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Coastal observatories are key to improve the understanding of processes within the
coastal area and their interactions with regional and global environmental changes. The
land-sea transition zone is an essential area that allows research on unique scientific
questions under anthropogenic and natural influences. Amid the Wadden Sea UNESCO
world natural heritage site – the largest tidal flat region worldwide – the barrier island
Spiekeroog is an excellent location for an observatory studying land-sea interactions.
The integrated Spiekeroog Coastal Observatory (SCO) operated by the Institute for
Chemistry and Biology of the Marine Environment (ICBM, University of Oldenburg) is
dedicated to interdisciplinary marine and terrestrial ecosystem research. Its position
within the tidal area and the multitude of research-field addressed establishes the SCO
as a unique coastal observatory with the potential to identify patterns in long-term
variability and simultaneously understanding short-term changes. The establishment
of the Time-Series Station (TSS) Spiekeroog in a tidal channel west of Spiekeroog
back in 2002 laid the foundation of the SCO. Since then, the observatory is expanding
continuously and is now representing a valuable asset supporting education, industry,
government, and environmental conservation efforts in the area. Summing up the
infrastructure and technical components, the importance of the SCO is evident, and
individual projects greatly benefit from the collaboration with the partners in and the
elements of the SCO. Harmonizing the infrastructure and competences of contributing
partners will be a next step to further consolidate the SCO. A challenge poses the
maintenance of the SCO based on projects, which is focused on the addition of
new facilities, not maintaining, refurbishing, or (if necessary) deconstructing existing
infrastructure. Therefore, structural support and funding opportunities not linked to
projects but aiming to sustain observational capacities are required.

Keywords: Wadden Sea, coastal observatory, North Sea, German Bight, Spiekeroog, barrier island, infrastructure,
tidal flat
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INTRODUCTION

The world’s ocean is key to climate variability, food
production, energy harvesting, transportation, and quality
of life (Intergovernmental Oceanographic Commission [IOC],
2019; Ryabinin et al., 2019). Its extensive shelf and coastal seas
are highly productive areas for resources and ecosystem services
(JPI-Oceans, 2015). However, increasing anthropogenic activities
put stress on ecosystems and strain their resilience (He and
Silliman, 2019). This effect increases with decreasing distance
to the shore and is greatest along the land-sea interface, thus
the coastal areas. In this transition zone, various natural and
anthropogenic processes lead to unique scientific questions
to be addressed. River run-offs, sluices, sewers, or seepages
may introduce new dissolved and particulate agents into the
sea. Vice versa, tides, changing water levels or backwaters
may impair coastal constructions and introduce sediments or
hazardous substances from spills or maritime accidents into the
terrestrial space.

Anthropogenic impact may cascade through interconnected
processes and alter biodiversity at an unprecedented scale
(Hillebrand and Matthiessen, 2009; Rockström et al., 2009;
Rockström et al., 2017). Thus, comprehensive research on
biodiversity, ecosystem interactions as well as food web
dependencies and limits is required. Real-time measurements of
key environmental parameters, pollutants, and marine processes,
as well as the integration of these measurements into autonomous
sensor networks, are of great interest for comprehensive
monitoring of ecosystem health. A particular focus is on detecting
deviations from natural variability that could indicate potential
hazards (Zielinski et al., 2009; Benway et al., 2019; Farcy et al.,
2019; Montes-Herrera and Muller-Karger, 2019).

Optimally, infrastructures for marine observations cover the
entire range from seafloor sensors up to above-water meteorology
and allow a real-time data access (Crise et al., 2018). Policy-
making frameworks, like the EU Water Framework Directive,
the EU Marine Strategy Framework Directive, or the UN
Sustainable Development Goals, also envisage such monitoring
concepts. Toward this aim, expert groups in international
initiatives (e.g., GOOS, GEO BON; see Glossary for a detailed
list of abbreviations) have identified a multitude of essential
climate, ocean, and biodiversity variables (ECV, EOV, and
EBV, respectively) that are feasible to measure and have a
high significance with respect to the assessment of ecosystem
status. Among them are oceanographic standard variables (e.g.,
temperature, salinity), biochemical variables (e.g., dissolved
organic carbon (DOC), nutrients), biological variables (e.g.,
phytoplankton biomass and diversity), or cross-disciplinary
variables (e.g., ocean color). Merging ECV, EOV, and EBV
allows the evaluation of the actual marine status, alterations, and
ecosystem services on different abstraction levels.

Within the last two decades, significant efforts have been
made to adopt recent technological advancements in marine
monitoring. A multitude of physical, chemical, and optical
sensors allow the assessment of marine ecosystems in high
detail (Badewien et al., 2009; Schulz et al., 2015; Baschek et al.,
2017; Muller-Karger et al., 2018; Farcy et al., 2019). Integrated

coastal observing systems, including fixed stations, experimental
facilities, mobile platforms, test sites, repeated surveys as well
as laboratory and training facilities, provide numerous essential
variables over large time spans. These time-series observations
feed research projects, drive models, and gain importance with
ongoing duration. Merged data can yield new products for
coastal and environmental forecasts that support stakeholder
decision guidance (Baschek et al., 2017). Further, such research
sites provide an optimal environment for testing next generation
technologies and methods.

In the following, we will provide an insight into examples
of existing coastal observatories. Section 2 (Spiekeroog Coastal
Observatory) will introduce the Spiekeroog Coastal Observatory
(SCO) operated by the Institute for Chemistry and Biology of
the Marine Environment (ICBM, University of Oldenburg), an
integrated coastal observatory located in the world largest tidal
flat area, the Wadden Sea. The environmental conditions, existing
facilities, technical components as well as data availability are
described in detail. Within section 3 (Case Examples and projects
using SCO), case examples using SCO assets will be highlighted.
Finally, section 4 (Conclusion and future avenues) concludes on
the achieved status and future perspectives.

Organization and Infrastructure of Ocean
Observatories
Observation of the world’s ocean is organized by a multitude
of different facilities and in different scales. On a global
scale the Global Ocean Observing System (GOOS) has been
created in 1991 by the Intergovernmental Oceanographic
Commission of the UNESCO. They lead and support a
community of international, regional and national ocean
observing programs, governments, UN agencies, research
organizations, and individual scientists1. GOOS integrates
activities executed in multiple GOOS Regional Alliances
(GRAs). In Europe, the GRA EuroGOOS coordinates the
European contribution to operational oceanography and include
observations task teams, that focus on the coordination of
infrastructure as well as science-themes task teams, which
coordinate the observing requirement process. Moreover,
a number of European Research Infrastructure consortia
coordinate specific observing themes for selected member
countries. Among them, EMSO is an example of seafloor and
water column fix-point observations making use of regional
infrastructure2. In the coastal context, the JERICO Research
Infrastructure3 integrates observations of multiple sites all over
Europe’s coasts to understand of the responses of coastal marine
systems to natural and anthropogenic stressors. With focus on
the ecological change across the globe ILTER is a network of
networks encompassing hundreds of research sites4.

Within these large-scale networks and research
infrastructures, local research institutions operate individual
observatories whose data in turn are fed into the databases

1https://www.goosocean.org/
2https://emso.eu/
3https://www.jerico-ri.eu/
4https://www.ilter.network/
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TABLE 1 | Selection of coastal observatories and collaborating observational sites in alphabetical order.

Abbreviation Full Name Involved Institutes and
Countries

Observed Region Establishment
(Year)

Coverage Observational infrastructure (excerpt) Reference and web
presence

BSO Brazilian Sea
Observatory

Universidade Federal do
Paraná, Insituto Superior
Ténico Lisboa, EnvEx –
Engenharia e Consultoria,
FUNPAR – Fundação da
Universidade
Federal do Paraná para o
Desenvolvimento da Ciência
Tecnologia e da Cultura,
Brazil

Atlantic 2018 Regional Float, Satellite Remote Sensing, Sea Level
Measurement

Brazilian Sea
Observatory, 2019
https://
brazilianseaobservatory.
org/

COSYNA Coastal Observing
System for Northern
and Arctic Seas

Helmholtz Zentrum hereon,
Germany

North Sea, Baltic
Sea, Arctic Sea

2010 Regional Animal Tracking, Acoustic Instrument, Bio-Optic,
Buoy, CTD, FerryBox, Glider, Lander, Meteorological
Station, Plankton Imaging, Radar, Research Vessel,
Satellite Remote Sensing, Sea-based Station,
Shore-based Station, Underwater Node

Baschek et al., 2017
https://www.cosyna.de

IMOS Integrated Marine
Observing System

National Research
Infrastructure for Australia
(NCRIS), Australia

Timor Sea, Coral
Sea, Tasmanian
Sea, Indian Ocean,
Southern Ocean,
Great Australian
Bight

2007 National Acoustic Instrument, Animal Tracking, AUV,
Bio-Optic, Buoy, CTD, Float, Glider, Imaging System,
Meteorological Station, Mooring, Plankton
Monitoring, Radar, Research Vessel, Satellite Remote
Sensing

Lynch et al., 2014 and
Moltmann et al., 2016
https://imos.org.au/

LEO Long-Term Ecosystem
Observatory

Rutgers University,
United States

Middle Atlantic
Bight, Coast of
New Jersey, Atlantic

1998 Regional Acoustic Instrument, Aircraft, AUV, Bio-Optic, Buoy,
CTD, Glider, Meteorological Station, Mooring,
Research Vessel, Satellite Remote Sensing,
Underwater Node

Schofield et al., 2002

LBCO Liverpool Bay Coastal
Observatory

National Oceanography
Centre (NOC),
United Kingdom

Liverpool Bay, Irish
sea, Atlantic

2002 Regional Acoustic Instrument, Buoy, CTD, FerryBox, Glider,
Imaging System, Meteorological Station, Mooring,
Radar, Research Vessel, Satellite Remote Sensing,
Sea Level Measurement, Underwater Node

Howarth and Palmer,
2011
https:
//coastobs.pol.ac.uk

MARS Monterey Accelerated
Research System

Monterey Bay Aquarium
Research Institute (MBARI),
United States

Monterey Bay,
Pacific

2005 Regional Acoustic Instrument, CTD, Imaging Systems,
Research Vessel, ROV, Underwater Node

Dawe et al., 2005
https://www.mbari.org/
at-sea/cabled-
observatory/

MVCO Martha’s Vineyard
Coastal Observatory

Woods Hole Oceanographic
Institution (WHOI),
United States

Gulf of Maine,
Atlantic

2000 Regional Acoustic Instrument, Aircraft, Imaging System,
Meteorological Station, Plankton Monitoring,
Research Vessel, Satellite Remote Sensing,
Sea-based Station, Shore-based Station,
Underwater Node

Austin et al., 2000
https:
//www.whoi.edu/mvco

NEPTUNE North East Pacific
Time-series Underwater
Networked Experiments
Observatory

Ocean Networks Canada,
Canada

Northeast Pacific 2009 National/
Regional

Acoustic Instrument, Bio-Optic, CTD, Glider, Imaging
System, Plankton Monitoring, Research Vessel, ROV,
Underwater Node, Vertical Profiler

Barnes et al., 2008
https://www.
oceannetworks.ca/

OBSEA Expandable Seafloor
Observatory

European Multidisciplinary
Seafloor Observatory
(EMSO), European Seas
Observatory NETwork
(ESONET), Spain

Balearic Sea,
Mediterranean Sea

2009 Regional Acoustic Instrument, Buoy, CTD, Imaging System,
Meteorological Station, Shore-based Station,
Underwater Node

Aguzzi et al., 2011
www.obsea.es
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TABLE 1 | (Continued)

Abbreviation Full Name Involved Institutes and
Countries

Observed
Region

Establishment
(Year)

Coverage Observational infrastructure (excerpt) Reference and web
presence

PLUTO Panama LJL
Underwater Tropical
Observatory

Woods Hole Oceanographic
Institution (WHOI),
United States, Panama

Pacific 2006 Regional Acoustic Instrument, Bio-Optic, CTD, Imaging
System, Meteorological Station, Plankton Imaging,
Shore-based Station, Underwater Node

