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ARTICLE INFO ABSTRACT
Keywords: This study investigated the transport of European flat oyster (Ostrea edulis) larvae between two Marine Protected
Lagrangian tracking Areas in the North Sea: Borkum Reef Ground (BRG), where oysters were recently reintroduced, and Sylt Outer

O. edulis restoration
Drifters
Tidal residual currents

Reef (SOR). Additionally, we determined the source of oyster genetic material collected during cruises in 2022
between BRG and SOR. To achieve these goals, numerical simulations focusing on surface and depth-averaged
water mass transport were conducted using the FESOM-C coastal ocean model with a forward/backward
Lagrangian module. Surface drifter data were also analysed to examine surface transport and validate the model
output. Our results indicate that typical summer wind conditions, along with tidal residual currents, support the
transport of water masses and passive tracers from BRG to SOR. Surface water masses from BRG generally
approach SOR from the south and west. However, BRG and SOR are usually connected over periods exceeding
two weeks, even considering the fastest surface currents. Strong and persistent south-westerly winds, which are
uncommon in summer, can accelerate this connection to under two weeks. Conversely, strong and persistent
easterly or south-easterly winds, also rare in summer, can prevent some passive tracers originating from BRG
from ever reaching SOR or the eastern North Sea. In the case of depth-averaged transport, significantly more time
is required, with a minimum duration of eleven weeks to connect the domains. This connection could be
facilitated by an intermediary habitat - as a stepping stone in the transition zone, if that provides suitable habitat
for settlement and subsequent larval production.

1. Introduction nutrient cycling, water and air purification, and climate regulation
(Vogel et al., 2018; Wiltshire, 2017). During recent decades, tensions

The North Sea, in particular the German Bight, is a highly industri- and conflicts have arisen due to competing interests, particularly in the
alized system supporting different services, namely: fisheries, transport allocation and utilisation of space for offshore wind farms, fishing and
and offshore energy, as well as regulating ecosystem services such as marine traffic, and the imperative need for conservation efforts to
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protect ecosystem structure and biodiversity to ensure sustainable future
development of the region (European Green Deal, 2024; EU blue econ-
omy report, 2023). The German Bight hosts several Marine Protected
Areas (MPAs) with different protection status and governance, including
the coastal Wadden Sea National Parks, the nature conservation area
around Helgoland, and Natura2000 sites in the Borkum Reef Ground
(BRG), Sylt Outer Reef (SOR) and Doggerbank in the German Exclusive
Economic Zone of the North Sea (Krause et al., 2022).

Designated measures for the Natura2000 sites BRG and SOR include
the restoration of the European flat oyster (O. edulis) and the reefs
constructed by this bivalve (Pogoda et al., 2020; BfN: Bundesamt fiir
Naturschutz, 2020a, b). SOR covers an area of 5.603 km? in the eastern
German Bight consisting of coarse and medium sand areas, as well as
reef structures at depths of 8-48 m (Hahn et al., 2022). BRG consists of
sandy sediment interspersed with gravel, coarse sand, shingle beds and
few reef-like structures over an area of 625 km? at depths of 18-33 m
(BfN: Bundesamt fiir Naturschutz, 2020b; Fig. 1). Historically, oyster
reef habitats covered extensive areas of the southwestern German Bight,
extending from BRG to Helgoland and the Wadden Sea (Pogoda et al.,
2020). Today, O. edulis is identified as functionally extinct in the German
Bight, and targeted for restoration due to its role as one of the key
species for the North Sea, supporting hotspots of biodiversity (e.g., Ref -
OSPAR, 2020; Pogoda et al., 2019).

