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The project also included analyses of historical data (documents, nautical charts, and
land surveys), and field surveys on the sediment distribution and morphology, which shall
not be covered in this publication, but which formed a conceptual understanding of sedi-
ment transport pathways in the region, which was then discussed based on the numerical
model results (Soares et al. 2024b).

Figure 3 Left: Schematic residual sediment transport pathways under representative conditions in
the nearshore region of Sankt Peter-Ording. Right (A, B, C): Transport pathways for directionally
distinctive storms. D) Plot highlighting the dominant impact of different storms on the magnitude
of sediment transport in different regions in the nearshore region of Sankt Peter-Ording.

An overview of sediment pathways in the North Frisian Wadden Sea computed for the
representative period can be schematised as 1) A southward wave driven movement of
sediments along the barrier island chain 2) Flood directed northward movement of sedi-
ment in the upper channels and inner basins, 4) The channel convergence pattern with
prevalence in flood-oriented movement. 5) In the foreshore of every barrier island charac-
teristic residual divergence patterns with associated zones of low transport magnitude were
identified (Figure 3).

Simulations show that sediment transport towards the beach can arrive either from the
southward longshore transport along the barrier islands or through the Heverstrom tidal
channel. Through complex pathways and processes sediments from the two sources reach
the Stiderhever channel which then acts as a residual point source for sediments arriving to
the beach over the Rochelsteert sand. A residual divergence pattern emerges over the
Rochelsteert sand with one northward transport component and one southward, leaving a
zone of low transport magnitude at the point of divergence.
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Different storm conditions impact to different parts of the beach (Figure 3D), with a
Western storm (“Anatol” 1999, Figure 3B) having a larger impact on the south end of the
beach, a North-Western storm (“Tilo” 2007, Figure 3A) having a larger impact on the
southern and central parts of the beach and the south-western storm having a greater im-
pact on the northern Rochelsteert sand and the northern part of the beach.

4.1.3 Implications

In practice, numerical model simulations are often expected or perceived as to mirror real-
ity, when in fact they are just realisations of the model’s inherent parametrizations and
assumptions to address data scarcity, gaps in system understanding, reduction of complex-
ity, and computational limitations. In addition to the modelling approach and realisation,
the goodness of a model is largely dependent on the accuracy of its forcing parameters and
initial conditions, which are often spatially and temporally constrained. This is especially
true for predictive simulations, as future forcing conditions obviously are unknown, neces-
sitating alternative methods that may increase error likelihood.

Table 1: Expectations of non-scientific stakeholders versus project outcomes for case 1.

Expectations Own aims Delivered Limitations
Future morphological | Representativity of Fundamental system | Computational time
projection/predic- boundary conditions | understanding

tions Model limitations
Communication on

model feasibility

Fundamental system
understanding on
sediment transport
pathways

Quantitative assess- Scientific ethics
ments
Sediment distribution
maps

Extreme event im-
pact to coastal sys-

tems

Sediment pathways
maps

Extreme event
boundary conditions
to project partners

In this project it was demonstrated how various forcing parameters like tides, winds, and
waves, and different storm directions, affect sediment transport, and thus the system's mor-
phodynamics (Table 1). Several identified gaps in knowledge could be filled by means of
high-resolution process-based numerical models. However, despite being of scientific nov-
elty and fundamental value, the results do not directly answer the above mentioned ques-
tions of stakeholders. We first needed to communicate research gaps in workshops, trying
to raise awareness for numerical modelling limitations and assumptions. To mitigate be-
tween the understandable wish of some stakeholders for an application of the model for
direct problem solving (‘now that you have the model, then let it run for 100 years’) and
the principle of good scientific practice was more challenging. Especially the significant
effect of single storm events, and their uncertainty in the future was explained. In this, the
establishment of specialist groups helped. These consist of a subset of dedicated stakehold-
ers to co-develop special subtopics, allowing flexible and frequent communication. In the
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end, it was possible to convince that a bad model result is not necessarily better than no
model result. It became clear how science is a stake too — the scientists participating with
the aim of gaining fundamental knowledge and the opportunity to publish research articles,
e.g., to satisfy the requirements for a successful PhD thesis.

4.2 Case 2: Stability and reinforcement of a natural dune system

In between the engineered mainland dikes of Sankt Peter Ording, the coastal dunes of
Maleens Knoll provide a contribution to coastal protection by forming a rare natural barrier
against storm surges and protecting the hinterland from flooding (Mehrtens et al. 2023). In
order to maintain this coastal protection potential in the future, hybrid dune reinforcements
are a widespread approach to increase natural dune resistance against erosion, while main-
taining natural landform characteristics and ecosystem functions (Nordstrom 2019). To
date only few experimental studies have addressed the performance and effectiveness of
hybrid installation structures such as fixed walls (Feagin et al. 2015), rocks (Odériz et al.
2020) or geotextiles (Maximiliano-Cordova et al. 2023), calling for systematic analyses of
different reinforcement options in hydraulic experiments.