Gallager et al., 2008
http://www.liquidjunglelab.
com/en/research/research-
pluto-marine-observatory/

Poseidon
system

Monitoring, Forecasting
and Information System
for the Greek Seas

Hellenic Centre for Marine
Research, Greece

Mediterranean
Sea

2007 National Acoustic Instrument, Buoy, FerryBox, Float, Glider,
Meteorological Station, Mooring, Radar, Research
Vessel, ROV, Satellite Remote Sensing, Sea Level
Measurement, Underwater Node

Soukissian and Chronis, 2000
http:
//poseidon.hcmr.gr/article_
view_no_news.php?id=27

SCO Spiekeroog Coastal
Observatory

Institute for Chemistry
and Biology of the Marine
Environment (ICBM),
Germany

Wadden Sea,
North Sea

2002 Regional Acoustic Instrument, Aircraft, Artificial Islands,
CTD, Groundwater Monitoring, Imaging System,
Metrological Station, Plankton Monitoring,
Radar, Radiometer, Research Vessel, Sea Level
Measurement, Shore-based Station, Sea-based
Station

This report
https://uol.de/icbm/sco

SiMCosta Brazilian Coast
Monitoring System

Universidade Federal do Rio
Grande – FURG, Brazil

Atlantic 2011 National Acoustic Instrument, Bio-Optic, Buoy, Float, Glider,
Meteorological Station, Mooring, Radar, Research
Vessel, Satellite Remote Sensing, Shore-based
Station

Garcia et al., 2016
https:
//simcosta.furg.br/home

SMCRI Shallow Marine and
Coastal Research
Infrastructure

Ocean Sciences Campus of
the Nelson Mandela
University, South African
Environmental Observation
Network (SAEON),
South Africa

South Atlantic
Ocean, Indian
Ocean

2016 National Acoustic Instrument, Aircraft, Animal Tracking, Buoy,
CTD, Divers, Imaging System, Mooring, Research
Vessel, ROV

SMCRI Central Coordination
Unit, 2018
https://smcri.saeon.ac.za/

SOCIB Balearic Islands Coastal
Observing and
Forecasting System

Coastal Ocean Observing
and Forecast System
Balearic Islands ITCS, Spain

Balearic Sea,
Mediterranean
Sea

2012 Regional Acoustic Instrument, Buoy, Float, Glider, Imaging
System, Meteorological Station, Mooring, Radar,
Research Vessel, Satellite Remote Sensing, Sea
Level Measurement, Surface Drifter, Underwater
Node

Tintoré et al., 2012
www.socib.es

VENUS Victoria Experimental
Network Under the Sea

Ocean Networks Canada,
Canada

Salish Sea,
Strait of
Georgia,
Northeast
Pacific

2003 National/
Regional

Acoustic Instrument, AUV, Buoy, CTD, Glider,
Mooring, Research Vessel, ROV, Shore-based
Station, Underwater Node

Dewey and Tunnicliffe, 2003
https:
//www.oceannetworks.ca/

WCO Western Channel
Observatory

Plymouth Marine
Laboratory, Marine
Biological Association,
United Kingdom

Western
Channel,
Atlantic

2005 Regional Bio-Optic, Buoy, CTD, Imaging System,
Meteorological Station, Mooring, Plankton
Monitoring, Radiometer, Research Vessel, Satellite
Remote Sensing

Smyth et al., 2015
https://www.
westernchannelobservatory.
org.uk/index.php

This table represents only a selection of coastal observatories and only observatories that combine several observation points are listed. Since observatories are constantly evolving, this table is only a snapshot. The
bold line indicates the Spiekeroog Coastal Observatory.
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such as EMODnet, Coriolis, or CMEMS and which in turn can
be accessed by the network integrated under GOOS, JERICO,
ILTER, etc. Distinctive regional and ecological conditions create
unique priorities for ocean observation. Fixed-point ocean
observatories are ranging from single-node monitoring systems
to large multi-site infrastructures. Table 1 lists selected coastal
ocean observatories worldwide that operate more than one
observational points or locations and thus represent a broad
spectrum of research activities in relation to coastal processes
(Figure 1). Most coastal observatories have been established
within this century and are important pillars of regional,
national, or international ocean research. Their purposes reach
from marine biodiversity and ecosystem research (IGMETS,
LifeWatch Belgium, PLUTO, etc.) to forecast of tectonic activities
(POSEIDON, etc.), or tsunami alerts (NOAA’s early warning
system DART, etc.). One motivation for the establishment of
many coastal observatories is the detection of future risks related
to coastal protection and ecosystems due to global climate change
(SCO, SMCRI, COSYNA, SiMCosta, etc.).

Even though most of the observatories listed in Table 1
are located adjacent to the coast, the range of operating and
measuring depth ranges from a few meters to more than
2500 m. In some cases, the observatories are located on coastal
lines with a steep continental slope (POSEIDON, NEPTUNE).
Some observatories consist of multiple, interdisciplinary sites
with various, partly autonomous platforms on land, in the sea,
and in the atmosphere (SMCRI, LifeWatch Belgium, IMOS,
BSO, LEO, LBCO, etc.). Other observatories have a cabled
structure (MARS, VENUS, OBSEA, MVCO, etc.), where a
node at the sea floor is connected to multiple other nodes
with sensor systems for different marine parameters. All ocean
observatories include acoustic systems (like an ADCP) and
measurement systems for physical oceanography parameters
(e.g., temperature and salinity). In addition, biological, chemical,
and meteorological measurements are common as well as remote
sensing. Only a few observatories include further land-based
sensors, e.g., radar stations (SOCIB, MVCO, COSYNA, etc.).
Some also include GPS-tracking of animals (COSYNA, SMCRI,
IMOS). In order to achieve a detailed overview of the observed
region, data collected from the individual measuring points of
an observatory are integrated into databases. Often, collected
data is being contributed to superordinate institutions, which
can be part of the GRAs. Supplementary 1 provides a short
analysis about identifiable equipment characteristics among the
different observatories.

SPIEKEROOG COASTAL OBSERVATORY

The Spiekeroog Coastal Observatory (SCO) is an integrated coastal
observatory located on and around the barrier island Spiekeroog
in the German southern North Sea. It is operated by the
Institute for Chemistry and Biology of the Marine Environment
(ICBM, University of Oldenburg) (Figure 2). The SCO consists
of various technical infrastructure and concomitant research
activities that developed around it, representing a combination
of long-term exploration sites as well as campaign-based research

sites (Figure 3). Its overall objective is to obtain a comprehensive,
interdisciplinary investigation of terrestrial and marine processes
around Spiekeroog. Thereby, the SCO indicates a unique
characteristic in interdisciplinary element sites operated in the
Wadden Sea, the largest tidal flat region worldwide.

The basis for the SCO was established in 2002 with the
construction of the Time-Series Station (TSS) Spiekeroog (Reuter
et al., 2009), a monopole structure in the tidal channel Otzumer
Balje (chapter 2.2.1), west of Spiekeroog. It bundled preceding
research initiatives and grew continuously to the present
observational infrastructure covering a multitude of parameters.
In 2010, the SCO became a part of the COSYNA network
(Baschek et al., 2017). It was officially registered as one site
within the German Long-Term Environmental Research Network
in 2018 (LTER-D, Mirtl et al., 2018). From the beginning, a
special focus was research on the Wadden Sea. Thus, a unique
characteristic of the SCO is the interdisciplinarity of its elements,
which is necessary to study this area comprehensively from
different perspectives. For this reason, the SCO contains not only
terrestrial and marine components, but also subsurface research
infrastructure at the transition zone between land and sea. The
term SCO has been coined in 2018. The detailed description of
methodologies, concepts, and underlying science presented here
is intended to be a potential blueprint for observing systems
in coastal areas.

General Location
Spiekeroog is a typical barrier island sheltering the German Coast
as one of the seven East Frisian Islands. The island is located
within Wadden Sea UNESCO World Natural Heritage site in
the German Bight (southern North Sea, Figure 2). With average
deep-wave heights exceeding 1.0 m (Fitzgerald et al., 1984) and a
mean tidal range about 2.7 m (Zielinski et al., 2018), the area is
highly dynamic. Thus, the area is strongly affected by erosion and
sedimentation, mainly directed through the tidal inlets. These
narrow channels between the barrier islands exchange North
Sea and Wadden Sea water along a northwesterly axis. As for
Spiekeroog, the channel at its western part is the Otzumer Balje,
the one in the east is referred to as Harle. The maximum tidal
current velocities within these tidal inlets reach 1–1.5 m/s (Stanev
et al., 2003) mobilizing a wide range of suspended material
that oscillates in the vicinity of Spiekeroog (Badewien et al.,
2009). A tidal asymmetry surrounding the area due to tidal
pressure gradients and inlet morphology (Hayes, 1980) leads to
an unbalanced supply of those sediment depots to the island.
Additionally, severe storms and storm surges cause significant
mass transports within short periods.

The island extends approximately 10 km from east to west
and 2 km from north to south, with a total area of 21.3 km2.
The back-barrier tidal flat south of Spiekeroog is part of the
German East Frisian Wadden Sea. Dunes along the northern
shoreline of Spiekeroog form almost a continuous arc (maximum
height 11 m) along the west-east direction. They are sheltering an
extensive salt marsh area and acting as a natural protection for
the inhabited parts of the island (Röper et al., 2013). In the east,
sediment accretion has led to the development of the so-called
Ostplate. It originated from a periodically flooded sand flat to a
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FIGURE 1 | Overview coastal observatories. This map displays a variety of coastal observatories on different spatial and political scales. The observatories are
color-coded and their abbreviations are explained within the legend.

dune island in the 1940s, with the first higher white appearing in
the 1970s (Röper et al., 2013). The western part of the island is
prone to land loss from mass transport (Röper et al., 2012).

Study Sites and Spiekeroog Coastal
Observatory Elements
The Spiekeroog Coastal Observatory consists of several (technical)
elements (Figure 4) integrated in different study sites (Figure 3).
This includes the Time-Series Station (TSS) Spiekeroog, a
permanent monitoring station in a tidal channel west of
Spiekeroog, a number of research boats, experimental islands
within the back-barrier tidal flats south of Spiekeroog, as well
as a groundwater monitoring network. In addition, several other
study sites are available on the island serving as campaign-based
research sites. Science communication, knowledge transfer and
public outreach represent a further element of the SCO. All
study sites and elements of the SCO are described in this section
in further detail.

Tidal Channels and Marine Infrastructure
The interexchange of seawater between the southern North Sea
and the back-barrier tidal flats of Spiekeroog takes place through
two tidal channels: The Otzumer Balje in the West between the
islands of Langeoog and Spiekeroog and the Harle in the East
between Spiekeroog and Wangerooge (Figure 3).

Compared to the Harle, the Otzumer Balje is a pristine
tidal channel affected by minimal human intervention. Its
current dynamics have been well studied as it is the location
of the Time-Series Station Spiekeroog (see below), which is
one of the major SCO elements. Generally, the Otzumer Balje
is characterized by a small tidal range that results in greater
inlet spacing, deeper channels, an ebb-dominance during calm
weather conditions, and low marsh elevation heights (Friedrichs

and Perry, 2001). During storm surges in the back-barrier system
of Spiekeroog, the ebb-dominance can temporarily be neutralized
or reversed in a flood-dominated situation (Stanev et al., 2007;
Bartholomä et al., 2009).

The Harle is more impacted by anthropogenic intervention in
the form of coastal protection measures. To stabilize the beach
of the island Wangerooge, sediment dynamics and tidal current
characteristics were altered by the installation of several groins
in the late 19th century, which are maintained and refurbished
until today. Groyne H is especially prominent, as it reaches into
the Harle tidal channel with a length of 1460 m (Lüders, 1952;
Ladage and Stephan, 2004). However, the processes leading to
its island stabilization effect are surprisingly poorly investigated.
Thus, in order to understand the current dynamics along such
a large structure in more detail, a comparison of the two tidal
channels of Spiekeroog is a focus of current research in the
context of the project Gute Küste Niedersachsen (see section
“Real-World Laoratories for Ecosystem-Strengthening Coastal
Protection”). Further, we assess the influence of such coastal
protection measures on the wider marine ecosystem.