O. edulis is a mantle-brooding species, with larval release in the North
Sea occurring over summer (from June to August) at temperatures be-
tween 15 and 20 °C (e.g. Maathuis et al., 2020; Colsoul et al., 2021).
Each swarming event of O. edulis results in 0.1 to 1.8 x 10 larvae per
female (Colsoul et al., 2021), each with a size of 160 to 200 pm, but
reaching a size between 270 and 320 pm after a pelagic stage of 7-14
days, just before settlement (Colsoul et al., 2021). The duration of the
pelagic phase is strongly temperature-dependent (De Mesel et al., 2018;
Stechele et al., 2023) and determines the time a larva can potentially be
transported to a new habitat before settlement (Beng et al. in prep.).
Compared with temperature, the effect of salinity on larval growth is
only minor (Robert et al., 1988). Experimental observations indicate
that O. edulis larvae show systematic swimming behaviour that could
affect their dispersal (Rodriguez-Perez et al., 2020). Finally, successful
settlement depends on the availability of suitable habitat (Pogoda et al.,
2023).

The recent interest in the restoration of O. edulis populations has
resulted in significant research efforts dedicated to identifying suitable
conditions and locations for restoration, as well as understanding the
effects of restoration efforts on adjacent areas (e.g., Alter et al., 2023;
Ermgassen et al, 2023; Hughes et al., 2023; Stechele et al., 2023; Pogoda
et al., 2023). It is also known, that there is a connection between the
considered MPAs based on the presence of other benthic organisms.
Beermann et al. (2023) demonstrated that, for sandbanks, there are
similarities between MPAs; however, there are also distinct community
differences among them. However, while O. edulis larval release from
restoration sites has been documented (e.g., Bos et al., 2023), no pub-
lished evidence of settlement exists. In addition, larval transport by
water currents from restoration sites, as well as hydrographic connec-
tivity between MPAs, key aspects for restoration effort upscaling, lack
quantification. One reason for this is the complex hydrodynamics of the
German Bight, where nonlinear processes play a pronounced role. Tidal
residual circulation or rectification currents despite general counter-
clockwise direction along North Sea coast (e.g., Sprong et al., 2020;
Visser, 1994), can be very complex, with many vortexes and locally
reversed currents, so-called secondary currents. However, the atmo-
sphere also significantly controls the transport and mixing processes in
the German Bight. Westerly and south-westerly winds suppress the
offshore spreading of surface coastal waters from the southern and
eastern German Bight and forms an intense cyclonic (counter clockwise)
wind driven circulation, which represents the dominant variability
mode of the local circulation in the region (e.g., Schrum, 1997; Callies
et al., 2017; Chegini et al., 2020). When north-easterly to south-easterly
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winds prevail, coastal water masses spread offshore. Moreover, the
German Bight is directly influenced by the discharge of three relatively
large rivers, the Elbe, Weser, and Ems, which contribute to temperature
and salinity variability. Density gradients, both horizontally and verti-
cally, also determines circulation patterns (e.g., frontal dynamics, tidal
ellipses vertical structure) via baroclinic pressure gradients. There are
periodic and non-periodic stratification events mediated by tidal and
wind forcing (e.g., Schrum, 1997; Burchard and Hetland, 2010; Stanev
etal., 2019; Chegini et al., 2020; Kopte et al., 2022), howevere, the areas
with depths less than 20 m are generally well-mixed. When easterly and
north-easterly winds dominate for several days, plumes from the Elbe
and Weser can reach the island of Helgoland, resulting in a drop-in
salinity and an increase in nutrients (e.g., Sidhu et al, 2023). Wind
stress and stratification patterns can exhibit rapid fluctuations on short
time scales (hours), necessitating the integration of specific time frames
for predicting net transport.