4.2.1 Co-design

Knowing about the expertise and instrumental facilities of the research team of LWI, stake-
holders of the coastal defence authorities expected an assessment of dune stability and the
prediction of future developments for the beach and dune system at Maleens Knoll. Ex-
pectations were addressed rather unspecific. The scientists explained limitations of experi-
mental facilities, such as 2D vs. 3D experimental conditions, the problem of scaling and
other experimental assumptions, and limits in terms of resources for the very demanding
physical laboratory experiments.

During the eartly phase of the project, workshops and specialist group meetings ad-
dressed the discrepancy between a general assessment and the feasibility of hydraulic mod-
elling of natural dune systems. It was noted that while erosional tendencies in 2D laboratory
settings are easily captured, it remains uncertain which contribution to the overall in-situ
processes is provided by the three-dimensional nature of the sand transport, which scale
effects exist from reduced scale models, and how the effects of vegetation can be incorpo-
rated into the experimental work. Eventually, it was understood that several simplifications
are unavoidable during the physical modelling process; i.e., the scaling of boundary condi-
tions, model geometry, and simplifications, as that consideration was given to vegetation
(e.g., root systems and above-ground plants).

Also, model setup limitations had to be explained and communicated: A wave flume as
used in this study generates waves at one end and directs them through the flume onto a
model configuration of the sand dune. The generation, propagation, and angle of attack are
essentially two-dimensional. Consequently, oblique wave attack and resulting currents, and
thus also lateral sediment transport are limited by the flume’s side walls, constricting sedi-
ment transport pathways compared to the real world. For the dune geometry, a length scale
of 1:7 following Froudes similarity law was chosen. Finally, sediments were scaled using
the DEAN parameter resulting in a D50 of 0,18 mm in order to maintain similarity
regarding the settling velocity to propetly model dynamic erosion processes (Dean 1991).
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Experiments conducted within this work could only consider one representative dune
cross-sectional profile. Ultimately, this approach does not allow for consideration of the
entire dune system at Maleens Knoll. In reality, the coastal setting consists of several dune
chains of varying extent, size and lateral habitat systems. The complex mosaic of salt
marshes, lagoons, dune systems and coastal forest adds coastal protection benefits as they
store flood volume and dissipate incoming wave energy. Interactions and feedback are
highly non-linear and to date largely not quantified.

In the process, the direct and repeated contact within a specialist group allowed con-
structive co-design and co-development of the research. Applied research gaps on the local
dune system at Maleens Knoll were formulated, resulting in three topics:

* Assessment of the protection potential against known storm surges
* Dune system performance under projected future conditions
* Options to reinforce the natural dune system

4.2.2 Methods and results

An attribution of protection potential was based upon a collection and analysis of historic
coastal dune data. In this the flood protection potential of a natural sand dune was quanti-
fied. Historic coastal dune and beach profile data were provided by the state authority for
coastal protection, national park and ocean protection of Schleswig-Holstein (LKN.SH)
dating back to the year 1949. The data was fed into a sequential database of digital terrain
maps of dune evolution until 2015. Assessment of both the grey dune Maleens Knoll reach-
ing 16.5 m MSL as well as the younger up to 11 m MSL high white dune system regarding
dimensions, volumes and morphodynamic evolution was conducted. An attribution of
coastal protection potential against storm surge levels was achieved by applying a novel
assessment tool for dune toe detection (Mehrtens et al. 2023).

In a specialist group, the physical experiments on fundamental sand dune stability as
well as dune reinforcement options were co-designed. In a first step, a representative geo-
metric cross-section model of the dune Maleens Knoll had been derived based on geospa-
tial survey data and two joint field surveys in the study area in September 2021 and October
2022. Laboratory facilities at the TU Braunschweig include a wave flume with dimensions
of 90 m length, 2 m width, and 1.5 m height (Figure 4). The dimensions constitute a pre-
supposition for the experimental model setup including the dune geometry and hydrody-
namic conditions. A uniform length scale of 1:7 based on Froude’s similarity law was ap-
plied. Exchange with science partners from CAU Kiel regarding the sediment composition
at the local beach-dune area supported the selection and scaling of the model sediment
grain size. As part of the selection and definition of suitable hydrodynamic conditions,
communication and data exchange were maintained with stakeholders from public author-
ities. A representative single test duration design was informed by local wave station re-
cordings provided by state authorities (LKIN.SH) and federal authorities. Finally, an actual
storm surge event duration of approximately 5 h registered at the nearby Fider storm surge
barrier led to a downscaled wave series test duration of 113 min. Wave conditions as well
as characteristic local storm surge levels (with return periods of 50 yr and 200 yr) to be
simulated were provided by the CAU project partner and discussed with state authorities
(LKIN.SH, Hirschhiuser und Bald 2022) and applied from nearby local dike sections di-
rectly adjacent to the dune Maleens Knoll (MELUR 2013). Furthermore, projected local
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sea level rise scenarios for the German Wadden Sea were applied from MELUR (2022) for
Representative Concentration Pathways (RCP) RCP4.5 and RCP8.5 in 2050 and 2100 (Lee
et al. 2023, van Vuuren et al. 2011, IPCC 2023).
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Figure 4: (Top) Cross section of the physical experiment setup in the wave flume with indicated
sections for foredune placement and hybrid dune reinforcement structures. (Below) Tested rein-
forcement strategies.

