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Coastal wetlands depend on vertical accretion to keep up with sea level rise in cases
where embankment restricts accommodation space and landward migration. For
coastal wetland survival, autogenic productivity (litter, root decay) as well as allogenic
matter input are crucial. Beach wrack composed of seagrass and algae can serve as an
important allogenic matter source, increase surface roughness, elevate the backshore,
and influence the blue carbon budget. The objective of this study is to understand how
human footpaths in a frequently accessed Baltic coastal wetland influence beach wrack
transport and accumulation. Beach wrack monitoring during the winter storm season
2021/2022 was conducted in high spatial and temporal resolution with bi-weekly UAV
flights. Object-based identification, segmentation, and classification of orthophotos with
open-source software allowed the detection of beach wrack patches with a mean area
of 0.6-2.7 m2. Three major storm events occurred during the monitoring period (Arwen,
Malik, Eunice). Regardless of wind speed or direction, the main accumulation zones
remained stable. The east-west footpath that crosses the coastal wetland and connects
the tourist hotspots served as a “highway” for water-mediated transport of beach wrack.
Total area covered by beach wrack fluctuated between 1,793 and 2,378 m? with a peak
after storm Malik in January 2022. The densely accumulated beach wrack along the main
east-west footpath formed an elongated micro-cliff-like structure and limited landward
transport. Additional aerial image analysis for the last 15 years showed that the position
of the footpaths remained stable. This pioneering study offers first insights into the fate
of beach wrack in an anthropogenically influenced Baltic coastal wetland where larger
tidal channels that usually generate hydrological connectivity are missing. The identified
transport patterns and accumulation hotspots are a starting point for further research on
how beach wrack behaves in (waterlogged) coastal wetlands compared to decomposition
on sandy beaches.
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INTRODUCTION

Coastal wetlands, as the interface between aquatic and terrestrial
ecosystems, are highly productive ecosystems that provide various
habitats, sequester carbon, dissipate wave energy, or buffer
nutrients (e.g., Reddy and DeLaune, 2008; Karstens et al., 2015;
Jurasinski et al., 2018; Heckwolf et al., 2021; Buczko et al., 2022).
However, coastal wetlands are at risk of submergence and thus
loss of important ecosystem services if vertical growth cannot
keep up with the rising sea level (Coleman et al., 2022). A main
driver of wetland resilience is the availability of accommodation
space, allowing wetlands to migrate landwards and compensate
for seaward losses due to erosion or drowning (Schuerch et al.,
2018). In case human-made constructions preclude landward
migration, coastal wetland survival depends on vertical accretion,
which is largely driven by suspended sediment concentrations
in nearby coastal waters (Kirwan et al., 2016; FitzGerald et al.,
2008; Howe et al., 2009; Reed 1990; Morris et al., 2002). Although
nature-based adaptation solutions receive growing attention (e.g.,
Thorslund et al., 2017; Kiesel et al., 2020; Leonardi and Dai, 2022),
coastal protection in the Baltic region still relies most commonly
on engineered solutions and large coastal strips are characterized
by embankment. Under such conditions, coastal wetlands must
act as bioengineers of their own environment with the feedback
mechanisms of plant production and sediment trapping resulting
in vertical accretion. For coastal wetland survival, autogenic
productivity (litter, root decay) as well as allogenic matter input are
crucial (Morris et al., 2002). In case sediment supply from land is
suppressed by an embankment (Willemsen et al., 2016; Perillo et al.,
2018), seagrass and macrophytes deposited on the shore as beach
wrack could become an important source of allogenic matter. Beach
wrack increases the surface roughness and has been identified as a
key factor in trapping wind-blown sand (Nordstrom et al., 2011).
Furthermore, beach wrack enhances plant colonization at more
seaward-located positions because it elevates the backshore and
provides essential nutrients (Dugan et al., 2011; Biel et al., 2018;
Hyndes et al., 2021). For Baltic coast wetlands, Ward et al. (2016)
have shown that already small alterations in elevation and thus
inundation frequency can lead to substantial vegetation changes.
Beach wrack transport and accumulation patterns and their
impact on topography have thus direct implications with regard to
ecological restoration efforts and target species defined in nature
conservation plans (e.g., NATURA 2000 management plans). In
terms of a unit area, coastal vegetated ecosystems store much more
carbon in both their biomass and sediments than most terrestrial
ecosystems (e.g., Mcleod et al., 2011; Duarte et al., 2013). Seagrass
in the Baltic Sea is also thought to have great potential for storing
CO,. However, this refers to the submarine part with the storage of
organic matter in the seafloor. Despite the ecological importance,
so far, most studies have focused on sandy beaches (e.g., Dugan
etal, 2011; Reimer et al., 2018; Hyndes et al., 2021; Pan et al., 2022)
and the transport and fate of beach wrack in vegetated coastal
ecosystems has not been studied yet.