Particle tracking models coupled with hydrodynamic models have
been extensively used to study the transport of water masses and passive
tracers (e.g., Fajardo-Urbina et al., 2023; Sprong et al., 2020), as well as
pollutants like plastics (e.g., Bigdeli et al., 2022). They have also been
used to investigate the dispersal of pelagic larvae across a range of
marine organisms, including sessile species and fish (e.g., Bartsch et al.,
1989; Akimova et al., 2019; Wang et al., 2022; Pastor Rollan et al.,
2023). These models have proven especially valuable for studying
connectivity between spawning and nursery grounds of marine fish and
for examining the spread of non-indigenous species (e.g., Hufnagl et al.,
2012; Schourup-Kristensen et al., 2023). Over the past few decades, such
models have increasingly been used to assess the effects of human-made
structures and marine protected areas on the dispersal, settlement, and
survival of marine organisms during their early life stages (Fox et al.,
2016; Molen et al., 2018; Mayorga-Adame et al., 2022). The accuracy of
model-based assessments heavily relies on the ability of the utilized
hydrodynamic models to capture fine-scale variability in the velocity
field, as well as on existing knowledge of relevant biological traits of the
studied species, such as their vertical positioning preferences and
pelagic phase duration.

In the case of O. edulis larvae uncertainty in identifying the oyster
larvae dispersal pattern arises from contradictory and incomplete in-
formation regarding larval preferences for their vertical position in the
water column. While such information exists for other oyster species or
specific developmental stages (e.g., Dekshenieks et al., 1996; Baker and
Mann, 2003), it has not yet been integrated for the full duration of the
larval phase of O. edulis. Furthermore, larvae can potentially change
their depth preferences depending on their developmental stage, as well
as the influence of abiotic factors such as temperature. In laboratory
experiments, oyster larvae demonstrated the ability to control their
buoyancy and to swim (up to a couple of cm/s) and may be present
throughout the entire water column, albeit with a preference to remain
near seabed (Rodriguez-Perez et al., 2020).

This study is aimed to:

1. Test the hypothesis that O. edulis larvae originating from the resto-
ration site in the BRG could reach SOR within a single generation
driven by ocean currents under typical wind conditions.

2. Determine the potential source regions of genetic traces of oysters
collected during the spawning season (June-July) 2022 at BRG, SOR
and between these MPAs.

3. Establish the physical connectivity between BRG and SOR MPAs in
terms of surface and depth-averaged water mass transport and po-
tential larval drift of O. edulis.

To achieve these goals, we analysed the drifters released in 2015,
2017-2021, and 2023 in the area of interest. Drifters are an important
tool for investigating surface transport and studying surface circulation.
We considered the drifters’ paths as a proxy for larvae with preference to
stay at the surface. Additionally, we used bulk zooplankton from nets
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and pumps and environmental DNA (eDNA) filtered from sea water at
different water depths to detect oyster larvae in BRG, SOR and transition
areas in 2022 via metabarcoding and a mixture of species-specific real-
time PCR (qPCR) and digital PCR (dPCR) approaches (details are given
in Beng et al. in prep.). We further conducted a series of numerical
simulations focusing on surface and depth-averaged transport since it is
not clear whether larvae have preferences for a certain vertical position
in the water column. The aims of the numerical experiments were (a) to
reproduce the surface drifter trajectories, thereby validating model re-
sults; (b) to backtrack up to three weeks from locations where oyster
material was identified under full forcing (tidal-, atmospheric-, baro-
clinic-) scenarios to define the possible initial source of larvae; and (c) to
simulate the depth-averaged tidal residual circulation mediated and not
mediated by the typical summer baroclinic pressure gradients as a
background transport pattern persisting in the area. As a numerical in-
strument, we used the FESOM-C coastal ocean model (e.g., Androsov
etal., 2019; Fofonova et al., 2019; Kuznetsov et al., 2020) equipped with
a machine learning tool and a forward/backward Lagrangian module
(Neder et al., 2022; Sprong et al., 2020). We also placed the results of the
study into a broader context by relating the observed and simulated
tracer trajectories to the typical summer wind forcing and baroclinic
conditions.

2. Material and methods

This study is largely based on the field data from drifter experiments
and simulated pathways. The term ‘tracers’ will be used for the simu-
lated particles, while ‘drifters’ will refer to the observational data.