Time-Series Station Spiekeroog
To deepen the understanding of complex relationships in the
Wadden Sea ecosystem, the Time-Series Station Spiekeroog
(Figure 4A) has been installed as a permanent measuring
station in the Otzumer Balje (53.75◦N, 7.67◦E) at a mean
sea level of 13 m (Figure 5). The TSS was constructed
in the framework of the Deutsche Forschungsgemeinschaft
(DFG) research group BioGeoChemistry of Tidal Flats in 2002
(Reuter et al., 2009; Rullkötter, 2009). Understanding the
underlying processes is crucial for predicting the consequences
of storm surges or the currently recorded sea-level rise in
the Wadden Sea (NLWKN, 2010) as well as supporting
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FIGURE 2 | North Sea/Spiekeroog. The island of Spiekeroog (53.77◦N, 7.73◦E) is located in the German Bight (southern North Sea). The North Sea is a marginal
sea connected with the Atlantic Ocean via the Norwegian Sea and the English Channel. Entering from the Atlantic, a Kelvin wave created by tidal effects runs
southward primarily along the British east coast and synchronizes with the tides running in via the English Channel and the river run-offs. This induces a
counter-clockwise current regime in the North Sea, with a west-to-east flow is forced within the southern North Sea that is fueled by strong westerly winds (Mathis
et al., 2015). This primary direction of flow is almost continuous and rarely interrupted by regional weather phenomena (Stanev et al., 2019). Spiekeroogs
back-barrier tidal flat is part of the German East Frisian Wadden Sea, renowned as UNESCO World Heritage Site.

appropriate coastal protection measures. In this context, the
TSS is now an indispensable tool for Wadden Sea-related
research at the ICBM (Bartholomä et al., 2009; Lettmann et al.,
2009; Burchard and Badewien, 2015; Grashorn et al., 2015;
Valle-Levinson et al., 2018).

Oceanographic, meteorological, and biogeochemical data
have been continuously recorded since 2002 at the TSS. The
station consists of a 35.5 m long pole with a diameter of
1.6 m that is driven 13.6 m into the sediment (Figure 5). The
temperature, conductivity, and pressure sensors are mounted
within five horizontal tubes (1.5, 3.5, 5.5, 7.5, and 9 m above
seafloor, respectively) that are aligned in the main current
direction. These tubes protect the sensors, which makes the
TSS capable of being operational also during storm events and
ice conditions. An acoustic Doppler current profiler (ADCP)
is mounted 1.5 m above the seafloor on a horizontal arm of
12 m length. A platform is mounted on top of the pole, about
7 m above sea level. It consists of two laboratory containers
(L × W × H: 3.0 m × 1.2 m × 2.3 m) hosting a second
platform at 12 m above sea level equipped with solar panels, a
wind turbine, and meteorological sensors. A set of radiometers
is mounted to this platform, measuring incident solar radiation

and light that emerges from the sea surface in order to derive
some apparent optical properties of the water (Garaba et al.,
2014). For further details and design considerations see Reuter
et al. (2009). Furthermore, two online nutrient analyzers (Systea
S.p.A., Italy) measuring, e.g., NO3

−, NO2
−, Si−, and PO4

3−

are installed inside the pole, receiving their water samples from
a sensor-tube mounted 9 m above seafloor. These instruments
facilitate the understanding of nutrient input and consumption
under different tidal conditions by providing year-round regular
measurements (Grunwald et al., 2007, 2010). The oceanographic
data obtained by the TSS allowed for a large number of
process studies in the highly dynamic tidal areas in recent years,
addressing topics such as water level changes and storm surges
(Holinde et al., 2015) or water transparency (Schulz et al., 2016).

The TSS long-term data is further a very important basis
to validate hydrodynamic and sediment transport models in
coastal areas of the East Frisian Islands (Burchard et al., 2008;
Badewien et al., 2009; Lettmann et al., 2009; Staneva et al., 2009;
Gao et al., 2012; Grashorn et al., 2015; Gräwe et al., 2016). To
exhibit example data available through long-term operation of
the TSS, Figure 6 shows a time series plot for air (A) and water
(B) temperature measurements during the past two decades.

Frontiers in Marine Science | www.frontiersin.org 7 February 2022 | Volume 8 | Article 754905

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-754905 February 12, 2022 Time: 16:35 # 8

Zielinski et al. Spiekeroog Coastal Observatory

FIGURE 3 | SCO Study sites. The Spiekeroog Coastal Observatory (SCO) represents a combination of long-term exploration sites (1, 5, 7, 8) as well as
campaign-based research sites (2, 3, 4, 6, 9). (1) The Time-Series Station Spiekeroog is continuously recording oceanographic, meteorological, and biogeochemical
data since 2002. (5) Experimental islands and salt marsh enclosed plots were established in 2014 exploring interactions of plants and animals within a
metacommunity framework. Abiotic and biotic data is observed since the set-up. (8) A long-term groundwater monitoring transect was installed in north-south
direction at the western part of the Ostplate in 2016 investigating the simultaneous evolution of dunes and accompanying freshwater lenses (7). Both, the North
Beach (6) and the Janssand (9) serve as campaign-based research sites since 2014 and respectively 2002. (10) A modern research center was established in 2011
on Spiekeroog providing laboratory, training rooms, and accommodations for scientists. The Gute Küste Niedersachsen project is a good example, successfully
using many different components of the SCO. It combines research at different sites around and on the island and will conduct research campaigns at the tidal
channels Otzumer Balje (2) and Harle (3) with special consideration of the artificial coastal protection measure Groyne H (4).

Raw data is shown compared to a moving monthly average and
monthly mean values for both measurements, while Figure 6C
shows the monthly means of air and water temperature.

The integration of the SCO in the framework of COSYNA
(Baschek et al., 2017) made it possible to refurbish the TSS
sensor technology. This extended the service life of the station
and set the basis for the successive addition of new components.
In 2019, a conventional marine X-Band radar was installed,
providing 3D wave and surface current data (Bell and Osler,
2011), enabling also the survey of the study site in this respect.
Upcoming additions will be sensors for the measurement of
total alkalinity, pH, carbon dioxide, and precipitation in order to
investigate processes related to the carbon cycle of the Wadden
Sea. Further potential upgrades currently under consideration
include a nutrient auto-sampler as well as an in situ submersible
UV-photometer for high resolution optical nitrate determination.
In addition to the usage of commercially available instruments
and devices, also new sensors and sensor systems have been
successfully tested under extreme conditions on the TSS (e.g.,
Rüssmeier et al., 2017).

Research Vessels
Three small research vessels (R/B Navicula, R/V Otzum, and R/B
Zephyr; Figure 4) are also part of the SCO infrastructure. Varying
in size and personal capacity (Table 2), they support different
activities in the observatory, e.g., maintenance of the TSS, diver
operations, sampling, or even small measurement campaigns. For
this, all ships provide a certain number of sheltered workplaces
including power supply for instruments as well as moon-pools
that allow easy deployment of submersible instruments like an
ADCP. R/V Otzum further possesses a crane for operating CTD
rosette samplers or other larger instruments.

Back-Barrier Tidal Flats and the Janssand
The back-barrier tidal flats of Spiekeroog are typical for the East
Frisian Islands and predominantly sandy (Liebezeit et al., 1998).
The Janssand is a tidal flat located in the back-barrier tidal flat
area south-west of Spiekeroog (Figure 3). It represents a focus
area for tidal flat research in the SCO. It is characterized by
mesotidal conditions, thus covered by 1–2 m of water during
high tide and being exposed for approximately 4–6 h during
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FIGURE 4 | SCO infrastructure and elements. Several components are available supporting the Spiekeroog Coastal Observatory. The ICBM operates the
Time-Series Station Spiekeroog, a permanent monitoring station southwest of Spiekeroog (A). The Janssand (B) and North Beach (E) serve as campaign-based
research sites for biogeochemical observations. Experimental islands were built within the back barrier tidal flats and corresponding salt marsh enclosed plots in the
South for metacommunity and biodiversity research (C). Dip wells were installed on a transect for groundwater monitoring (D). As an accommodation for scientists
as well as a communications platform serves the National Park House Wittbülten (F). Three different research boats are available supporting any kind of research
activities of the SCO (G–I).

low tide (Beck et al., 2007). The surface of Janssand is almost
horizontal, except for the margin where the sediment surface
slopes toward the main tidal creek by an altitude of 1.5 m.
Sandy sediments predominate the upper sediment column and
are increasingly intermingled with thin clay horizons in deeper
layers and occasional peat inclusions (Chang et al., 2006). The
sand body is characterized by a tidally driven water exchange.
Advective processes lead to a recharge of nutrients during high
tide into the sediments (Riedel et al., 2010) and a discharge
of microbial mineralization products (i.e., nutrients, hydrogen
sulfide, methane, and reduced redox elements) during ebbtide
into the open North Sea (Røy et al., 2008). This hydrogeological
flow regime has an impact on the vertical distribution of
microbial communities within the sediments (Seidel et al., 2012).
The vertical zonation of geochemical profiles and associated
microbial communities (Wilms et al., 2007) varies with distance
to the main tidal creek (Beck et al., 2009). Due to the enhanced
nutrient supply by discharging porewater and deposition of
fresh organic material at the tidal flat margin, the microbial
activity is vastly stimulated. This causes a highly condensed

succession of redox-sensitive elements within the upper meter
of the sediment column. With increasing distance to the creek,
these biogeochemical profiles are stretched over the upper 5–
6 meters of sediment, indicating areas of varying microbial
activities in close proximity. In the middle of the sand flat,
microbial activities are so low that the profiles can even stretch
tens of meters into the subsurface as identified by a deep
drilling campaign on Janssand (Beck et al., 2011). Overall, the
described biogeochemical processes turn the tidal flat into an
effective bioreactor. The metabolic transformations lead to the
discharge of nutrients into the Wadden Sea, enhancing the
primary production within the system.

Biogeochemical Findings on Janssand Tidal Flat
Due to the good accessibility by boat, the long exposure time
during low tide, and the relatively solid surface, Janssand
became a model research area in the DFG research group
BioGeoChemistry of Tidal Flats (Rullkötter, 2009). Intense
interdisciplinary investigations over the past two decades made
Janssand the best-studied sand flat in the world. This is
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FIGURE 5 | Time-series station. Schematic figure of the Time-Series Station
Spiekeroog. NN is defined at 13.0 m with slack water rising and sinking about
1.5 m. The waves may approach 20.5 m of height. The main body of the
station contains the data management and batteries. The latter forms the
power supply for the structure in combination with a solar panel and wind
propulsion at 25 m. Sensors are applied to cylindrical tubes, which are
deployed within the pole (M-D) below water. Tubes without depth markers
remain closed while tubes with labels stay open enabling water to flow
through with the sensors measuring designated parameters (D – temperature,
conductivity, pressure | F, H, J – temperature, conductivity | K – temperature,
conductivity, nutrients | M – oxygen, turbidity). The widget at level M is an
additional sensor installed at the outside of the pole. At 1.0 m above the
seafloor, an Acoustic Doppler Current Profiler (ADCP) is mounted
perpendicular to the pole via a rod.

documented in more than 90 peer-reviewed publications in
international journals, several Ph.D. theses, and numerous
Bachelor’s and Master’s theses. A striking feature for analyzing
deep porewater processes within the subsurface of Janssand
throughout different seasons or even tidal cycles was the
installation of permanent in situ porewater samplers (down to
5 m; Beck et al., 2007, 2008a,b). These studies show seasonal
variations of sulfate, dissolved organic carbon (DOC), nutrients
and metabolic products down to 5 m sediment depth in the
pore waters. In the study area, pore water temperatures show
significant variability in the upper meters of the sediment within

1 year (higher temperatures in summer, lower temperatures
in winter). Hydrolysis rates and activities of fermentative
microorganisms are enhanced at higher temperatures resulting
in higher concentrations of metabolizable organic carbon in
summer months. The close proximity to the Time-Series Station
was used to link pelagic processes to those found within the
sediments (Dellwig et al., 2007). Even though the research group
officially ended in 2009, more than 50 publications emerged from
the scientific work carried out in this area since then. Janssand is
still an active study area, e.g., for advanced study courses of the
German Universities of Oldenburg and Bremen (Figure 4B).