The Baltic Sea represents one of the largest brackish waters of
the Earth with strong lateral variations in the salt content from near
marine in the western to near limnic conditions in the inner parts
(Reusch et al., 2018). Over the course of the past century, Baltic Sea

ecosystems have undergone drastic changes and anthropogenic
pressures especially in the coastal zone remain high (HELCOM,
2010; Dietz et al., 2021). Coastal wetlands are particularly valuable
as they provide essential coastal habitats for fish in the Baltic Sea
(Kraufvelin et al,, 2018), counteract eutrophication (Karstens
et al,, 2015), and provide coastal protection (Schernewski et al.,
2018). Coastal wetland evolution is controlled by a variety of
factors including biotic activities and biomass production, storm
activities, subsidence, sediment supply, as well as changes in local
hydrology (Boumans and Day, 1993; Cahoon et al.,, 2011). Tides
play a minor role in the Baltic Sea and water level fluctuations are
caused mainly by meteorological forcing, episodically leading to
oscillating water levels (Keruss and Sennikovs, 1999; Niedermeyer
etal., 2011). The tidal range limits channel depth in creek networks
(Davidson-Arnott et al., 2019) and large tidal channel systems that
generate hydrologically connectivity in North Sea salt marshes
do not exist in Baltic coastal wetlands. However, many coastal
wetlands along the Baltic coast are accessible and planned as well
as unplanned walking footpaths develop. These footpaths create
mosaics of vegetation patches and could influence the hydrological
connectivity. In order to better assess the impact, it is important
to understand if footpaths are seasonal structures emerging
during the tourist season and potentially disappearing under
fresh vegetation in the next year with new pathways opening up
or whether the footpath persist over time at the same positions,
impacting the study site on longer timescales. Comprehending the
impact of such anthropogenic footprint is a prerequisite for the
sustainable management of coastal wetlands.

The objective of this study is to understand how human
footpaths in a frequently accessed coastal wetland influence the
water-mediated transport of beach wrack. Baltic coastal wetlands
remain largely understudied (Graversen et al., 2022) and the fate of
beach wrack in these systems has not been explored yet. Bi-weekly
UAV flights between December 2021 and April 2022 covering the
winter storm season in combination with aerial image analysis
of 2007-2019 enabled us to investigate the following research
questions in high spatial and temporal resolution: (I) Are human
footpaths hotspots for beach wrack accumulation? (II) How do
those footpaths persist in wetlands over time? We anticipate that
our results will help to better understand Baltic coastal wetland
dynamics and effects of altered hydrological connectivity under
intensifying climatic conditions (e.g., increased storm activity
during winter months).

METHODS AND MATERIAL
Study Site

The coastal wetland Stein is situated in northern Germany at
the outer Kiel Fjord, Baltic Sea (Figure 1A). As a result of the
ongoing shore-parallel sediment transport, most of the bays
between Kiel and the island Fehmarn are currently cutoft by spit
formation. Bottsand (see Figure 1B) is the youngest spit growing
to the west and has been advancing since 1880 (Niedermeyer
et al., 2011). Bottsand has been a nature reserve since 1939 with
various dune stages and salt marsh vegetation and access is
completely forbidden (Diehl and Diehl, 1986). In contrast, the
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FIGURE 1 | (A) The coastal wetland Stein is situated in northern Germany at the outer Kiel Fjord, Baltic Sea (Background map: Open Street Map). (B) Large
seagrass meadows are located north-west of the study site (Data is derived from Sentinel satellite and cut off at 4 m water depth, provided by Kuhwald et al.
(2021). Adjacent to the coastal wetland is the spit formation Bottsand, a nature protection area, as well as a marina. (C) Several footpaths cross the coastal wetland
at Stein. The main footpath connects the tourist areas from east to west (The aerial image from 2019 was chosen as background image as it was taken during
summer, showing the main tourist areas, data provided by the State Office for Surveying and Geoinformation Schleswig-Holstein).