2.1. Drifter field experiments

This study used several drifter datasets from selected field cam-
paigns, chosen based on the deployment of drifters in the areas of in-
terest, i.e. BRG, SOR, and transition area between BRG and SOR (Fig. 1,
2 and 3) and formulated study goals. More specifically, drifter data were
retrieved from the following campaigns:

1) 2015 campaign during the FS Heincke (AWI_Heincke, 2017) cruise
HE 445: nine GPS tracking drifters were deployed in the German
Bight at different times. Technical details about the drifters are
provided by Callies et al. (2017) and data are freely available online
in the PANGAEA repository (Carrasco and Horstmann, 2017). In this
study, we considered 5 relevant drifters.

2017-2021 campaigns: data were retrieved from the
“Drifter_ North_Sea_2017-2021" dataset freely available online on
the PANGAEA repository (Meyerjiirgens et al., 2023). Technical
details about the drifters are provided by Meyerjiirgens et al. (2019)
while the database is discussed by Deyle et al. (2023).

2023 campaign: two drifters were released on 28.06.2023 onboard
R/V Senckenberg (SEN2319). In this study, we presented only one of
them, as the other one closely follows the first in the domain of
interest.

2

—

3

—

All considered surface drifters are equipped with underwater wings,
allowing them to track the surface current within the upper 50 cm of the
water column. The wind slip, which describes the influence of wind on
drift, is 0.27 % of the wind speed (Meyerjiirgens et al., 2019). So, the
direct influence of winds on the drifters movement is minimal and
generally negligible, except under conditions of very strong winds and
breaking waves.

We considered drifters released during different seasons—not only
early summer, when O. edulis larvae are present in the water colum-
n—because surface dynamics is largely driven by wind forcing, which
can be similar across various seasons on a short-term scale (hours to
days). Some chosen drifter pathways have been analysed in previous
studies by Callies et al. (2017), Meyerjiirgens et al., (2019, 2023), Stanev
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et al. (2019a), and Ricker et al. (2022). Here, we considered the drifters’
paths primarily from the perspectives of our study goals. The drifters
from 2015 and 2023 were used to reconstruct surface currents using a
neural network and for validation purposes. All drifters are additionally
used to analyse the hydrological connectivity between BRG and SOR via
surface currents. Note that surface drifters are not directly influenced by
vertical mixing like real passive tracers are. Also, they represent the
surface Ekman dynamics (if winds from a certain direction persist for at
least several hours, the direction of the drifter will be approximately 45°
to the right of the wind direction due to the Coriolis pseudo-force), but
not the full Ekman layer. However, for larval drift studies, the consid-
eration of drifters can be advantageous, given a larvae’s ability to con-
trol the buoyancy.

2.2. Observed wind data

The observed wind data used in this study were taken from the
meteorological station of the German Weather Service (DWD) located on
the island of Helgoland. Hourly measurements of wind speed and di-
rections have been recorded since 1975 with an ultrasonic anemometer
installed 10 m above sea level. The wind direction has a 10-degree
resolution. Data from 2021 were discarded because of the large num-
ber of missing measurements.

2.3. Oyster occurrence identified by molecular tools

Water sampling from different depths for eDNA analysis and vertical
zooplankton sampling using bongo nets (100 pm mesh size, 135 cm
mouth opening) and pumps were conducted in the MPAs BRG and SOR
and transit regions during June-July 2022 on the R/V Heincke (HE601),
R/V Walther Herwig (WH457), and M/V Krebs Helios (Fig. 4). These
samples were analysed using qPCR and metabarcoding techniques. As
the starting points for back in time (backtrack) simulations, we used the
locations where O. edulis larvae signals were identified via molecular
analyses of only zooplankton samples (the vertical horizon of larvae
material presence is not known). Such samples/locations, where
O. edulis larvae signals were identified, are referred to as ‘positive’ here
and below. In this work, we do not use positive eDNA samples for back in
time simulations, as the oyster signal in these samples can come from
any life stage. However, it is important to note that the positive eDNA
samples were found only in BRG and close to BRG to the east at 2 lo-
cations (6.669715°E, 53.98042°N; 6.908103°E, 54.02491°N; Fig. 4) at
the surface and near the bottom respectively.