Experimental series were carried out in the wave flume over two 4-month phases in spring
2022 and summer 2023. The first phase covered a total of 14 tests with a bare sand dune
to investigate erosion and stability of a natural dune under various storm surge scenarios
by combining local storm surge levels (with return periods of 50 yr and 200 yr) with pro-
jected sea level rises (under RCP4.5 and RCP8.5 in 2050 and 2100) to simulate current and
future load cases. Results indicate that the modelled profile of the natural dune system
(sand only), Maleens Knoll withstands at least two storm surge impacts of known or pre-
viously encountered magnitude under modelled lab conditions. With projected sea level
rise scenarios, the modelled dune profile showed higher erosion volumes, suggesting a need
for reinforcement strategies not for mid- (2050) but for long-term (2100) development.
Various reinforcement strategies were implemented and tested within the designated 2D
dune profile, exhibiting case-sensitive performance. Overall, reinforcement increased the
erosion resistance of the system.

The third topic addressed reinforcement measures of different technical and biological
engineering options. A selection of 8 options was mutually discussed and evaluated in the
co-development process, again with stakeholders in the specialist groups. This process in-
volved controversial exchange of arguments, partially containing perceived opinions on,
e.g., durability of natural materials, opinionated views on legal frameworks, as well as ex-
pectations about protecting the natural environment from contaminants. A contrasting
juxtaposition of strengths, weaknesses, opportunities and threats (SWOT) helped identify
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suitable reinforcement (Figure 5). The measures range from hard engineering to nature-
based options, with varying degrees of added protection.

Dune reinforcement strategies

Sheet pile

Erosion protection mat

Geobags and -tubes

Foredune

High stability and
durability

Standardized
construction procedure
Minor disruption
(largely invisible) and
negative impact on flora
and fauna

» Made of natural

materials (coir or basalt)
to avoid plastic
pollution

» Quick deployment and

installation (terrain
adaptable)

> Nature compatible (no

barrier for flora and
fauna)

» Quick installation with

available sediment
resources

Adaptable installation
geometries (geotubes
and geobags)

High stability and
durability (even when
rinsed)

Dynamic system with
natural growth
potential

No foreign material,
only sand

Natural system is
preserved

Remaining protection
effect even after dune
erosion

Long-lasting solution
(with enhanced safety
feeling)

Adaptable anchoring
depth

» Installation close to the

surface with little
earthworks

» Long durability of basalt

fibers

» Temporary protection

of coir fibers during
vegetation growth

Long-term solution
Flexible installation and
usage at a short notice
Invisible after proper
installation

Increasing protective
effect by reducing
attacking wave energy
Preservation of natural
dune dynamics
Formation of
dynamically stable dune

Fixed barrier without
continuity

Very material-intensive
installation

Risk of injury at sharp
edges if exposed after
storm surge

» Limited shelf life of coir

fiber mats (approx. 3
years)

» Temporary limited

erosion protection by
coir mats

» Foreign material input

in the nature reserve

Installation requires a
large construction site
and nature intervention
Earthworks lead to soil
movements

Renewal required after
storm surge damage

Large sand material
transfer during storms
Lower stability
compared to
established dune
Limited lifetime
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Limited drainage

» Low acid, abrasion or

Pollution after storm

Dune erosion and long-
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to corrosion » Lack of protection if Foreign material in case Potentially insufficient
Potential undermining many fibers break of damages protection level for
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natural materials durability storm surge events
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< Coastal protection approach >
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Figure 5 : SWOT analysis results from the Specialist Group Climate Adaption outlining the ensuing
test matrix for final experimental investigations. Reinforcement options are listed along the x-di-
rection on the top, with the individual strengths, weaknesses, opportunities and threats identified
on the left-hand side y-axis. Given underneath is a qualitative indication for the engineering design
options.

These four measures were chosen out of a larger collection on the basis of their individual
strengths and weaknesses identified in the SWOT analysis. The sheet pile wall was chosen,
as it offers solid protection and an easy dimensioning approach, whilst requiring minimal
invasive construction measures. Geobags and -tubes were chosen as another conventional
approach, which has already been used at other sites but lacked environmentally friendly
bag fabrics, which were available for testing during this project. The installation would
require a large construction measure with maximal invasive character making this option a
less favoured but possible one. The foredune option raised a lot of interest by the national
park and WWF, as this would entail closing existing blowouts in the foredune chain and
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reinforcing it if needed through nourishments to build a sand-only coastal defense layer.
The erosion protection mats present an interim solution, as the mats themselves will not
protect a dune from erosion entirely. The idea here entails an initial protection of a noutr-
ished or engineered dune with such mats until vegetation has developed and prevents the
sand from too much erosion. Also, for potential interim protection of dune sections in
between storm surges this option was discussed.