Natural Salt Marshes and Experimental Islands With
Salt Marsh Enclosed Plots
Typical for barrier islands (thus also for Spiekeroog) is the natural
development of salt marshes on the side protected from the
open North Sea. Salt marshes play an important role in coastal
engineering and protection measures due to their ability to trap
suspended sediments and attenuate waves (Möller et al., 2014).
Resilient salt marsh ecosystems can therefore mitigate the effects
of climate change. Changes in tidal range resulting from sea level
rise and climate change, but also extreme events like storm surges
exceeding levels beyond those of the typical storm season can lead
to salt marsh loss.

The intertidal zone with its salt marshes has accordingly
gained increasing attention with respect to exploitation of the
ecosystem services they provide while simultaneously ensuring
their adequate protection (Kirwan and Megonigal, 2013; Balke
et al., 2016). The seaward limit of a salt marsh is generally defined
by the lowest elevation where vascular plants (e.g., Spartina spp.)
can establish (Balke et al., 2016). Low wave energy and high
resistance salt marsh vegetation often lead to the development
of sharp vegetation edges whereas exposure to high wave energy
conditions homogeneously erode the salt marsh edges (Leonardi
and Fagherazzi, 2014). Elevation levels of salt marshes determine
the inundation duration and frequency, which are essential
parameters shaping the local salt marsh conditions (Balke et al.,
2016). European salt marshes have developed a distinct zonation
of vegetation along elevational gradients. Three natural salt
marsh zones can be identified on the salt marshes of Spiekeroog
(Holt et al., 2017): pioneer zone [1.5 m NHN, normal height
null, dominated by Spartina anglica (C.E. Hubbard)], lower salt
marsh zone [1.8 m NHN, dominated by Atriplex portulacoides
(L.)], and upper salt marsh zone [2.1 m NHN, dominated by
Elymus athericus (Kerguélen)]. Plant communities characterizing
the zones are in general relatively species poor.

Experimental Islands and Salt Marsh Enclosed Plots
Exploring interactions of plants and animals within a
metacommunity framework often requires long-term
approaches. A large-scale experiment within the back-barrier
tidal flats of Spiekeroog was set-up in 2014 (Balke et al.,
2017; Figure 3). It serves as a test of metacommunity theory
predictions across the marine and terrestrial interfaces. The setup
(Figure 4C), on the tidal mudflats represent the dispersal-limited
conditions and the corresponding salt marsh enclosed plots with
unlimited rapid dispersal. Each of the experimental islands is
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FIGURE 6 | Temperature time series measurements. Time series plots from the Time-Series Station Spiekeroog showing air and water temperature from 2002 until
late 2021. (A) Displays the raw water surface temperature, measured in tube K (Figure 5), a moving average of 30 days and monthly mean values. (B) Displays the
raw air temperature, a moving average of 30 days and monthly mean values. (C) Shows the monthly mean values of air and water temperature.

a replicate with three elevation levels. Each level has the same
elevation as the corresponding vegetation zones of the nearby
salt marsh: pioneer, lower and upper salt marsh zone. Half of
the experimental islands and salt marsh plots were inoculated

with lower salt marsh communities from the nearby salt marsh,
while the other half of the study plots were filled with untreated
mud flat sediment available for spontaneous colonization. Six
reference plots in each salt marsh zone serve as an undisturbed
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TABLE 2 | Technical specifications of R/B Navicula, R/V Otzum, and R/B Zephyr.

R/B Navicula R/V Otzum R/B Zephyr

Year of construction 2006 (Feltz boats, Hamburg) 1987 (Stader Bauwerft, engine launch “V15“) 2013 (Feltz boats, Hamburg)

Length 6.5 m 13.0 m 7.5 m

Width 2.5 m 4.0 m 2.5 m

Draft 0.5 m 0.8 m 0.3 m

Load (total) 8 pers.
+ 200 kg

12 pers.
+1.000 kg

8 pers.
+ 200 kg

Engine 1 diesel inboard engine with 85 kW
115 hp, max 20 knots

2 diesel units each with 87 kW
120 hp, max. 10 knots

1 petrol outboard engine with 110 kW
150 hp, max 20 knots

Hull Aluminum
Driving height max 5 pers.

GRP
Cavities of the shell foamed, unsinkable

Aluminum
Driving height max 5 pers.

Moon-pool 0.4 m × 0.4 m 0.4 m × 0.4 m 0.4 m × 0.4 m

Wrecking crane None 400 kg None

control. This setup enables the investigation of priority effects,
i.e., the effect of already present species on the arrival of new
species. Species abundances have been recorded since the
installation of the experiment in 2014. After 1 year, colonization
of plant species with high fecundity was observed on all bare
plots. As expected, frequency was higher within the salt marsh
bare plots (Balke et al., 2017). Competitive exclusion on higher
elevations affected community composition already 2 years after
transplanting the communities (unpublished data). After 4 years
of community composition competitive exclusion on most of
the transplanted plots were observed and the communities
resembled the ones of natural salt marshes (unpublished data).

Long-term approaches for biodiversity research also require
the continuous observation of environmental key parameters.
Those were assessed from sensors deployed around and within
the experimental plots since 2014. Data show seasonal and tidal
effects on both, experimental islands and salt marsh enclosed
plots, and reveal the impact of, e.g., storm surges and hot spells
(Zielinski et al., 2018). Since 2020, a mobile field container in the
vicinity of the salt marsh supports the fieldwork of the large-scale
experiment. It serves as storage space, preparation site, and allows
access for near-real-time data of meteorological conditions on site
via internet connection.

Soils and Dune Vegetation
The eulittoral sandy beach of Spiekeroog experiences a constant
redistribution of sands by continuous current and wave actions,
resulting in soils persisting in initial formation stages. Likewise,
the supralittoral beach soils also persist in initial formation stages
due to sand movement induced by wind and episodic flooding
(Pollmann et al., 2018). Except for shallow embryo dunes at
the supralittoral beach, the epilittoral dunes of Spiekeroog are
locally referred to as white dunes (Weißdünen), gray dunes
(Graudünen), and brown dunes (Braundünen), which evolve over
time in this order (Sindowski, 1970). These different types of
dunes form a dune complex in the western part of Spiekeroog,
which allows the study of soil chronosequences (Gerlach, 1993;
Gerlach et al., 1994; Giani and Buhmann, 2004; Pollmann et al.,
2020). The white dune soils are covered with Ammophila arenaria
and are affected by deflation and sedimentation prohibiting the
formation of more complex soils. They comprise quartz-rich

(≈ 95 wt%) and carbonate-poor (<1 wt%) sandy parent
material and lack soil organic matter (SOM) enriched topsoil
horizons (Pollmann et al., 2018, 2020). On the gray dunes, plant
biodiversity increases (Isermann, 2011), denser vegetation cover
stabilizes the ground surface, and wind-induced sand movement
decreases. Further advanced soil formation stages are reflected
by the formation of a topsoil horizon enriched with SOM
and initial decarbonization and acidification (Pollmann et al.,
2020). The brown dunes exhibit a vegetation zonation mainly
due to slope aspect-related microclimates (Gerlach et al., 1994;
Isermann, 2011). While north-facing slopes are predominantly
covered with Empetrum nigrum and Polypodium vulgare, south-
facing slopes are covered mainly with Corynephorus canescens,
and moss and lichen species. Fulvic acids particularly originating
from the poorly decomposable litter of Empetrum nigrum
initiate podsolization in the braunified and strongly acidic [pH
(CaCl2) < 4] soils (Pollmann et al., 2018, 2020). Pollmann
et al. (2020) found incipient podsolization features in a brown
dune soil of Spiekeroog after a soil formation time of maximal
179 ± 17 years. The soils of the south-facing slopes, in
contrast, show a lesser extent of podsolization and braunification
(Pollmann et al., 2020). Near-groundwater dune slacks often hold
soils with a superficial peat layer (Pollmann et al., 2018).

Via periodic flooding, fine-grained sediments (clay, loam)
enter the salt marsh of the Ostplate and build up deposits on top of
a basal sand flat. Therefore, the carbonate containing and neutral
to slightly alkaline salt marsh soils are usually comprised of a two-
layered or even multiple-layered solum (Pollmann et al., 2018,
2021). Pollmann et al. (2021) showed, by means of carbon isotope
(δ13C) signatures of organic matter (OM) in fine-grained salt
marsh deposits, an increase of the proportion of allochthonous
marine organic matter (OM) with increasing flooding frequency
in the salt marsh of the Ostplate. Their results also indicate that
erosion and sedimentation induced by tides might potentially
reset soil formation stages of the salt marsh soils.

Freshwater Lens and the Groundwater Transect
The average annual precipitation on Spiekeroog is 808 mm
(Oldenburg-Ostfriesischer Wasserverband [OOWV], 2012).
Groundwater recharge takes place in the permeable dune
areas and feeds a so-called freshwater lens at the western
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part of the island, providing drinking water to the islands’
population (Röper et al., 2012). The freshwater resides in
an upper aquifer made of sand deposits from the Pliocene,
Pleistocene, and Holocene, underlain by a clay layer, restricting
the thickness of the freshwater lens to 45–50 m. The aquifer below
the clay is saline (Oldenburg-Ostfriesischer Wasserverband
[OOWV], 2009). An annual groundwater recharge rate of
300–400 mm was calculated using tritium-helium data, and
the age of the groundwater was found to increase with depth
to >70 years at the freshwater-saltwater interface (Röper et al.,
2012). Seibert et al. (2018) investigated the hydro-chemical
evolution – from recharge to discharge – of freshwater. They
found that cation exchange, calcite dissolution, and redox
reactions are the main biogeochemical processes occurring
in the freshwater lens. The groundwater is reducing and even
sulfidic at greater depths. Seibert et al. (2019) further modeled
hydro-biogeochemical processes, such as microbial sulfate
reduction and subsequent iron sulfide precipitation. They
also showed that the groundwater becomes progressively
enriched in ammonium and phosphate due to organic matter
remineralization. Reckhardt et al. (2021) recently linked the
behavior of redox-sensitive metals to groundwater age and redox
characteristics within the freshwater lens. Based on ground-based
handheld thermal infrared imagery data, either diffusive or
punctual freshwater discharges at the northwestern beach have
been observed (Röper et al., 2014). Hence, lens-derived nutrient
fluxes could be of relevance for the beach ecosystem as well as
the coastal ocean.

Groundwater Transect on the Ostplate
A long-term groundwater monitoring transect was established
in north-south direction at the western part of the Ostplate
(Figure 3) in March 2016 in the course of a DFG project
investigating the simultaneous evolution of dunes and
accompanying freshwater lenses. The transect is oriented
parallel to the main groundwater flow direction following the
general topography. Multilevel observation wells (Figure 4D)
equipped with data loggers were installed in different depths
(meter above sea level) at the beach (approx. 0.8, −5.3, and
−12.7 m), the northern part of the dune ridge (approx. 1.5,
−1.5, −4.6, and −6.4 m), and the southern part of the dune
ridge (approx. 1.7, −1.0, and −3.1 m). Three shallow single
data loggers were placed within the salt marsh south of the
dunes, screening near-surface groundwater at 1.29, 1.34, and
0.97 m. The wells along the transect were sampled over 1.5 years
using submersible pumps for hydro-chemical analysis. They
were further used to study the extend of the freshwater lens and
the interplay of inundation frequency, shallow groundwater
salinity, and vegetation (Holt et al., 2017), subsequently relating
hydro-geochemical patterns in the near-surface groundwater
(Seibert et al., 2021). Furthermore, variable-density flow and
transport modeling were conducted to simulate the evolution
of the freshwater lens over the past decades including its age
distribution (Holt et al., 2019, 2021). Seibert et al. (2019) used the
sites to investigate sedimentation rates and iron sulfide formation
at the land-sea transition. Though the wells are presently not
sampled regularly for chemical analysis, groundwater levels

and partly electrical conductivities continue to be measured in
10-min intervals using CTD and pressure sensors.