coastal wetland Stein south-west of Bottsand is a popular tourist
area and frequently visited during all seasons. Accommodation
space is limited as the wetland is squeezed by a dike in the
hinterland and a marina in the east. The typical German beach
chairs are placed each summer in the two sandy beach areas (see
Figure 1C) and footpaths connect these areas with the walkway
on the dike as well as with the marina. The coastal wetland offers
adiverse species portfolio, but the seaward wetland edge is largely
dominated by common reed (Phragmites australis) with a few
patches of salt marsh bulrushes (Bolboschoenus maritimus). The
composition of beach wrack is geographically highly diverse and
overall the contribution of ephemeral and nutrient-opportunistic
seaweeds increased along Schleswig-Holstein's Baltic Sea coast
(Weinberger et al., 2021). However, beach wrack at the study site
Stein is dominated by seagrass (relative contribution of 89-95%,
Weinberger et al., 2021), probably due to the large seagrass
meadows north-west off the coast (Kuhwald et al., 2021; see
Figure 1B). Aquatic vegetation is dominated by Zostera marina
(Schubert et al., 2015) and to a lesser degree by Fucus vesiculosus
and Fucus evanescens (Rohde et al., 2008).

Brackish reed wetlands dominated by P australis are
characteristic for the Baltic region, especially along the inner,
protected coastal waters (Dijkema, 1990; Meriste et al., 2012).
To access the water front, walking footpaths develop in these

vegetated coastal ecosystems. Study sites from the work of
Chubarenko et al. (2021) on beach wrack management around
the Baltic Sea were used to check that our study site is not
unique. Using Google Maps, we confirmed the following similar
sites with footpaths and availability of beach wrack: Curonian
Spit, Lithuania—55° 19’ 22.0"” N, 21° 02’ 21.8" E; Vistula Spit,
Poland—54° 25" 49.2" N, 19° 36' 11.0" E; Kalmar, Sweden—56°
38'51.7" N, 16° 19’ 12.0" E; Kege, Denmark—>55° 24’ 01.5" N,
12°19'10.5" E; Island Riigen, Germany—54° 17" 12.3" N, 13° 41’
23.5" E. P. australis is also a common species along other brackish
coasts, e.g., along the Black Sea (Sangiorgio et al., 2008) and
Chesapeake Bay (e.g., Rice et al., 2000; Chambers et al., 2008).
Hence, studies on the interactions between reed and beach wrack
are of global interest. The coordinates given are just examples
for sites where footpaths in coastal vegetated ecosystems may
impact the hydrological connectivity in systems with minor tidal
influence, comparable to our study site Stein.

Data Acquisition and Processing

Beach wrack monitoring is challenging as its distribution is
temporally and spatially variable. Uhl et al. (2022) developed
classification ensembles for beach wrack detection at a spatial
scale of 3-10 m with multispectral data of the sensors Sentinel-2
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MSI and PlanetScope. However, the spatial resolution would not
be suitable for beach wrack monitoring in coastal wetlands with
footpaths sometimes not wider than 1 m. This can be achieved
with high-resolution images acquired from sensors assembled
on uncrewed aerial vehicles (UAVs). Pan et al. (2021) showed
that UAV imagery and object-based image analysis (OBIA)
are a cost- and labor-saving option to monitor beach wrack
accumulation with a sub-decimeter spatial resolution. In this
study, bi-weekly UAV surveys between December 2021 and April
2022 monitored and mapped beach wrack accumulation during
the winter storm season. Flight height was 70 m (Figure 2A).
A DJI ZenmuseX5S camera mounted on a DJI Inspire II UAV
provided RGB imagery in sub-decimeter scale. Orthophotos
and digital elevation models were generated based on
structure-from-motion photogrammetry with the open-source
software WebODM (Version 1.9.11, OpenDroneMap 2022, see
Mokrane et al., 2019; Vacca, 2020). WebODM uses multiple
techniques and software libraries to process aerial image data.
Orthophotos are generated by stitching individual, overlapping
orthorectified aerial images producing a single file, that is then
georeferenced and converted to a GeoTIFF (Vacca, 2020; Pell
et al., 2022). A first step in this process is the generation of a
textured 3D point cloud that represents the landscape which
was captured by the UAV in several single images. WebODM
uses a structure-from-motion software library called OpenSfM
(OpenSfM 2022) in combination with the Multi-View-Stereo
(MVS 2022) technique (Vacca, 2020). Fifteen ground control
points, taken with a Leica GNSS-RTK-Rover in the field,
were provided for georeferencing. Georeferenced point cloud
data was used for the processing of digital elevation models.
WebODM extracts a surface model by using an inverse
distance weighting interpolation method and the model is
then smoothed using a media filter to remove noise (Vacca,
2020). Pell et al. (2022) evaluated the workflows and output
products of different structure-from-motion photogrammetry
software options. WebODM needed more processing time for
larger datasets than for example Correlator3D and AgiSoft, but
worked well for a variety of different ecosystems and had no
problems to reconstruct underwater features in comparison
with Pix4Dmapper. Aerial images from 2007 to 2019 were
provided by the State Office for Surveying and Geoinformation
Schleswig-Holstein (LVermGeo SH) and provided insights
into past development of footpaths, vegetation, and shoreline
evolution. Flight height was between 1,000 and 2,400 m and
RGB image resolution between 10 and 15 cm. Segmentation
and supervised classification procedures for all images from
2007 to 2022 were performed using the open-source Orfeo
Toolbox (OTB Version 6.0, Grizonnet et al., 2017). Instead of
classifying individual pixels, OBIA works with homogeneous
and contiguous groups of pixels known as segments (Torres-
Sanchez et al., 2015). For the segmentation, a spatial range
of 50 and radial range of 7 was chosen, corresponding to the
feasibility study by Pan et al. (2021). Support vector machine
(SVM) as one option of machine learning methods was chosen,
although Pan et al. (2021) showed that random forests (RF)
and K-nearest neighbor (KNN) also performed well with an
overall classification accuracy >75%. In supervised algorithms,