4.2.3 Implications

Research on dune erosion processes by storm waves and high-water levels has been co-
designed with different involved stakeholder groups. At first, non-scientific stakeholders
were informed about opportunities and limitations of hydraulic laboratory experimental
research. In this, both stakeholder workshops and meetings of specialist groups were in-
strumental in conveying feasibility and expectancy. While not all expectations could be met,
the mutual discussions during the co-design consultations remain a vital source of infor-
mation for future testing, providing a much clearer view on necessities in the eyes of the
local authorities and governing body representatives (Table 2). In the communication pro-
cess, it remained difficult to gain a mutual understanding of the academic necessity to pro-
duce high-level, peer-reviewed journal publications as a vehicle to document scientific re-
sults, while it is nowadays a clear requirement for PhD students to write journal manu-
scripts in their pursuit to an academic degree.

Table 2: Expectations versus project activities for case 2.

Expectations

Own interests, aims

Delivered

Limitations

Attribution of the
protection potential
of current dune sys-
tem.

Quantification of
dune protection to
facilitate incorpora-
tion into standards.

Assessment of the
system in question

Protection level was
assessed and conser-
vatively computed.

Foredune system was
also assessed on a
spatiotemporal basis

Data coverage

Data quality

Erosion resistance
against known and
projected storm
surges

System understanding
of the dune system
Maleens Knoll

Results of extensive
laboratory studies on
dune erosion under
varying boundary
conditions and con-
secutive storm surge
impacts.

Model size 1:7

Sediment cannot be
scaled geometrically,

3D wave effects

The influence of veg-
etation was neglected

Development and rel-
ative investigation of
dune reinforcement
options

Method comparison

Feasibility study

Comparisons of mul-
tiple reinforcement
options within one
dune profile

guidelines for deci-
sion support, science
and numerical model-
lers alike.

The reinforcement
options had to be
limited in number

Resources in terms of
time, money and staff
limited the number of
options to be investi-
gated.
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The limitations of the three major components of case 2 pertain to data coverage and qual-
ity, model assumptions and effects and the selection of tested variants from a larger set of
possibilities. First of all, the data coverage and quality of the Sankt Peter-Ording dune and
foredune systems is incomplete due to changing instruments from terrestrial line surveys
towards airborne Lidar scans, survey approaches, coverage and intervals. Available data
were processed and homogenized to form a coherent basis for ensuing analysis and physical
experiments.

The limitations pertaining to the physical model originate from (1) the scaling of com-
ponents, sediments and water kinematics, physics puts limits on the possibilities of accu-
rately scaling all of these. Consequently, the results entail model effects, which would need
to be addressed in large, unscaled experiments to increase validity. The approach of con-
ducting erosion experiments in a 1D wave flume excludes any 3D effects present at the
natural coast, where sediments would be transported longshore instead of being reworked
in the dune toe area. Furthermore, the possible influence of vegetation coverage and root
systems was neglected. Therefore, the conducted model experiments entail certain caveats,
as most physical laboratory experiments do.

Lastly, the four investigated reinforcement options selected from a wider range were
tested. A broader overview with other approaches would yield a more complete picture of
possible mitigation options to adapt towards climate change-induced SLR. Nevertheless,
the project runtime and available funding limit possible research, as money runs out, pro-
jects end and research facilities are not available to a single project for years on end. This
necessitated the SWO'T based selection process.

4.3 Case 3: Dune restoration and forest conversion

The third case covers on-site measures on dune restoration and forest conversion mainly
behind the dike line, jointly implemented by the local dike board Deich und
Hauptsielverband (DHSV) Eiderstedt, Schutzstation Wattenmeer and World Wide Fund
for Nature (WWE). It is linked to the previous cases as the quality of nature depends on
the geomorphological situation and boundary conditions of the foreshore-beach-dune sys-
tem, but also relies on the nature-based coastal protection measures.

Only about 70 hectares of formerly open coastal dune habitats are preserved behind the
dike. Because of the lack of natural dynamics and natural regeneration of the dune vegeta-
tion, an aging of the vegetation and a loss of the younger stages is observed. Coniferous
trees from adjacent dune forest areas are nowadays spreading into the remaining open dune
habitats. These trees stabilise the dune areas, leading to an additional reduction of dune
dynamics (Figure 6). Added to this is the spread of garden refugees and invasive plant
species, which have increased significantly in recent years. This development is a major
ecosystem change, including the partial loss of habitats and loss of indigenous species.
Among the invasive plants that occur are Japanese rose (Rosa rugosa), heath star moss
(Campylopus introflexus), black cherry (Prunus serotina), American cranberry (Vaccinium
macrocarpon), and Asian knotweed (Fallopia japonica) (Weber et al. 2023).
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Figure 6: An example for an open dune area in Sankt Peter-Ording (white dashed area) experienc-
ing extensive active nature conservation measures (removal of trees and invasive species), cut off
from the natural sediment dynamics by the dike (black-white dashed line), with sea influenced
habitats (black dashed line) on the other side. Picture: © Martin Stock.

In addition to the restoration of open dune areas, a conversion of the forest towards a
higher proportion of deciduous trees is underway (in defined forest areas by the forest law).
The forest of Sankt Peter-Ording was planted mainly with black pine (Pinus nigra) in the
middle of the 19th century because the dune areas had been overused by people and major
damage had been caused by storm surges (Hintze 1933, Fischer 1956). Nowadays, heat
events are causing increasing damage to the relatively species-poor coniferous forests in
Sankt Peter-Ording. Since the drought year of 2018, an increasing number of mountain
and black pines have died completely or partially due to drought stress (Weber et al. 2023).

