54.274995
2 Beach 12.285852 54.274992
2 Dune 12.286066 54.274792
Graal Mueritz 3 Beach 12.285117 54.274749
(control) 3 Dune 12.285370 54.274512
4 Beach 12.284139 54.274428
4 Dune 12.284340 54.274221
5 Beach 12.283473 54.274172
5 Dune 12.283702 54.273967
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