Sandy Beach System and BioGeoChemical
Observations
Dunes and a sandy, high-energy, meso-tidal beach system
characterize the northern shores of Spiekeroog. The North Beach
is composed of fine to medium-grained Holocene sands above
Pleistocene deposits (Seibert et al., 2018). Depending on weather
conditions, wave heights and energy vary a lot generating a
highly dynamic beach morphology with a ridge-runnel system
parallel to the shoreline (Dobrynin et al., 2010; Beck et al., 2017;
Kröncke et al., 2018). The ridge-runnel-system migrates in both
parallel- and cross-shore directions on time scales as short as
days, causing changes in local beach elevation of up to 2 m
(Waska et al., 2019). Tidal and wave pumping create advective
water flows through the intertidal beach zone. Seawater infiltrates
in the upper beach at high tide, and exfiltrates into the runnel
and at the low water line during low tide. In the beach aquifer,
the circulating saline porewater mixes with groundwater from
the freshwater lens, producing a so-called subterranean estuary
(STE). It has a typical hydrological zonation with an upper saline
plume, a freshwater discharge tube, and a saltwater wedge (Beck
et al., 2017), whereby the ridge acts as an additional infiltration
zone inducing the existence of two, at least temporally occurring,
saltwater recirculation cells (Grünenbaum et al., 2020a). With a
multi-method approach, Grünenbaum et al. (2020b) quantified
in- and exfiltration rates in the intertidal zone and showed that
infiltration occurs above mean sea level while net exfiltration
occurs below, with exchange rates clearly depending on beach
topography. With a transient variable density groundwater
flow and transport model Greskowiak and Massmann (2021)
demonstrate how transient beach morphology and regular storm
floods affect subsurface flow and transport pattern (Figure 7).
As a whole, the high-energy beach on Spiekeroog has been
termed a microbial biogeochemical reactor, which utilizes electron
acceptors and organic matter from the marine and terrestrial
endmembers (Reckhardt et al., 2015; Beck et al., 2017).

Biogeochemical Observations of Beach Systems
To deepen the understanding of the subterranean estuary,
campaign driven sampling focuses on the seawater infiltration
zone and the highly diverse submarine groundwater discharge
(SGD) exfiltration zones (Figure 3). Groundwater modifications
at sediment-water interfaces as well as at redox and salinity
gradients within the coastal aquifer were observed, where fresh
and saline groundwater mix. The STE was investigated using
a novel combination of perspectives (Figure 4E): hydrological
(modeled and measured water fluxes and flow patterns),
geochemical (nutrient, trace metal, and dissolved organic matter
cycling), and microbial (community patterns and metabolic
processes). Further, beach topography and study sites was
mapped with a differential GPS (Waska et al., 2019).

Porewater chemistry is investigated by extracting water from
stainless steel porewater lancets driven into the sediments to up
to 2 m depth. During field campaigns, the following parameters
were determined with handheld devices: salinity, temperature,
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FIGURE 7 | Key findings in the BIME project. Simulated dynamic changes in salinity (red = seawater, blue = freshwater) in the intertidal area of the sandy-beach
system on Spiekeroog, and the direction of flow (white arrows), thereby the flow velocity is represented by the thickness of the arrows. The change of the system
after 3, 12, 21 months is shown when considering the tide, as well as the change of the topography in the model (modified after Greskowiak and Massmann, 2021).

dissolved oxygen, and FDOM fluorescence (λ = 420 nm)
(Waska et al., 2019). For hydraulic investigations, groundwater
observation wells were installed and equipped with CTD sensors
(Grünenbaum et al., 2020a). To investigate sediment properties,
sediment cores were collected offshore using an electric
underwater vibrocorer and onshore vibrocoring as described by
Wilms et al. (2006). Sampled porewater was analyzed for metals
(Mn, Fe), nutrients (total sulfur, silica, phosphate, NO3

−, NO2
−,

NH4
+, total alkalinity), rare earth element, dissolved organic

matter (DOM), DOC as well as temperature, conductivity,
dissolved oxygen, colored and fluorescent dissolved organic
matter (CDOM and FDOM, respectively).

To measure SGD in situ and with high temporal resolution,
an autonomous seepage-meter based on the design of Lee (1977)
was developed for the application on high-energy beach systems.
A plastic housing (1 m × 1 m) was built with an attached
chamber, allowing the in- and exfiltration of water. The chamber
is equipped with a multi-channel logger to measure salinity,
temperature, pressure, dissolved oxygen, FDOM (λ = 420 nm),
pH, and turbidity. To measure the flow rate of the circulating
water without mechanical influence, an electromagnetic flow
measurement system was chosen. The application time of the
seepage-meter depends on the measuring interval and ranges
from days to several weeks.

The system is in a constant state of flux due to its location in
the intertidal zone and the accompanying influence by tides and
the morphological change of the beach profile. This mechanical
influence has a direct impact on the STE system, which is in a
permanent process of change. It was discovered that microbial
communities (with exception of prokaryotes) hardly change
within the STE system in the first meter of the intertidal area.
The prokaryote communities showed a higher evenness at SGD
influenced sites compared to uninfluenced sites. The reason for
the low change in species communities, especially in microbial
communities, is probably due to the constant physical turnover
of the intertidal area by tides and the associated changes in
SGD (Degenhardt et al., 2020). This constant influence also

plays an important role in other processes with respect to the
biogeochemical properties of the STE. Seasons have a high impact
on pore water chemistry and microbial communities, on the one
hand due to changes in available nutrient concentration but also
due to seasonal temperature differences (Ahrens et al., 2020).
Furthermore, studies on the age of the pore water in the study
area have been conducted. The residence times range from a few
days to a few months in the underwater salinity plume, while at
the discharge points of the SGD (runnel, low water line) an age of
about 21 years has been determined (Grünenbaum et al., 2020a).

Science Communication, Knowledge Transfer, and
Public Outreach
Science is an integral part of society development and has
to be therefore part of the social consciousness. Science
communication, thus the report of research progress and results,
is an integral part of this process, ideally actively involving society
(knowledge transfer). Environmental education can be a tool in
this respect, on the one hand for creating acceptance of science
and the potential consequences of its results in society. On
the other hand, for enabling meaningful communication about
the context being conveyed. Further, environmental education
enables people to make responsible decisions with a solid
knowledge of the (scientific) background of a topic and the
possible consequences of the decision. Thus, in addition to its role
as observatory, the SCO fosters also science communication and
the dialog with the general public, e.g., through the activities of
the National Park House Wittbülten (a research facility directly
on Spiekeroog, see below) or via the realization of citizen science
projects (e.g., Kopf et al., 2015; Ceccaroni et al., 2020). Being part
of the University of Oldenburg, the SCO and its infrastructure
serves also as an educational platform for the next generation
of marine researchers. The SCO provides the framework for
summer schools, and many courses at both the University of
Oldenburg as well as at the Jade University of Applied Sciences
in Wilhelmshaven are linked to the SCO and benefit from its
infrastructure and projects. The close vicinity to their research
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objects and the possibility of practical work creates a special
awareness among the students that is hardly established by solely
laboratory or seminar room work.

The SCO knowledge transfer efforts are strongly supported by
the Biology Didactics group at the University of Oldenburg, which
addresses topics like coastal research, environmental protection,
and climate change. With their help, students of biology
and (marine) environmental sciences develop environmental
education programs in their courses or theses. Subsequently,
these programs are implemented in the activities of the National
Park House Wittbülten to reach the respective target audiences
(pupils, students, teachers, or tourists). A specific example is
the regular organization of 1-week internships on Spiekeroog
in the context of the Wadden Sea Learning Laboratory5. Here,
pupils from surrounding schools are invited to learn about
marine research in general and specifically Wadden Sea-related
topics according to the concept of research-discovery learning
(Schmidkunz, 2003; Mayer and Ziemek, 2006). ICBM scientists
contribute content and current research topics, while their
didactical arrangement is set up by the university students. By
this, the students have the opportunity to test and reflect their
didactical skills on marine topics directly on-site.

As Spiekeroog attracts in particular guests with a high interest
in nature and nature conservation, the SCO activities and
infrastructures offer unique opportunities for engaging locals and
tourists by making research perceptible and giving them the
opportunity to explore their home or holiday destination from a
new perspective. The circumstance of being in the habitat studied,
of being part of it, enables a particularly close experience and raise
awareness for the research object. This explains the generally high
interest on Spiekeroog in the ongoing research, but also in the
scientists themselves. This curiosity can be exploited for public
outreach, for example by organizing event days on the beach (as
planned in the framework of the DynaDeep research group, see
section Beach Research), where interested people can discuss with
scientists and see sampling equipment. However, in addition to
spread knowledge into the society, SCO science communication
is also important in the context explaining the ongoing research
in order to create acceptance among the local people, especially
in cases of larger field campaigns and the installation of research
infrastructure. Here, the cooperation with the local newspaper
Inselbote is of great value to announce such actions in advance
and to report regularly from the research projects.

In all formats of science communication, the cross-media
approach is pursued, and synergies are created by utilizing
created media on different platforms: on websites, in exhibitions,
lectures, within special public events and for social media
channels. The cross-media communication of measurement
campaigns, the process of knowledge generation and research
results will additionally promote the acceptance of scientific work
on the island and increase attention for the SCO.

Further opportunities for the communication of SCO research
arise from the integration of ICBM public outreach into local
and national networks and cooperation projects. The ICBM
memberships in the German Marine Research Consortium

5www.lernlabor-wattenmeer.de

(KDM) and the German Alliance for Marine Research (DAM)
offer further channels for science communication and knowledge
and technology transfer on a national and international level.
Furthermore, the research results from the SCO will be an
important contribution to ocean literacy6, also within the
framework of the Decade of Ocean Science for Sustainable
Development and the Sustainable Development Goals (SDGs) of
the United Nations.

National Park House Wittbülten
With the National Park House Wittbülten, a modern research
facility was established in 2011 on Spiekeroog in cooperation
between the ICBM and the Hermann Lietz-Boarding School
(Figures 3, 4F). The mission of the National Park House
Wittbülten is to promote sustainable thinking and acting based
on the educational concept of the UNESCO Education for
Sustainable Development. It aims to enable people to make
decisions for the future and to assess the impact of their own
actions on future generations or lives in other parts of the world.

As part of the SCO, it supports the research activities
by offering laboratory and training capacities as well as
accommodation for scientists and students. Furthermore, it
harbors an extensive exhibition that allows visitors to learn about
the Wadden Sea, the marine environment of the North Sea,
and the wildlife on and around Spiekeroog through numerous
exhibits, interactive models, and installations (e.g., a 10,000-
liter aquarium). As an important aim of the SCO science
communication strategy is the creation of synergy effects between
marine research, education, and tourism, topics of current
research projects are integrated into the exhibition as well as the
curriculum of the Hermann Lietz-School. In addition, lectures are
given in the National Park House Wittbülten for both tourists and
pupils of the Herman Lietz-School, and the latter can participate
in research fieldwork. For tourists, various possibilities are given
to explore the island, e.g., nature trails, expert-guided events
and excursions, the lectures mentioned above, and experimental
courses. On this basis of these activities, further target group-
specific approaches for knowledge transfer are planned, for
example the implementation of augmented reality technology,
by which visitors can explore additional content with their own
smartphone in the exhibition as well as directly on-site when
visiting the SCO infrastructure on the island.

Data Provenance, Availability, and
Quality Control
Impact and attractiveness of the SCO as a research site is
reflected in a large number of datasets, from which many
are publicly available. Data derived from SCO sites are very
diverse, originating, e.g., from (semi-) autonomous sensors,
laboratory analyses, but also of (laboratory) analysis executed
in the framework of individual, thesis-related work in different
projects. Table 3 shows in situ and campaign-based data that has
been recorded within the SCO at its different study sites at least
for the time span of >1 year.