a training phase is used to associate every segment with a pre-
defined class (De Luca et al., 2019). On average, 120 training
points for the following five classification classes were set-up
manually for every orthophoto: (1) vegetation, (2) beach wrack,
(3) sand, (4) water covered sand, and (5) water. Following De
Lucaetal. (2019), aregular square grid of points with dimensions
of 20 x 20 m was placed over the study area for accuracy
assessment (Figure 2B). Predicted values were compared with
manual visual inspection. Confusion matrices were generated
and producer’s and user’s accuracy were calculated with values
>80% for all five classes (see Supplementary Material). The
study area of approximately 58,000 m?*, which was surveyed by
UAY, is also manageable by foot. Field observations along the
footpaths were carried out simultaneously with the UAV fights
and beach wrack composition was documented with photos.
Visualization and area calculations were performed with
open-source QGIS [Visualization and area calculations were
performed with open-source QGIS (Figure 2C) Version 3.16
“Hannover”; QGIS 2022].

Weather data for the monitoring period was provided by
the German Weather Service (DWD) and water level at the
nearest station (Kiel lighthouse) was recorded by the Federal
Waterways and Shipping Administration (WSV) and provided
by the Federal Institute for Hydrology (BfG). Major events were
storm Arwen (known as Hannelore in Germany), storm Malik
(known as Nadia in Germany), and storm Eunice (known as
Zeynep in Germany, see Figure 3). Storms Malik and Eunice
caused serious damage in Europe with wind speeds of up to
141 km/h in Kiel.

RESULTS

Beach Wrack Accumulation During Winter

Storm Season 2021/2022

Total area classified as beach wrack shows fluctuation between
1,793 and 2,378 m” during the monitoring period, with a peak
after storm Malik in January (Table 1). An area of 492 m’
was permanently covered by beach wrack. Overlapping beach
wrack zones in between UAV surveys are listed in Table 1.
Accumulation patterns were similar in all winter months with
two distinct hotspot areas: (1) the east-west footpath connecting
the main tourist areas and (2) the area between the beach lake
outlet and the footpath coming from the marina in the east (see
Figure 4). Beach wrack passed the wetland edge at open spaces
between the dense Phragmites stands and accumulated along
the main footpath (Figure 5). It formed a long and narrow clift-
like structure (see photo impressions in Table 1 and Figure 6).
Beach wrack was rarely mapped along the small footpaths
crossing the study area at various locations along the north-
south direction, although these footpaths were flooded up to
75 m landwards from the seaward edge during some events
(e.g., 06.01.2022).