4.3.1 Co-Design

Nature conservation measures for the removal of pine trees in Sankt Peter-Ording have
been in place since 2013 (i.e., before the SCSPO project). These activities are driven and
supported by a local stakeholder alliance consisting of the landowner, local politicians, au-
thorities and NGOs. They are legally supported by the requirements of the EU Habitats
Directive (EU 1992), which obliges conservation measures in the protected areas specified
in the local Fauna Flora Habitats management plan (MELUR 2016). These measures have
been expanded through the SCSPO initiative as it became clear that further nature restora-
tion measures and research were needed to preserve the habitats. Important impetus for
the multi-year project development came, for example, from the expertise of a botanical
and a zoological report (Gettner 2019, Winkler 2019). The central ecological objective for
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today's often fragmented open dune habitats is to reconnect them, e.g., by creating corri-
dors through forest areas. The local forester of the dike board became a key partner for the
implementation of all measures. He not only supported the idea of ecological corridors,
but also had developed an initial, basic concept for the conversion of the forest areas into
mixed forest rich in species and structure, e.g., by spreading acorns with the help of the jay
(see below).

Based on the restoration needs and the co-design of the project initiative, the following
results and activities are shortly summarized below:

* Dune restoration measures
* Forest conversion measures
* Information, cooperation and participation

4.3.2 Methods and Results

In the open dune habitats, the initiative is active in the removal of conifers with forestry
equipment and by hand; pushing back invasive species and garden refugees by digging up,
mulching, mowing, cutting off, and manual removal; and creation of new open sand areas
by sod plugging (Figure 7). Pushing back invasive species is a challenge. The manual or
mechanical removal of species can rarely be complete and comprehensive once a species
has spread widely. Permanent management usually then is necessary (Leung et al. 2005,
Hess et al. 2019), which should utilise the forces of nature as much as possible.

Figure 7 Dune valley before (left) and after (right) removal of the cranberry (Picture: A. Weber).

A sustainable management option for the open dune areas behind the dike could be exten-
sive grazing, e.g. by goats, donkeys or sheep, thus a model experiment to test grazing is
planned in the Sand Coast initiative.

In order to maintain the dune forest's resilience to the consequences of climate change
in the long term, it is to be converted from a monotonous coniferous forest into a mixed
forest rich in species and structure. Therefore, the number of deciduous trees, especially
oaks and beeches, is to be increased. Greater tree diversity minimises the risk of large-scale
damage caused by drought or pests and promotes the climate resilience of the forest. For
this purpose, additional regional seeds of deciduous trees are used, e.g. acorns and wildlings
were implemented. The distribution of the acorns takes also place with the help of the jay,
which hides the acorns as winter supplies. Young trees germinate the following year from
acorns that are not recovered (Weber et al. 2023).


https://doi.org/10.18171/1.095102

Die Kiiste, 95 https://doi.org/10.18171/1.095002

With the facilitation of the Sand Coast project, the nature conservation and forest con-
version measures were accompanied by a comprehensive information, cooperation and
participation program as part of the project design and implementation. Activities with
local citizens are themselves part of implementation measures in the field. Different public
relations work has been taking place, for example, through press and extensive website
coverage, posts and short articles in social media, but also on-site discussions with stake-
holders, presentations in municipal and regional committees (e.g., in the environmental com-
mittee of the municipality or in the national park board of trustees) or in field excursions.
Continuous and recurring information over a longer period of time is considered appropriate
here, so that interested parties can remain in permanent contact with the initiative.

Cooperation and participation require appropriate formats in which the stakeholders
themselves can play an active and contributing role. A crucial part of the restoration
measures is therefore a variety of hands-on activities (e.g. removal of invasive species by
hand, planting of young oaks in the dune forest). There is keen interest in taking part in the
activities, both from inhabitants from Sankt Peter-Ording and from tourists, travel groups
and company outings. Between 2020 and 2023, for example, 39 hands-on activities with a
total of 367 external participants, 14 guided tours with over 100 participants and a multi-
year animal sighting campaign with almost 300 reports took place. Most stakeholders ap-
proach the Sand Coast initiative via the webpage and the contact form. In addition, people
are made aware of the project by means of citizen science, in the form of animal sighting
boards in the area. There is a barcode on the information boards that visitors can use to
report their animal sightings online.

4.3.3 Implications

The activities with the stakeholders not only technically help to implement measures in the
dunes and forest, but also contribute to the communication of the project objectives to the
public and create opportunities for participation and co-design. People get to know the
activities and larger aims, they communicate about it and can make contributions and pro-
vide feedback on the initiative themselves

The expectations of the nature conservation and forest conversion measures are to pro-
tect and restore the biodiversity of species and habitats. An initial assessment of the infor-
mation, cooperation and participation activities in this case is summarized in Table 3. The
joint activities have raised awareness for the topic and provided information about the
purpose of the measures. People from the region and guests were able to take part, con-
tribute to the project and learn something about it. It is understood that participation
measures require long-term human and financial resources. The management of dunes and
reforestation requires work after it, making the legacy of such project an important issue.
While it must be understood, that not all nature conservation measures can be maintained,
involvement of active groups and structures will allow to sustain activities also after com-
pletion of the project.
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Table 3: Expectations versus project activities for case 3.