6https://literacy.ocean.org/
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TABLE 3 | Key-parameters recorded at different study sites of the Spiekeroog Coastal Observatory.

Study Site 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Time-Series Station

Temperature (Air) Salt Marshes and
Experimental Islands

Groundwater Transect

Time-Series Station

Temperature (Water,
Sediment)

Salt Marshes and
Experimental Islands

Groundwater Transect

Time-Series Station

Conductivity (Salinity) Salt Marshes and
Experimental Islands

Groundwater Transect

Currents
(Speed, Direction)

Time-Series Station

Salt Marshes and
Experimental Islands

Time-Series Station

Water Pressure
(Water Level)

Salt Marshes and
Experimental Islands

Groundwater Transect

Waves

Time-Series Station

Salt Marshes and
Experimental Islands

Phytoplankton Time-Series Station

Chlorophyll-
Fluorescence

Time-Series Station

Salt Marshes and
Experimental Islands

Turbidity

Time-Series Station

Salt Marshes and
Experimental Islands

Nutrients (Nitrate,
Nitrite, Phosphate,
Mangan, Silicate)

Time-Series Station

Groundwater Transect

Dissolved Oxygen
Time-Series Station

Groundwater Transect

Radiometry (Remote
Sensing Reflectance,
PAR)

Time-Series Station

Absorption and
Fluorescence

Time-Series Station

Meteorology (Wind
Speed and Direction,
Air Pressure, Solar
Radiation, Humidity)

Time-Series Station

Salt Marshes and
Experimental Islands

Water Chemistry
(Redox Potential,
Anions, Cations)

Groundwater Transect

Dissolved
Organic Carbon

Salt Marshes and
Experimental Islands

Groundwater Transect

pH-value

Salt Marshes and
Experimental Islands

Groundwater Transect

Organic Material
Time-Series Station

Salt Marshes and
Experimental Islands
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As the SCO is a structure that has evolved over the years,
the state of data management and availability varies between
the SCO elements. However, the overarching aim is to apply
the FAIR (Findable, Accessible, Interoperable and Reusable) data
principles7 to all data. Both raw and processed data (at each
processing level) are stored on the servers of the University of
Oldenburg in order to provide regular data backups. This includes
also data processing scripts, quality assurance procedures, and
the respective documentations. The ICBM established a special
management program for in situ real-time data (InSiDa), mainly
for storing the data from the Time-Series Station Spiekeroog,
but recently, InSiDa serves more and more also as data storage
for other SCO elements, e.g., the environmental data of the
experimental islands. In general, all these data together with
its metadata (e.g., sensor information, calibration sheets) are
available on request, however, it is envisaged to make each
dataset available to one or more databases within 2 years. Public
availability is frequently realized by provision of the data to the
World Data Center PANGAEA, where they are accessible under
the identifier Spiekeroog8. In addition, the data overview on the
SCO website9 redirects to the PANGAEA database. In some cases,
e.g., extensive datasets, the data are organized in collections. Each
collection serves as basis where data are divided into sections
enabling an easy selection of required periods. Datasets available
on PANGAEA and other databases are interlinked via persistent
identifiers (e.g., DOIs). In addition to making datasets publicly
available, also the emerging publications are envisaged to be open
access wherever possible.

Some data of the SCO, especially the oceanographic data from
the TSS, are also regularly fed into databases of other institutions
or observatories, e.g., the German Oceanographic Data Center
(DOD) at the Federal Maritime and Hydrographic Agency (BSH)
in Hamburg, or the COSYNA data portal. There, the data
supports, e.g., the prediction of storm surges and issuing of storm
surge warnings. With the TSS, the SCO is also an important
contributor to the European Marine Observation and Data
Network (EMODnet). Here, the data serve, among other things,
as input and validation for climate and operational models. The
ICBM and the University of Oldenburg are further long-standing
associate members of the international organizations NOOS,
EuroGOOS, and thus GOOS, which bring together scientific
institutions and government agencies to develop and implement
monitoring and forecasting systems for the marine environment.
Although some steps have already been accomplished, further
streamlining the SCO’s data pipelines in accordance with FAIR
principles will be an important task for the future.

CASE EXAMPLES AND PROJECTS
USING SPIEKEROOG COASTAL
OBSERVATORY

With its infrastructure, the SCO enables and hosts a multitude
of interdisciplinary projects conducted on and around the island

7https://www.go-fair.org/fairprinciples
8https://www.pangaea.de/?q=spiekeroog
9https://uol.de/icbm/sco/daten

since 2002. The connection between observational approaches
led to various scientific publications. The projects exchange data
and use central elements of the observatory simultaneously, e.g.,
connections of boat trips, exchange of sensor technology, or
accommodation. This applies for smaller student projects up to
larger research groups. The section reveals the importance of the
Spiekeroog Coastal Observatory by presenting case examples and
projects utilizing the SCO (see Table 4 for an overview).

BioGeoChemistry of Tidal Flats
The multidisciplinary research group Tidal Flats commenced
its work in spring of 2001 and continued with two thoroughly
reviewed extensions until 2009. The research group was
coordinated by the ICBM with cooperation partners from
the Max Planck Institute for Marine Microbiology (Bremen),
the Senckenberg Institute (Wilhelmshaven), and the Institute of
Physics of the University of Oldenburg. Several field campaigns
brought together researchers from all involved subprojects to the
Wadden Sea for several days in order to collect experimental
data under the same environmental conditions. Field trips
were organized and coordinated by the Mathematical Modeling
Group of the ICBM.

In general, investigations of the research group aimed at a
fundamental understanding of biogeochemical transformations
in the water-column, at particles, the sediment-water interface,
and the depths of the sediments (Rullkötter, 2009). Research
was not only conducted experimentally, but processes were also
described mathematically by integrative modeling (Grunwald
et al., 2010). Modeling of the entire tidal flat ecosystem
was performed using a semi-Lagrangian model. The newly
developed Ecological Tidal Model (EcoTiM) simulates the cycling
of carbon, nitrogen, phosphate, and silicate and describes the
tidal, diurnal, and annual dynamics within the back-barrier
system (Kohlmeier and Ebenhoh, 2009).

One still visible heritage of the research group is the
TSS Spiekeroog (see section “Time-Series Station Spiekeroog”).
Monitoring the in- and outflowing water body and its
constituents was accompanied by experimental approaches
(Lunau et al., 2006; Lübben et al., 2009).

The main sampling area was the Janssand, which appears
to be a highly active bioreactor in which organic matter
is demineralized microbially, affecting the biogeochemical
composition of the sediments. Combined microbiological and
geochemical analysis of sediment cores showed clear similarities
between the subsurface of tidal flats and the deep biosphere tens
to hundreds of meters below the seafloor (Wilms et al., 2006). The
good accessibility of Wadden Sea sediments allowed a detailed
description of microbial processes, which led to the development
of methods that were subsequently applied to explore the deep
sub-seafloor biosphere (Engelen and Cypionka, 2009).

Biodiversity-Ecosystem Functioning
(BEF) Field Experiment
Experimental islands and salt marsh enclosed plots represent
a natural laboratory that enables a long-term exploration
of biodiversity ecosystem functioning and metacommunity
processes. The large-scale set-up at the interface between
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TABLE 4 | Overview of projects highlighted herein.

Acronym Project name Funding Project start Project end Section

Tidal Flats BioGeoChemistry of Tidal Flats German Research
Foundation (DFG)

2001 2009 3.1 BioGeoChemistry of Tidal Flats

BEFmate Biodiversity-Ecosystem functioning across marine
and terrestrial ecosystems

Lower-Saxony Ministry of
Research and Culture
(MWK-VW)

Mar 2014 Aug 2018 3.2 Biodiversity-Ecosystem
Functioning (BEF) Field Experiment

DynaCom Spatial community ecology in highly dynamic
landscapes: from island biogeography to
metaecosystems

German Research
Foundation (DFG)

Jan 2019 Dec 2024 3.2 Biodiversity-Ecosystem
Functioning (BEF) Field Experiment

BIME Assessment of ground- and porewater-derived
nutrient fluxes into the German North Sea – Is
there a “Barrier Island Mass effect (BIME)”

Lower-Saxony Ministry of
Research and Culture
(MWK-VW)

May 2016 Apr 2021 3.3 Beach Research

DynaDeep The Dynamic Deep Subsurface of High-Energy
Beaches

German Research
Foundation (DFG)

Apr 2021 Mar 2025 3.3 Beach Research

Macroplastics Macroplastics Pollution in the southern North
Sea – Sources, Pathways and Abatement
Strategies

Lower-Saxony Ministry of
Research and Culture
(MWK-VW)

Mar 2016 Dec 2020 3.4 Plastic Pollution

COD Coastal Ocean Darkening – Light Availability in the
Past and Future Marine Environment

Lower-Saxony Ministry of
Research and Culture
(MWK-VW)

Aug 2016 Dec 2020 3.5 Coastal Ocean Darkening

Gute Küste Gute Küste Niedersachsen – Reallabore für einen
ökosystemstärkenden Küstenschutz an der
niedersächsischen Küste

Lower-Saxony Ministry of
Research and Culture
(MWK-VW)

Jan 2020 Dec 2024 3.6 Real-World laboratories for
Ecosystem-Strengthening Coastal
Protection

marine and terrestrial communities allows to study interactions
between local and regional processes under dispersal limited and
unlimited conditions. Construction and set-up of the experiment
were established during the project BEFmate (Balke et al.,
2017). Building on the success of BEFmate, the research group
DynaCom is now using the experimental set-up to accomplish a
multitude of subprojects.

Dispersal processes at the marine-terrestrial interface are
one focus of DynaCom. Simulating how small particles are
transported by currents around islands will shed light into the
movement of plant seeds that are dropped into the water at
the edge of the salt marsh and carried by water currents. These
models can be fed with information from the operational wave
and current monitoring system installed at the TSS, making
these new extensions very valuable in supporting dispersal
studies. The experimental islands and salt marsh enclosed
plots have also proven to be invaluable for understanding the
dispersal processes of terrestrial and aquatic consumers into new
habitats and along environmental gradients. For instance, Lange
et al. (2020) demonstrated the negative impacts of increased
sediment elevation on macrofaunal biodiversity and functional
diversity caused by reduced inundation and vegetation cover.
Additionally, Scherber et al. (2018) showed that the island
heterogeneity played a major role in determining the richness and
incidence of taxa.

Measuring a large number of environmental parameters is
the basis for all DynaCom subprojects as the conditions in their
immediate surrounding affect all organisms (Zielinski et al.,
2018). The TSS is an important element that fills data gaps, either
occurring during larger maintenance works or when local sensors
fail. TSS data was hence used for several metacommunity studies
(e.g., Lange et al., 2020). New approaches in environmental
monitoring involve the use of a deep learning architecture for
marine virtual sensor applications. This virtual sensor model
compensates for the missing output of a real sensor by virtual

output (Oehmcke et al., 2017). Malfunctions of on-site sensor
systems around the experimental set-up are unpredictable but
can be substantial. Thus, Oehmcke et al. (2018) suggest merging
data from the experimental plots with the collected TSS data,
as both data-sources are spatially relatively close to each other.
With the convolutional LSTM model MarineNet, they replaced
outputs of malfunctioning sensors, thus allowing a continuous
analysis of on-site processes. This constant data flow was essential
for many publications that require continuous environmental
information from the salt marsh and the experimental islands
(e.g., Lange et al., 2020). Using these data, it could be shown
that highest species diversity and fine root biomass can be found
at the intermediate inundation frequency and zonation of salt
marsh vegetation reflects the availability of water sources along
the inundation gradient (Redelstein et al., 2018a,b). Similarly, the
initial colonization of vascular plants on salt marshes depended
on the environmental conditions mediated by the elevation
above mean sea level with most individuals colonizing the
mid elevations, but higher elevations supporting larger species
richness of initial communities (Lõhmus et al., 2020).