Storm Arwen in the beginning of December 2021 with
NW wind speeds of up to 26.4 m/s and a water level increase
of 121 cm within 48 h pushed fresh sea grass leaves along the
footpath oriented parallel to the shoreline that connects the two
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FIGURE 2 | Data from UAV overflight in 70 m height. (A) Orthophoto showing unvegetated and vegetated beach with some beach wrack in the transition zone.
(B) OTB segmentation results including training points for 5 classes as well as 20 x 20 m regular square grid of points for accuracy assessment. (C) Final
classification results.

main tourist areas as well as along the footpath between the  level to 150 cm above mean sea level (Figure 3). Beach wrack
beach lake and adjacent marina (Figure 5). NE storm Malik  was pushed further into the beach lake. Large amounts of fresh
in January with wind speeds of up to 39.2 m/s caused massive ~ sea grass leaves were also deposited against the wetland edge
water level fluctuations, rising from -100 cm below mean sea  in the north-east of the study site. However, only the beach
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FIGURE 3 | The monitoring period covered the major storm events Arwen, Malik, and Eunice. Green line displays mean wind speed [m/s] and green dotted line
displays maximum wind speed [m/s]. Blue line shows water level fluctuations [cm NHN]. Dates for UAV flights are displayed as red dotted vertical lines (06.12.21,
17.12.21, 06.01.22, 31.01.22, 22.02.22, 08.03.22). Weather data for the monitoring period was provided by the German Weather Service (DWD) and water level
was recorded by the Federal Waterways and Shipping Administration (WSV) and provided by the Federal Institute for Hydrology (BfG).
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TABLE 1 | Overview of beach wrack mapping and field observations during the storm seasons 2021/2022.

UAV survey Beach wrack mapping Field observations beach wrack Major previous events

Photo impressions

date
06.12.2021  Total area covered: Beach wrack seagrass dominated, NW Storm Arwen (known
2,192 m? fresh green leaves visible, strong  in Germany as Hannelore);
Mean segmentation patch accumulation along E-W footpath max. wind speed 26.4 m/s,
size: 2.7 m? and along marina footpath mean wind speed 14.6 m/s
Overlapping area with min. water level -46 cm i
17.12.2021 beach wrack: below mean sea level, max.
1,686 m? water level +75 cm above
mean sea level, amplitude
121 cm
17.12.2021  Total area covered: Similar accumulation pattern to /
2,378 m2 06.12.2021; no fresh material
Mean segmentation patch visible
size: 2.2 m?
Overlapping area with
06.01.2022 beach wrack:
1,274 m?
06.01.2022  Total area covered: Beach wrack getting more Snow fall and snow cover
2,311 m2 compacted; along E-W footpath ~ 22.12.2022-26.12.2021.
Mean segmentation patch beach wrack mixed with Temperature rising above
size:1.6 m2 Phragmites litter and broken stems 0°C on the 28.12.2021.
Overlapping area with
31.01.2022 beach wrack:
1,049 m?
31.01.2022  Total area covered: Fresh green seagrass leaves; NE Storm Malik (known in
2,433 m? accumulation pattern remains Germany as Nadia); max.
Mean segmentation patch but in addition beach wrack got ~ wind speed 39.2 m/s, mean
size:0.7 m? pushed into beach lake; along E-W wind speed 19.1 m/s; min.
Overlapping area with footpath beach wrack mixed with ~ water level -109 cm below
22.02.2022 beach wrack: Phragmites litter and broken stems mean sea level; max. water
744 m2 level +138 cm above mean
sea level, amplitude 247 cm
22.02.2022  Total area covered: Beach wrack in many areas NW Storm Eunice (known in

2,064 m2 covered by sand and compacted;
Mean segmentation patch no fresh green seagrass or algae
size:0.7 m2 visible

Overlapping area with

08.03.2022 beach wrack:

766 m?

Germany as Zeynep); max.
wind speed 38.8 m/s, mean
wind speed 15.2 m/s; min.
water level -100 cm below
mean sea level; max. water
level +67 cm above mean
sea level, amplitude 167 cm

Continued
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TABLE 1 | Continued

UAV survey Beach wrack mapping Field observations beach wrack Major previous events

date

Photo impressions

08.03.2022  Total area covered: Beach wrack in many areas /
1,793 m2 covered by sand and compacted;
Mean segmentation patch no fresh matter visible

size:0.6 m?