Expectations

Own interests, aims

Delivered

Limitations

Intensify and expand
existing dune restora-
tion

Best possible contin-
uation of existing ac-
tivities

Complement existing
approaches and
methods

New activities cannot
always build on exist-
ing ones.

Sustainable, long-
term effect of dune
restoration measures

Conservation of bio-
diversity and plants
(dunes and forest ar-
eas)

Dune restoration and
forest convetsion
measures within the
project duration

Measures need long-
term continuation

(and funding)

Combining protec-
tion against storm
surges (coastal pro-
tection) and dune res-
toration (nature con-
servation)

Cortresponding / like
the expectations.

Dune restoration
measures do not
worsen the protec-
tion level.

Compromises have to
be found in some
cases

Awareness and ac-
ceptance of dune res-
toration and forest
conversion.

Support for project
activities

Support of hands-on
activities, publicity,
and policy briefings

Not every project
measure is suitable
for participation or
easy to explain.

5 Discussion

The beach-dune system of Sankt Peter-Ording is a typical example of a coastal domain
facing multiple pressures by natural (waves, storms), semi-natural (sea level rise, invasive
species) and anthropogenic (hard structures, coastal protection, tourism) impacts (Euro-
pean Environment Agency 2006, Pontee 2013). Knowledge gaps and management tasks
require dedicated research on local inter- and transdisciplinary aspects of fundamental and
applied nature. Typically, such aspects are addressed by research initiatives which combine
academic groups and other stakeholders (often defined as those actors who do not conduct
research) based on third party funding.

The SCSPO initiative is a research and implementation project on both nature conser-
vation and coastal protection for the SPO region. Multiple actors are involved and have
formulated the need for actionable knowledge for nature-based coastal protection.
Although not planned and performed as a living lab strictly in the definition of, e.g. Schnei-
dewind et al. (2018), the project from the beginning was understood as a transdisciplinary
approach with intense preparation and communication before and during the actual project
duration by all project partners.

5.1 Transdisciplinarity

Schneidewind et al. (2018) describe different “modalities of structuration” that living labs

may operate on. These are, i.e., interpretative schemes (“Do actors have a similar view on

the research?”), allocative resources (“Is there sufficient funding to implement and moni-

tor intervention actions and to sustain the living lab over a longer period of timer”), legiti-
matory rules (“Is there a common understanding about the degree to which science may
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question current knowledge and regulations?”), and authoritative resources (“Is there or-
ganisational or political power to force a required change in policy or structure?”). Based
on the SPO project, we focus on the discussion of the first and second aspects and add
that scientists must be recognized as a stakeholder.

5.1.1 Interpretation aspect

Higgins and Klein (2011) identify scientific actors in living labs to play different roles; rep-
resentatives of research institutions often function as brokers of information and as facili-
tators of certain anticipated structural frameworks that living labs offer. A more differenti-
ated list of different roles in living labs is presented by Hilger et al. (2018) which comprises
reflective scientists, facilitators, change agents, and (self-)reflexive scientists. A prerequisite
of all project related content is the communication and a common understanding of the
content and aims of the project and of every stakeholder. This development of a similar
view on research requires mutual understanding, which can be achieved only in good rela-
tionships, trust, and interest. This may avoid disappointment in that abstract, high-level,
simplified, and unfeasible expectations are mitigated and also that scientific results (output)
can be used (outcome).

In the SCSPO project, mutual understanding was partly achieved by trust based on a
history of long-term cooperation and personal relations, but mainly by continuous com-
munication of expectations and feasibilities. It is noted that the development of similar
views on research requires time and allocated funding. In this context the establishment of
communication platforms other than stakeholder workshops and conferences were most
effective: Bilateral communication and meetings of so-called specialist groups were effec-
tive means for achieving similar understanding on the research and implementations.

It is noted that this aspect requires further discourse and investigation based upon ded-
icated qualitative and quantitative social research, involving a suitable number of project
realisations and actors of all involved fields.

5.1.2 Resources aspect

Whereas the aspect of “sufficient funding” is the main boundary condition of the design
of any research initiative and should define a priori the project structure and feasibility, the
time aspect is of fundamental importance during project performance. It not only governs
the adaptive co-design, but also the implementation of research results into practice. Typ-
ical coastal research projects last 2-4 years (here 3 years for the engineering and natural
science projects) up to which funding bodies agree to support specific academic activities.
While this is logic from a governance- and politics-point of view, it cannot be in line with
sustainable development and implementation long-term goals, in particular, where the ad-
aptation of coastal protection systems against climate change drivers is concerned.