A framework was developed using functional trait dimensions
of trophic metacommunities for a more unified approach on
metacommunity ecology across trophic levels (Bauer et al.,
2021). This streamlined approach in combination of the elements
of SCO infrastructure will be utilized for upcoming research
questions, e.g., understanding how dispersal and competition
processes form the typical salt marsh zonation and how these
communities will respond to the changing environment (Bearup
and Blasius, 2016; Balke et al., 2017; Redelstein et al., 2018b).

Beach Research
The biogeochemistry of the shallow beach subterranean estuary
was the focus of the project BIME. For BIME, the SCO
was uniquely suitable as model site to conduct submarine
groundwater discharge (SGD) research, because Spiekeroog has
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a relatively simple (terrestrial) hydrology and no substantial
surface runoff. In the past three decades, SGD has revealed
itself as a ubiquitous feature along the worlds’ coastlines.
Assuming two conditions, a hydraulic gradient, and high
hydraulic conductivities, essentially any meter of coastline is a
conduit for land-based water, nutrients and pollutants to the
coastal ocean. It is not yet known under which conditions
subterranean estuaries (STE) as underground land-sea interfaces
cause mitigation, or exacerbation, of terrestrial influences on the
oceanic water column.

In BIME, SCO infrastructure was harnessed to investigate
distributions of microbial communities, nutrients, trace
elements, and dissolved organic matter in seawater, groundwater,
and porewater as well as the underlying physical processes at
Spiekeroog’s meso-tidal, high-energy northern beach. It has been
proposed that it acts as a nitrate sink during winter and as a
nitrate source during summer for the adjacent coastal water
column (Ahrens et al., 2020). The uniqueness of the project
lied in its novel approaches and developments of sampling
strategies (grid sampling, high-resolution topography mapping)
as well as rare combination of disciplines (biology, hydrogeology,
and geochemistry) (Waska et al., 2019). The vicinity of the
SCO infrastructure to the ICBM allows for frequent sampling
campaigns in the scope of BIME. TSS data was combined with
data from the beach study site to investigate electron acceptor
dynamics over space and time, and to reveal a source-sink-switch
of the beach for nitrate to the coastal water column (Ahrens
et al., 2020). This is also influencing microbial community
structures within the sediments. The structure of the microbial
core community of generalists is disturbed during spring due
to deeper nitrate and oxygen penetration depths (Degenhardt
et al., 2020). Close collaborations with local stakeholders enabled
an efficient knowledge transfer and contribute to the status of
Spiekeroog as a scientific research hot spot amongst the East
Frisian Islands. Furthermore, the continuous research output
before, during, and after BIME further elucidates the role of
high-energy beaches as highly active biogeochemical reactors of
global relevance (Anschutz et al., 2009; Charbonnier et al., 2013;
Degenhardt et al., 2020; Waska et al., 2021).

Following-up on investigations and results from BIME,
the new research group DynaDeep has started in April 2021
conducting joint field campaigns on Spiekeroog. Like BIME,
DynaDeep continues to build on close cooperation with local
and national stakeholders such as the National Park Central
Administration (NLPV), the National Park House Wittbülten,
the local municipality on Spiekeroog, the local water supplier
(OOWV) and the federal state authority (NLWKN).

BIME results indicated that the effects of hydro- and morpho
dynamics on subsurface water flow and transport are potentially
high at high-energy beaches (Greskowiak and Massmann,
2021, Figure 7). However, the processes are still not well
understood, as are the related consequences on biogeochemical
reactions and microbial habitat characteristics of the STE.
While BIME focused on the upper meter of the beach lacking
permanent infrastructure, the emphasis of DynaDeep is on the
deep STE (up to 30 m depth below surface). DynaDeep will
study groundwater flow patterns as a function of hydro- and

morpho dynamics, delivering rates of biotic and abiotic organic
matter transformation, and investigating related redox processes.
Furthermore, it will assess transformation and fractionation
of trace metals and metal isotopes. In addition, microbial
interactions with organic matter will be investigated, as well as the
diversity and metabolic functioning of microbial communities.

The dynamic saltwater-freshwater interfaces in the subsurface
will be mapped regularly by direct push vertical soundings,
accompanied by ground-based hydro-geophysics (e.g.,
geoelectrics, surface-nuclear magnetic resonance, ground-
penetrating radar), and surface-based electrodes. Scientific
sediment drilling will obtain undisturbed, microbially
uncontaminated sediment cores for microbiological, petrological,
and geochemical analyses as well as for laboratory experimental
studies. STE porewater will be sampled using direct push and
monitoring wells. A large suite of complementary parameters will
be analyzed in the project ranging from environmental tracers,
redox indicators and organic water constituents, trace elements
and metal isotopes to microbial proxies and key-organisms.

The North Beach of Spiekeroog will be transformed from
a campaign-based site into a long-term research site through
the installation of permanent infrastructure. Therefore, the
establishment of a Subterranean Estuary Online Observatory at
the North Beach of the island is planned. This STE Online
Observatory will consist of permanent infrastructure equipped
with sensor systems as well as mobile equipment (i.e., small and
large direct push units for sediment drilling, salinity probing,
and porewater sampling). A mobile central field container will
be placed at the dune base to enable online data transfer from
the installed sensors, to store equipment, and to provide an
information platform for the public. At the low water line, a
new pole will serve as an additional instrumentation platform.
A camera system mounted on the pole in combination with
drone surveys and manual laser scanner surveys will provide
high-resolution information on morpho-dynamics of the beach
topography. A vertical electrode chain will be installed in the
subsurface associated with the pole for constant monitoring of
electrical conductivities in its surrounding (Grinat et al., 2018).
Drill holes will be instrumented with multi-level observation
wells to allow for long-term monitoring to generate high
frequency time resolved data. The wells will be equipped with
conventional loggers for electrical conductivity, pressure, and
temperature, which will be complemented by innovative sensor
systems for, e.g., oxygen, nitrate, and FDOM.

Plastic Pollution
The pollution of the marine environment with anthropogenic
litter poses a major threat for marine and coastal ecosystems
worldwide as well as in the North Sea region. The project
Macroplastics was concerned with the investigation of pathways,
sources, and the development of effective abatement strategies for
the southern North Sea.

The dynamics of floating marine debris at the ocean’s surface
have been investigated by several studies in the frame of the
project (Meyerjürgens et al., 2020; Ricker and Stanev, 2020),
but the transport from the sea to the coasts needs to be
addressed through observational studies in order to translate
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these mechanisms into numerical models (Meyerjürgens et al.,
2019). Once deposited at the coast, debris can also be returned
to the ocean by wind gusts, waves, currents, tides, and extreme
events (Stanev et al., 2019; von Schuckmann et al., 2020).
Consequently, the washing ashore of litter and the possibility of it
floating back into the ocean is an essential parameter for accurate
estimates of the marine debris budgets. Observations to quantify
these processes are not available and literature on this topic is very
rare (van Sebille et al., 2020). However, the transport dynamics of
plastic objects in coastal areas differ significantly from transport
processes in open ocean and in situ data with high spatial and
temporal resolution are essential for the validation and tuning
purposes in numerical models.

To gain observational insights into the transport processes
during litter standing, an X-band wave radar was installed for
6 months at Spiekeroog to observe surface currents and wave
dynamics in the surf zone. In order to obtain high-resolution
bathymetric data for the validation of numerical models the radar
system measured water depth in a radius of 4 km (Hessner et al.,
2014). A bottom mounted ADCP was installed in the swash
zone for measurements of current and wave parameters over
the water column, which were also used for the validation of
hydro-dynamical coastal ocean models.

The coastal bathymetry and coastline morphology influence
the three-dimensional transport patterns of particles due to
turbulence induced by bathymetry gradients. In turn, the
bathymetry in the surf zone of Spiekeroog itself is strongly
influenced by sediment transport processes induced in particular
by storm water surges (Bartholomä et al., 2009). As a result, the
shoaling of waves in the surf zone is strongly depended on the
rearrangement of sediments in the coastal area, which massively
influences the wave-induced transport of particles (Stokes drift)
at the sea surface.

In order to compare in situ Lagrangian observations with
simulated particles, experiments with satellite-tracked drifters in
the swash zone were performed within the SCO. Lagrangian
trajectories of simulated and observed particles can be compared
and numerical hydrodynamical models take advantage of the
highly temporal and spatial hydrodynamical observations by the
SCO to simulate the fate of particles in the surf zone. Drifter
trajectories showed that tidal inlets act as convergence zones for
floating particles, which can accumulate during high tide and
moderate wind conditions. Spatial velocity data from X-band
radar observations showed that extreme wind conditions can
overshadow tidal currents due to strong wind-driven current
velocities in the swash zone.

Coastal Ocean Darkening
Another project that took advantage of the SCO infrastructure
is Coastal Ocean Darkening (COD). Light intensity and spectral
quality have implications for primary production in marine
systems, and they shape the ecological niche for a variety of
organisms at all levels of the marine food web. Several studies
suggest a decline of water transparency and thus light availability
in coastal areas in the past (Aksnes et al., 2009; Capuzzo
et al., 2013, 2015; Dupont and Aksnes, 2013), inspiring COD
to investigate this phenomenon in more detail. Although the

research was related to coastal areas in general, focus area of the
project was the North Sea as an example for a highly utilized shelf
sea. Aim of COD was to describe the light availability during the
last 100 years on different spatial scales, and to make projections
about the future using biogeochemical models with improved
light parameterization (Thewes et al., 2020; Wollschläger et al.,
2020). Furthermore, the work conducted in the project helped to
refine established bio-optical concepts (Pitarch et al., 2019).

Besides historical observations of Secchi-depth and Forel-
Ule color index as indicators for water transparency and color
(Wernand, 2010; Wernand and van der Woerd, 2010; Garaba
et al., 2014), also modern radiometric measurements (Garaba
et al., 2014, 2015; Garaba and Zielinski, 2015) were evaluated in
this context. In this respect, data of the radiometric time series
obtained on the TSS since 2004 was a valuable contribution
to the project, as it provided high frequency measurements of
remote sensing reflectance, from which water transparency and
color could be derived. This allowed an investigation of potential
trends in these parameters in the Wadden Sea, where changes
in environmental conditions are of special interest with regard
to biodiversity and primary productivity. The high temporal
coverage of the data also provided the opportunity to analyze
the processes governing the light distribution in more detail. The
trend of “coastal darkening” has been found to be regionally
variable, and the Wadden Sea showed no strong trend within the
coverage of the TSS radiometric data (unpublished results).

Furthermore, the project took advantage of the regular TSS
maintenance work conduced with the research boats (see section
“Research Boats”) in order to establish a regular water sampling
routine (approx. biweekly, still continued after the end of
the project). The samples were analyzed in the laboratory for
hyperspectral absorption and fluorescence to provide additional
information for the interpretation and analysis of the radiometric
time series, but also to validate products derived from the
AOP measurements.

However, the SCO served not only as data source to COD but
was also contributing to the outreach component of the project,
as the National Park House Wittbülten was an associated project
partner and integrated COD in its permanent exhibition.

Real-World Laboratories for
Ecosystem-Strengthening Coastal
Protection
Coasts are often highly populated areas, and their ecosystems
under pressure due to increasing human utilization. Especially
in the light of climate change, the dependence on marine
resources and coastal ecosystem services (e.g., touristic value
and recreation) makes societies increasingly vulnerable to marine
hazards like storm surges, land-loss, and sea-level rise. Thus,
coastal protection measures are a necessity in order to cope
with these hazards. Due to a growing awareness for the benefits
of healthy ecosystems and in agreement with current policies,
measures are desired that positively impact coastal ecosystems
(Commission of the European Communities [CEC], 2002).

The project Gute Küste Niedersachsen is an interdisciplinary
project of coastal engineers, marine scientists, and sociologists. In
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so-called real-world laboratories (Wanner et al., 2018), the effects
and underlying processes of ecosystem-based coastal protection
measurements are investigated. The generated knowledge aims
to develop coastal management options that suit human needs
but also consider ecosystem health. A core concept of the real-
world laboratory approach is the close cooperation with local
stakeholders, thus a co-design, co-production, and co-evaluation
of the experiments (Franke et al., 2021).