Mapped areas (total area, mean patch size, and overlapping area) are based on WebODM orthophotos, segmentation, and classification with OTB and QGIS.

wrack trapped along the footpaths embedded with vegetation
along both sides remained trapped and permanently covered
the ground throughout the monitoring period (Figure 5). After
storm Eunice in February, beach wrack started to get covered
by sand, making mapping via UAV RGB imagery more difficult
and potentially resulting into an underestimation of beach
wrack area. However, fresh green sea grass leaves were visible
in the beach wrack after storm Arwen (December) and after
storm Malik (January), but not after storm Eunice (February).
Starting in January, the beach wrack got mixed with Phragmites
litter and broken stems (Table 1). Storm Eunice resembled
storm Arwen with NW winds, but higher wind speeds of up to
38.8 m/s and a more pronounced water level increase of 167 cm
within 48 h. In contrast to storm Malik with one peak, wind

speeds above 30 m/s remained for five consecutive days during
storm Eunice (Figure 3). Highest water level during that time
was 67 cm above mean sea level but when water level dropped to
-38 cm below mean sea level on the 20th of February, maximum
wind speed was still 28.2 m/s, explaining why beach wrack was
covered by sand being blown from the main beach area in the west.

Temporal and Spatial Evolution of
Footpaths and Wetland Edge

The width of the east-west footpath connecting the main tourist
areas varied during the last 15 years. Mean width at location I
(see Figure 6A) was 14 m in March 2007, 6 m in March 2013,
and 13 m in March 2019. During vegetation peak in summer,
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06.01.2022

08.03.2022

B Vegetation M Beach wrack ~ Sand

Water covered sand = Water

FIGURE 4 | Classification results for the UAV imagery from December 2021 to April 2022. Regardless of weather or water level conditions, beach wrack
accumulations could always be mapped in two hotspot areas: along the east-west footpath connecting the main tourist areas (Zoom A) and within the area between
the beach lake outlet and the footpath coming from the marina in the east (Zoom B).
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FIGURE 6 | Zoom into the “beach wrack highway” along the east-west footpath. While fresh sea grass leaves were visible in the beach wrack during December
and January (A), the beach wrack started to get covered by sand and mixed with Phragmites litter and broken stems in February and March (B). This underlines the
importance of event-based monitoring. The elongated cliff-like structure becomes also obvious looking at the digital elevation model based on UAV photogrammetry
with the open-source software WebODM for the 31.01.2022 after storm Malik (C). Beach wrack accumulated behind “the first line of defense” (mainly Phragmites
patches) along the east-west footpath connecting the two sandy areas where most tourists reside. (D) Aimost no beach wrack accumulated along the north-south

footpaths.

the width of the footpaths can decrease to <3 m (see images 2010
and 2016 in Figure 7A). The width of the various north-south
footpaths (location II) never exceeded 3 m throughout the years
and seasons. The position of those footpaths remained stable since
2013. This was also confirmed during the winter storm season
2021/2022, where the east-west footpath oriented parallel to the
shoreline increased in width, while the north-south footpaths
remained stable. The width of the footpath coming from the
marina (location III) decreased from 5 m in 2007 to 3 m in 2022.
Since 2007, the coastal wetland did not propagate seaward and
the vegetation at the wetland edge remained relatively stable.
Spaces between the Phragmites patches remain open throughout
the years (Figure 6B).

DISCUSSION

Beach wrack at the study site Stein is accumulated along the
main footpaths that connect the tourist hotspots (the two main
sandy beach areas as well as the adjacent marina, see Figure 1).
In the Odense Fjord (Denmark), tidal amplitude has the largest
impact on beach wrack deposition, with onshore transport
during high tide (Pan et al., 2022). Tides play a minor role at
our study site but massive water level fluctuations were caused

by winter storms Arwen, Malik, and Eunice with amplitudes
of 121 c¢m, 247 cm, and 114 cm, respectively. Large amounts
of beach wrack were deposited along the wetland edge and
pushed into the footpath oriented parallel to the shoreline. This
east-west footpath appears to be a “highway” for beach wrack
transport (Figure 4). Seagrass and macrophyte depositions at
beaches are highly dynamic (Chubarenko et al., 2021; Pan et al.,
2022) and beach wrack can be washed up onshore and then
back into the sea within several hours (Pan et al., 2022). This
dynamic was also observed in the Western Baltic Sea despite
the lack of tides (Hammann and Zimmer, 2014). Overlapping
areas at our study site Stein where beach wrack remained
between UAV surveys decreased throughout time (Table 1)
and beach wrack deposits at the outer wetland edge and in the
sandy areas of our study site are also spatially and temporally
dynamic. However, beach wrack trapped along east-west
footpaths oriented parallel to the shoreline stayed permanently
on the ground throughout the monitoring period (Figure 5).
Although the north-south footpaths were flooded during the
monitoring period and the hydrological connectivity of the
system was visible, their role regarding beach wrack transport
is negligible. Mean size of monitored beach wrack patches was
0.6-2.7 m?, thus identifiable via UAV imagery, but not detectable
by methods for beach wrack monitoring applied to global scale
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FIGURE 7 | (A) Coastal wetland dynamic between 2007 and 2022. Classification results of the aerial images show that the positions of footpaths remained stable,
whereas the widths varied. Locations I-lll where the widths of the footpaths were measured are shown in the map. (B) Zoom into the wetland edge for March 2007,
March 2013, and March 2019. The picture section is marked in red in (A). Aerial mages from 2007 to 2019 were provided by the State Office for Surveying and