In addition to the necessary resources and time for funded scientific work, a transdisci-
plinary project requires sufficient capacity for applied and practical collaboration between
the project partners, but also with actors outside the project. This includes, for example,
time and resources for internal project meetings, but also for events like conferences, work-
shops and excursions, or the involvement of third parties in participative implementation
measures, such as the hands-on activities. Obviously, the circular adaptation approach of
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living labs, i.e., the repeated iteration of project results and co-design stages cannot fit into
a short-term research project. Contact and briefings in small expert groups and bilateral
exchange instead of the whole group of stakeholders have solved the resources issue in the
SPO example.

With respect to sustainable development goals, it is questionable whether short-term
funding of research can pave the way to more sustainability. Only recently, new models
have started to emerge, and amongst those are mid-duration projects, whose aim is to ac-
complish a broader mission goal, often termed “mission-based research”. The Australian
Government is among the early adopters of such a longer-term research funding agenda,
with a concise mechanism for funding and evaluation of success (Diezmann 2018). While
early traces of new funding formats have their roots in the “new public governance” move-
ment which also is experimenting in German research contexts with “mission-based fund-
ing” (Orr et al. 2009). We mention here the first three funding calls in the context of the
“German Marine Research Alliance”, all of which were designed and implemented through
a clear 9-year mission-orientation (Deutsche Allianz Meeresforschung 2019, European
Commission et al. 2023). These 9-year mission-oriented research programs are split into
three funding periods in which evaluation and assessment are inherently included, allowing
to adjust and steer the alighment of the individual research missions. Since these medium-
duration funding initiatives are still underway, constructive analysis will remain a topic of
further research. An analysis of the output and outcomes of projects of different durations
requires further discourse based upon dedicated qualitative and quantitative social research.

5.1.3 Scientist is a stakeholder aspect

Applied research projects are often driven by academic organisations that develop scientific
questions, and inform or discuss options of interaction with partners. The latter may or
may not take place in great detail during the project development phase (co-design). In the
extreme case a “‘stakeholder” is only mentioned in a proposal, to secure funding for re-
search in applied project calls (Table 4). On the other end, an institution may contract an
academic institution for certain information, e.g. the mapping of a terrain or seafloor. This
contract may or may not provide opportunities for scientific work.

Table 4: Different stereotypes of research projects and the respective roles of academic and non-
academic actors. This holds for mono-, multi-, and interdisciplinary projects.

Project type Role Academic Actor Role Non-Academic Actor

Fundamental Fundamental research, no appli- | No active role
cation implied

Academic driven Fundamental research with pos- | Receiver of information, possible
sible application of output implementation

Transdisciplinary Co-design and co-development | Co-design and co-development of
of fundamental and applied re- | research and outcome and imple-
search and outcomes mentation

Non-academic driven | Applied research for defined Receiver of outcome, implementa-
outcome tion

Contracted Provider of information, no re- | Receiver of information, direct im-
search plementation
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In between those extreme cases, all partners will benefit, i.e., the academic partner uses the
project results for scientific purposes and the non-academic partners for implementation.
In the transdisciplinary case, all partners co-design their individual stakes towards joint
aims. While this transdisciplinary give and gain approach thus seems ideal from a theoretical
project management point of view, the stake of the actual researcher cannot be ignored;
i.e. project-funded PhD students, who are expected to excel and publish fundamental sci-
entific outcomes. The often-used separation of academic vs. stakeholder interest here hin-
ders satisfactory solutions. Only if the stake of the active researcher is acknowledged a
project can be successful. It is without saying that scientific progress also includes learning
about new ideas and perspectives and inspiration from “yet infeasible” non-academic ac-
tors wishes. In the transdisciplinary SCSPO project, the co-development amongst academic
and non-academic actors allowed the use of research outcomes for both, scientific system
understanding and aspects of implementation.

5.2 Realisations

In practice, realisations of so-called living labs may be divergent from the exact definitions.
In contributing to the actual discussion on the implementation of living lab approaches
into many applied research calls, and based on the above reviewed literature as well as by
providing a new view on contextualized living labs, we distil key elements that define prom-
ising projects in a coastal setting — without the need for adaptation of all aspects of a strict
living lab:

Interdisciplinary collaboration: Modern research projects encourage collaboration
among different disciplines, such as marine biology, ecology, hydrology, geology, engineer-
ing, social sciences, and economics and others. This interdisciplinary approach helps ad-
dressing the diverse aspects of coastal systems and fosters holistic understanding,.

Transdisciplinary knowledge exchange and co-creation: Successful coastal pro-
jects promote action, knowledge exchange, and co-creation between researchers, stake-
holders, and coastal communities. They facilitate workshops, forums, and collaborative
platforms to share information, ideas, and experiences, fostering learning and mutual un-
derstanding. The SCSPO project has realised a variety of formats, e.g., the specialist groups,
a conference, excursions and hands-on activities. This also includes education and out-
reach: Any larger coastal research project should incorporate education and outreach pro-
grams to raise awareness and build capacity among stakeholders and the wider public. This
can involve workshops, training sessions, citizen science initiatives, and public events to
promote understanding and the willingness to contribute, and be involved in coastal re-
search and conservation.