Spiekeroog was selected as a location for a real-world
laboratory since barrier islands are a typical element of the
German coast. Here, in close vicinity to each other, directly
exposed coastlines protected by dunes can be studied together
with back-barrier tidal flats, salt marshes, traditional dikes,
and groins. Furthermore, public acceptance and interest in
scientific research is high, which is a prerequisite for the
successful establishment of the real-world laboratory approach.
This can be considered as an effect of the several research
projects that have been previously conducted in the SCO,
and their successful dissemination in the National Park House
Wittbülten.

The scientific work in the project is focused on four aspects:
(i) Development of an observation system that integrates
terrestrial and marine data from (semi) permanent sensor
installations into an environmental status assessment. This
data will be supplemented and/or validated with data from
dedicated field campaigns performed seasonally around the
island. (ii) Quantification of the ecosystem services Spiekeroog
provides based on the gathered data, as well as investigations
regarding changes in these services associated with certain coastal
protection measures. (iii) Utilization of field-gained knowledge
to develop model systems (e.g., artificial plants that can be used
on model dikes and in wave channels), which can be used to
further understand the effects of different coastal protection
measures under controlled laboratory conditions. (iv) Analysis
of the social-ecological dimensions of ecological-strengthening
coastal protection measures, e.g., cultural ecosystem services,
identification with coastal landscapes, and acceptance of
different measures.

The project will benefit from the infrastructure of the SCO,
especially the TSS Spiekeroog and the sensor installations around
the experimental islands and saltmarsh enclosed plots. The
already existing data of these sensor installations can be used to
establish a baseline and set new data in a broader context. For the
short-term field campaigns, the research boats are an important
asset for the project, as they allow research in shallower waters
close to the coast. Finally, the National Park House Wittbülten is a
valuable partner for disseminating the project’s aims and results,
as well as establishing a dialog with local stakeholders, which
is especially important with respect to the real-world laboratory
approach of Gute Küste Niedersachsen.

CONCLUSION AND FUTURE AVENUES

The SCO with its associated research activities improves our
understanding of environmental change and anthropogenic
impacts on coastal areas. In the course of its existence, the SCO

has been successfully established within the scientific community
by being subject of eight projects from 2001 to 2021. Ever
since, 1238 data sets have been published on PANGEA according
to the keyword “Spiekeroog” and a geographic bounding box
of 53.73–53.80◦N resp. 7.64–7.85◦E. The outcome of this
data has been applied to at least 196 papers which refer to
the island of Spiekeroog and the ICBM. Since the onset of
the SCO, hydrographic and meteorological parameters were
quality-controlled and published in international repositories like
EMODnet, PANGAEA, and the German Oceanographic Data
Center DOD. It is the nature of any environmental observatory
to be dynamic in its technical infrastructure and scientific
utilization. The origin and still a central element of the Spiekeroog
Coastal Observatory is the Time-Series Station with its continuous
record of environmental data, which have a key function for
the current research of the ICBM in the southern North Sea.
Over the last 19 years, the SCO observational capabilities have
experienced continuous growth yet also changes, both linked
to the life cycles of projects and corresponding funding. The
recent approval of the new research unit DynaDeep and the
selection of Spiekeroog as real-world laboratory site will further
promote this process, leading to future opportunities to expand
observational infrastructure and generate new scientific insights.
DynaDeep will profit from the existing SCO infrastructure and at
the same time, further strengthen the SCO with the establishment
of the Subterranean Estuary Online Observatory at the North
Beach of the island.

Furthermore, as the SCO’s development benefits from
new projects; the extending capabilities in turn, enable the
implementation of more complex and ambitious projects.
Thereby the attractiveness of the location for future coastal
research activities increases. The scientific value of the SCO is,
however, beyond data provision. As mentioned, its infrastructure
also provides the means for testing new sensors, systems,
and platforms, not only by academic, but also commercial
partners. Further, with technological progress, also new avenues
in data stream management and quality control will be pursued,
utilizing artificial intelligence and machine learning approaches
(e.g., event detection). The integrated and dynamic structure
of the SCO will therefore be an ideal testbed for such
approaches in future.

However, sustaining a coastal observatory like the SCO which
is based on project funding emphasizes the build-up of new
facilities, although the maintenance or refurbishment of existing
components is of similar importance. Furthermore, at the end
of its lifetime, infrastructure has also to be dismantled and the
respective areas must be re-naturalized. This concerns, e.g., to
the experimental islands after the end of the projects that utilize
them. But also to components which are not devoted to a specific
project, like the TSS, which has to be replaced in approx. 12–
15 years (depending on the aging of the material). These steps will
require careful planning to minimize the impact on the UNESCO
World Heritage Site in which they are located, but they will also
require adequate financial resources. Thus, soon, the challenge to
maintain, adapt, and improve the SCO independent of project
funds needs to be tackled. This demands institutional support
and funding opportunities that sustain observational capacities.
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For the SCO, the exploration of respective possibilities has
been started, but has not yet been fully evaluated. In summary,
important prerequisites for a sustained operation are certainly (i)
the continued scientific exploitation of the SCO; (ii) its openness
to collaborations, transforming it into a national facility; and
(iii) a further integration into other international programs, like
LTER, GOOS, or EMODnet.

The multitude of projects associated with the SCO and their
interdisciplinary nature is further an asset for the training of the
next generation of scientists. The diverse elements and research
fields of the observatory provide a broad range of learning
opportunities, from (micro-) biology to biogeochemistry to
sensor technology. The different study programs of the University
of Oldenburg as well as the Jade University of Applied Sciences
in Wilhelmshaven already take advantage of this by regularly
organizing excursions and Summer Schools. Due to the success
of these events, these activities will be continued in the future;
however, they would not be possible without accommodation
and laboratory facilities like those provided by the SCO element
National Park House Wittbülten.

The communication of research aims and results is an
important part of the scientific work in the SCO. In cooperation
with the National Park House Wittbülten, a series of lectures is
planned that will start in 2022 and will report on the research
on the island, such as the latest results from the DynaDeep
or DynaCom research groups. The series will run during the
holiday season, so that both locals and tourists will be addressed.
A further aspect of the SCO science communication that will
be strengthened in the future with dedicated projects is the
engagement of people in Citizen Science. Contributions from
pupils, students, locals, and tourists could be beneficial to future
research, e.g., by regular data collection, reducing data gaps
between measurement campaigns. A broad target group could
be addressed with easy-to-use offers, e.g., taking photos of
beach morphology or ocean color with their own smartphones.
Furthermore, it is planned to establish a science information path
along the elements of the SCO that will contain information
points with short introductions to the elements and a QR code
that links to more information (pictures, videos, audio messages,
virtual reality expeditions, etc.) on the respective part of the SCO-
website.

However, SCO science communication is not only important
in the context of providing information to the interested
public, but also to prevent or resolve conflicts emerging
from the placement of infrastructure in otherwise utilized
or protected areas. Also in this respect, the National Park
House Wittbülten is a valuable asset for the SCO, as it
offers the possibility to sustain a continuous dialog with
residents and tourists. A good example is the installation
of the experimental islands in the back tidal flats, which
initially excited strong curiosity but also concerns. Thus, it
was important to lay out the rationale behind the experiments
to the public and seek for an exchange of opinions. Thanks
to conversations and presentations organized involving the
National Park House Wittbülten, the issue could be clarified
on both factual and emotional level. In conclusion, we
see that the SCO could serve as a role model for other

(coastal) observatories, integrating research, academic and
environmental education, scientific dissemination as well as
interaction possibilities with different kinds of local stakeholders.
In this way, the SCO and other observatories of its kind will
significantly contribute toward a sustainable management of
marine ecosystems under increasing anthropogenic influences
and changing environmental conditions.
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GLOSSARY

SCO, Spiekeroog Coastal Observatory;
λ, Wavelength;
ADCP, Acoustic Doppler Current Profiler;
BEF, Biodiversity-Ecosystem Functioning;
BEFmate, Biodiversity-Ecosystem functioning across marine and terrestrial ecosystems;
BIME, Barrier Island Mass effect;
BSH, Federal Maritime and Hydrographic Agency;
BSO, Brazilian Sea Observatory;
C, Carbon;
CaCl2, Calcium chloride;
CDOM, Colored dissolved organic matter;
COD, Coastal Ocean Darkening;
COSYNA, Coastal Observing System for Northern and Arctic Seas;
CTD, Conductivity temperature depth;
DBU, Deutsche Bundesstiftung Umwelt;
DFG, German Research Foundation (Deutsche Forschungsgemeinschaft);
DOC, Dissolved organic carbon;
DOD, National German database;
DOI, Digital Object Identifier;
DOM, Dissolved organic matter;
DynaCom, Spatial community ecology in highly dynamic landscapes: from island biogeography to metaecosystems;
DynaDeep, The Dynamic Deep Subsurface of High-Energy Beaches;
EcoTiM, Ecological Tidal Model;
e.g., For example;
EMODnet, European Marine Observation and Data Network;
EU, European Union;
EuroGOOS, European Global Ocean Observing System;
FAIR, Findable, accessible, interoperable and reusable;
FDOM, Fluorescent dissolved organic matter;
Fe, Iron;
GOOS, Global Ocean Observatory System;
GPS, Global Positioning System;
GRAs, GOOS Regional Alliances;
Gute Küste, Gute Küste Niedersachsen – Reallabore für einen ökosystemstärkenden Küstenschutz an der niedersächsischen Küste;
h, Hours;
hp, Horsepower;
HZG, Helmholtz Zentrum Geesthacht;
ICBM, Institute for Chemistry and Biology of the marine Environment;
i.e., Id est;
IGMETS, International Group for Marine Ecological Time Series;
IMOS, Integrated Marine Observing System;
InSiDa, In situ real-time data;
kg, Kilogram;
km, Kilometer;
kW, Kilowatt;
L., Linnaeus;
LBCO, Liverpool Bay Coastal Observatory;
LEO, Long-Term Ecosystem Observatory;
LTER-D, Long Term Ecological Research – Germany;
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m, Meter;
Macroplastics, Macroplastics Pollution in the Southern North Sea – Sources, Pathways and Abatement Strategies;
MARS, Monterey Accelerated Research System;
m asl, Meters above sea level;
mm, Millimeter;
Mn, Manganese;
m NHN, Normalhöhennull/Standard elevation zero;
MVCO, Martha’s Vineyard Coastal Observatory;
NEPTUNE, North East Pacific Time-series Underwater Networked Experiments Observatory;
NH4+, Ammonium;
NLPV, Nationalparkverwaltung (National Park Central Administration);
NLWKN, Niedersächsischer Landesbetrieb für Wasserwirtschaft, Küsten- und Naturschutz (German federal state authority);
nm, Nanometer;
NOOS, North West European Shelf Operational Oceanographic System;
NOx, Nitrogen oxide;
NO2

−, Nitrite;
OBSEA, Expandable Seafloor Observatory;
OOWV, Oldenburgisch-Ostfriesischer Wasserverband;
Pers., Persons;
PLUTO, Panama LJL Underwater Tropical Observatory;
PO4

3−, Phosphate;
OM, Organic matter;
R/B, Research boat;
R/V, Research vessel;
SAEON, South African Environmental Observation Network;
SGD, Submarine groundwater discharge;
Si−, Silicate;
SiMCosta, Brazilian Coast Monitoring System;
SMCRI, Shallow Marine and Coastal Research Infrastructure;
SOCIB, Balearic Islands Coastal Observing and Forecasting System;
SOM, Soil organic matter;
spp, Species pluralis;
STE, Subterranean estuary;
Tidal Flats, BioGeoChemistry of Tidal Flats;
TSS Spiekeroog, Time-Series Station Spiekeroog;
UNESCO, United Nations Educational, Scientific and Cultural Organization;
UV, Ultraviolet;
V, Volt;
VENUS, Victoria Experimental Network Under the Sea;
WCO, Western Channel Observatory;
wt%, Mass fraction.
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