23.09.2010

08.03.2022

Vegetation March 2019

data products such as Sentinel-2 MSI or PlanetScope (Uhl et al.,
2022). No large beach wrack accumulations along the north-
south footpaths were observed during field inspections. Rather
than the smaller width of the footpaths, it seems reasonable that
the accumulated beach wrack along the east-west footpath itself
prevented the transport landwards. The beach wrack formed
an elongated micro-cliff-like structure parallel to the shoreline
and persisted throughout the winter storm season 2021/2022
(Figures 5, 6). Wave attenuation is enhanced at micro-cliff sites
compared to smoother transition sites (Moller and Spencer,
2002). The “beach-wrack-micro-cliff” provides an effective
protection landwards. The footpaths have existed for more
than 15 years and create mosaics of vegetation patches. They
are not seasonal features that disappear with the end of the tourist
season, but influence biological and hydrological connectivity
at the study site on longer timescales. In cases where wetland

restoration projects take place in accessible areas welcoming
visitors, path orientation that might impact water-mediated
transport and allogenic material trapping should be taken
into consideration.

The area covered by beach wrack peaked after storm Malik
in January 2022. Although storm Eunice in February lasted
longer, the beach wrack area did not increase and no fresh
sea grass leaves were visible. One seagrass shoot litters 6-30
leaves per year (Mateo et al., 2006; Weinberger et al., 2021)
and the seagrass meadows offshore (see Kuhwald et al., 2021)
provide a large source. Still, it seems as if most cast material
was already transported onshore by storm Malik, thus beach
wrack accumulation might depend more on timing and
source availability than on storm strength. Statements on the
importance of storm direction cannot be derived as the study
site is exposed to NW, N, and NE to more or less the same
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degree and other storm directions did not occur during the
study period. Similar observations were made by Hammann
and Zimmer (2014), where no significant correlation between
weekly beach wrack depositions and mean wind speed existed.
The authors state that spatial and temporal dynamics are less
predictable in tide-free coastal systems and might depend on
the abruptness of changes in wind speed. Changes in water
level and wind speed were most extreme during storm Malik,
resulting also in the largest beach wrack deposition during our
monitoring period. Both wind and wave climate that influence
the biogeographic patterns of beach wrack (Reimer et al.,
2014; Hyndes et al., 2021) will change in the next decades and
alter the beach wrack depositions patterns. Wind and wave
projections for the Baltic Sea are highly uncertain due to large
natural variability; but in areas no longer covered by sea ice,
wind fetch and wind speeds could increase (Ahola et al., 2021).

The wetland edge is less densely vegetated in winter and
open, unvegetated spaces remained throughout the last 15 years
(Figure 6). Bending stiffness of P. australis varies seasonally
with lowest values in February and highest in August (Das
and Tanaka, 2007), thus beach wrack accumulation patterns
might differ in summer. Less beach wrack might break through
the “first line of defense” in summer. Furthermore, broken
Phragmites stems contributed to the beach wrack composition
in late winter (see Table 1). Still the Phragmites stems show
lower susceptibility to breaking under mechanical stress than
inter alia Schoenoplectus lacustris (Das and Tanaka, 2007) and
also contribute to wave attenuation, water flow reduction, and
trapping of beach wrack behind the wetland edge along the
footpath during the winter months. P. australis is not only a
characteristic species in the Baltic region, but also common
along other brackish basins such as the Black Sea (Sangiorgio
et al, 2008) and Chesapeake Bay (e.g., Rice et al., 2000;
Chambers et al., 2008), thus studies on the interactions between
reed and beach wrack are of global interest.