Real-world coastal environment: Transdisciplinary projects shall be anchored with
their research and practical activities within real coastal environments, whether it be a spe-
cific coastal region, estuary, or marine ecosystem. This setting allows to study the complex-
ities, dynamics, and interactions of the physical, ecological, and socio-economic systems
first-hand and in mutual cooperation. Whereas a living lab concept may suggest to include
experimental infrastructure and perform real world experiments on site (Merino-
Barbancho et al. 2023, Wang et al. 2022, Radulescu et al. 2022) also in-depth understanding
of systems may be a sufficient model result, or if communicated between — and

acknowledged by all stakeholders. The SCSPO project combined both, provided system
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understanding by numerical and physical modelling, and in-situ experiments in the field
such as the removal of invasive plant species.

Co-design: Transdisciplinary projects actively involve and engage various actors as ad-
ministration, environmental agencies and NGOs, municipalities and communities includ-
ing their organisations, associations or boards, government agencies (Kindermann and
Gormally 2013). It is understood that co-design can only start when the stakeholder map-
ping is finalised and a consortium has been formed. It is essential that also the researchers
are seen as stakeholders, in the sense that they have an interest in the scientific outcomes
as such. The participation of all actors from the earliest stage of the project design and their
cooperation in the project work ensures that research outcomes are relevant, practical, and
address the needs.

Sustainability / Legacy: Projects should ensure sustainable outcomes. This can be
achieved by directly implementing project results into decision support, or transfer of pro-
ject results into forthcoming activities. Projects should aim to develop sustainable and
adaptive solutions for coastal management. Long-term goals and lasting positive impacts
are in conflict with standardized project durations of 3 to 6 years and require longer time
frames with integrative research and societal frameworks to achieve co-design driven and
research supported change.

The integration of these elements into coastal research projects provides a unique op-
portunity to understanding, managing, and conserving coastal ecosystems while actively
engaging and involving stakeholders and addressing real-world challenges.

6 Conclusions

The project Sand Coast Sankt Peter-Ording has generated system understanding on the
beach morphodynamics and sediment transport: Numerical modelling of the SPO coastal
system revealed the complex sediment transport pathways driven by wind, wave, and tidal
forcing. Transport to the beach during average conditions occurs in a pathway across the
Rochelsteert Sand, with a sediment divergence zone separating the northward and south-
ward oriented transport. Simulations of distinct storm events demonstrated spatially varia-
ble impacts on sediment dynamics. While the models provided valuable system insights,
predictive limitations and uncertainty in future forcing required careful communication
with stakeholders.

Physical flume experiments showed how a dune profile based on the natural Maleens
Knoll setting resists current storm conditions. Selected reinforcement options, e.g., geotex-
tile structures and vegetation mats, increased erosion resistance. Co-design with stakehold-
ers helped align scientific goals with practical needs, though experimental simplifications
and scaling limitations were acknowledged.

On-site measures focused on restoring open dune habitats by removing conifers and
invasive species and promoting natural dynamics. Forest conversion activities aimed to en-
hance climate resilience. The initiative included strong public engagement, with hands-on
activities and citizen science. Sustained management and long-term commitment beyond
the project duration were identified as critical for ecological success.

This transdisciplinary research project on coastal protection and nature conservation
has been implemented by environmental non-governmental organisations (NGOs), a local
dike board, public authorities, a local municipality, and includes two university working
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groups. The project is compared to theoretical concepts of living labs, while discrepancies
and challenges are discussed. We identify and concentrate on three main issues:

Resources: The development of similar views on research requires trust, time and fund-
ing. The application of circular adaptive concepts of adaptive co-development as a core
component of living labs is infeasible in typical coastal projects with 2—6-year funding. In
this context the establishment of communication platforms other than stakeholder work-
shops and conferences were most effective: Bilateral communication and meetings of so-
called specialist groups were effective means for achieving similar understanding on the
research and implementations.

Legacy: The implementation of the project into ongoing financed or volunteered activ-
ities of stakeholder groups, e.g. the reforestation measures, will allow the legacy of the pro-
ject. Other aspects of legacy involve the use of project outcomes in other follow up pro-
jects. In our case preliminary results have led to a successful follow up project on dune
dynamics. The models and results are published in open source journals. Models are being
used in third party consultancy projects for other research targets.

Science is a stakeholder: While the idea of transdisciplinary research seems ideal from a
project management point of view, the stake of the active researcher cannot be ignored:
The often-used separation of academic vs. stakeholder interest here hinders satisfactory
solutions.

Typical transdisciplinary coastal research projects should contain the main elements of
living lab concepts. It must however be understood that not all aspects of living labs can
be met, e.g., because of limited funds and project durations. Nevertheless, transdisciplinary
projects can be successful if different stakeholders are involved and actively contributing
and are satisfied by sustainable outcome, including the science stakeholders.

Designed as a collaborative project answering a rather typical funding scheme, the pro-
ject followed a transdisciplinary approach. Despite not strictly following a living lab con-
cept, the project cooperation, results, and sustainability satisfied all partners, thus can be
called successful. Future research should implement social science methodology to evaluate
measures to quantify the goodness of different transdisciplinary projects, being called living
labs or not.
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