Accumulation of organic material from allochthonous
sources is a key component that influences coastal wetland
sediments (Bianchi et al.,, 2011). Beach wrack increases the
surface roughness and elevates the backshore (Nordstrom
et al., 2011; Biel et al., 2018). At our study site, beach wrack
formed an elongated micro-cliff-like structure at the interface
of the footpath and the next vegetated area. Due to the strong
elevation-vegetation relationship in Baltic coastal wetlands
(Ward et al., 2016), small eco-hydrological changes can impact
vegetation characteristics and structural as well as functional
connectivity within the wetland. B. maritimus and S. lacustris
can outcompete P australis in less elevated and thus more
frequently inundated areas (Ward et al., 2016). These vegetation
changes could then result in altered resilience to storm
surge conditions, due to the species-specific control of wave
attenuation. Flexible low-growing species are more resilient
compared to rigid and all canopies (Rupprecht et al., 2017).
At the time of this study Phragmites patches are dominant at
our study site compared to Bolboschoenus or Schoenoplectus
patches. Beach wrack deposition influences not only elevation
changes but also nutrient content and oxygen conditions in
the soil, further important factors that influence vegetation

patterns. Nutrient remineralization from beach wrackplays a
large role (Dugan et al., 2011) and seagrass buried by sand (as
happened after storm Eunice) decomposes almost twice as fast
as on top of the sand (Hammann and Zimmer 2014). Long-
term monitoring would be needed to estimate how beach wrack
accumulation impacts sediment composition and thereby
vegetation changes.

Wetland width is another key parameter that impacts the
effectiveness of flood risk reduction (Kiesel et al., 2022). Over
the past years, the wetland edge at Stein has been relatively stable
(Figure 7). Thus, in order to thrive and function as nature-
based solution, the wetland depends on vertical accretion that
has to be equal or greater than the sum of total subsidence
and local sea level rise (Cahoon, 2015). Landward migration
as well as sediment supply from land is restricted and the fate
of beach wrack in the area impacts the wetland evolution. In
coastal environments where beaches are fringed with riparian
vegetation, reciprocal matter exchange between submerged and
emerged vegetation exists (Heerhartz et al., 2014). Beach wrack
washed onshore after storm events and trapped along footpaths
enhances wetland resilience. Beach wrack itself also provides
a variety of ecosystem services such as stabilizing soft bottom
substrates, providing food and shelter to different organisms
or storing blue carbon (Defeo et al., 2009; Malm et al., 2004;
Vanhooren et al,, 2011; Gilburn, 2012; Weinberger et al., 2021;
Pan et al., 2021). However, not only Baltic coastal wetlands are
understudied with regard to carbon sequestration and storage
(Graversen et al., 2022; Buczko et al., 2022), but also the role
of beach wrack remains overlooked (Duarte et al., 2013).
Blue carbon storage as well as the potential of greenhouse gas
emissions due to decomposition should be considered (Pan
etal., 2021). This study offers first insights into the fate of beach
wrack in coastal wetlands. Further research on how beach
wrack behaves in (waterlogged) coastal wetlands compared to
decomposition on sandy beaches is needed to better understand
system dynamics.

CONCLUSION

This study offers first insights into the fate of beach wrack in an
anthropogenically influenced Baltic coastal wetland where larger
tidal channels that usually generate hydrological connectivity are
missing. Total area covered by beach wrack fluctuated between
1,793 and 2,378 m* with a peak after storm Malik in January 2022.
The smaller north-south footpaths played a minor role. However,
it seems as if not the width of footpaths but the position is crucial.
Footpaths oriented parallel to the shoreline turned out to act
as major beach wrack trap and “highway” for water-mediated
transport. If this is a generic feature, path orientation could be
designed in a way to enhance entrapping allogenic material. The
densely accumulated beach wrack formed an elongated micro-
cliff-like structure and limited landward transport. The existing
footpaths remained stable in their position for the last 15 years
and future dynamics will continue to be influenced by these
human footprints. Repeated, event-based UAV surveys not only
offer great resolution to identify vegetation patches, but also
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disclose tempo-spatial dynamics of shape and color of detected
wrack segments. This could help to improve the interpretation of
satellite-derived beach wrack analyses. The identified transport
patterns and accumulation hotspots are a starting point for
further research on how beach wrack behaves, decomposes,
and impacts sediment composition inter alia in the beach lake
with continuously standing water, within vegetated patches or
deposited in sandy, unvegetated areas.
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