In the current manuscript, we have utilized the available observa-
tions in a very limited sense—considering only the presence or absence
of O. edulis larvae signals. The presentation of the sampling procedure of
eDNA and zooplankton aboard, the description of the molecular ana-
lyses applied, and the detailed analysis of the samples will be addressed
in Beng et al. (in prep.).

2.4. FESOM-C model

In this study, we used the coastal ocean model FESOM-C equipped
with machine learning tool and a Lagrangian tracking module as a nu-
merical instrument. FESOM-C is the coastal branch of the global Finite-
volumE Sea-ice Ocean Model (Androsov et al., 2019; Kuznetsov et al.,
2020; Fofonova et al., 2021). It solves 3D primitive equations in the
Boussinesq, hydrostatic and traditional approximations for the mo-
mentum, continuity and density constituents based on mixed unstruc-
tured meshes.

2.4.1. Mesh and Bathymetry

The computational area spans from the Rhine region to the eastern
border of the German Bight, reaching northward to Dogger Bank. The
computational mesh was generated using the SMS software (SMS,
2024). The mesh contains approximately 487,000 nodes and comprises
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approximately 61,000 triangles and 443,000 rectangles. The mesh
horizontal resolution varies from 30 m around Helgoland and 50-100 m
in the intertidal zone to a couple of kilometers near the open boundary in
the deepest part of the domain out of the German Bight. The coastline
was sourced from the European Environment Agency coastline dataset
(EEA, 2024). Bathymetry was taken from European Marine Observation
and Data Network (EMODnet, 2024) with data resolution of 150 x 150
m and 30 x 30 m for some subareas in the Wadden Sea.

2.4.2. Tidal forcing

Tidal forcing was taken from the TPXO 9 model (Egbert and Ero-
feeva, 2002; TPXO 9, 2024). The TPXO 9 atlas combines the 1/6° base
global solution and the 1/30° resolution local solutions for all coastal
areas, including our domain of interest and provides information about
15 harmonic constituents. All harmonics were included to generate
elevation at the open boundary. The TPXO 9 tidal solution shows one of
the best realizations for open boundaries for the North Sea (Fofonova
et al., 2019).

2.4.3. Atmospheric forcing

The observational data on wind forcing at Helgoland is used in the
Discussion to provide high-quality statistics for the central German
Bight. Due to the larger area of interest for the simulations and analysis
of drifters’ behaviour, we used reanalysis data. Specifically, we utilized
hourly wind stress and atmospheric mean sea level pressure from ERA5
(ERA 5, 2024). ERAS is the fifth generation of atmospheric reanalysis
produced by the European Centre for Medium-Range Weather Forecasts
(ECMWEF). It provides estimates of the global atmosphere on a regular
grid of 0.25 degrees in latitude and longitude and has been recently
updated to extend back to 1940. The data was provided by the Coper-
nicus Climate Change Service, Climate Data Store.

2.4.4. Baroclinic pressure

Three-dimensional values of the potential temperature and salinity
of the water for 2015 were retrieved from the Atlantic- European North
West Shelf- Ocean Physics Reanalysis (0.111° x 0.067° spatial resolu-
tion) provided by the Copernicus Marine Service (CMEMSa: Atlantic-
European North West Shelf-Ocean Physics Analysis and Forecast,
2024). For the 2022 and 2023, values were retrieved from the Atlantic -
European North West Shelf - Ocean Physics Analysis and Forecast with
0.014° x 0.03° spatial resolution (CMEMSb: Atlantic-European North
West Shelf-Ocean Physics Reanalysis, 2024). In both cases, June/July
monthly averages were used. These data were further utilized to
reconstruct the field of the average baroclinic pressure, the gradient of
which is an important term to be considered in the momentum equation.

2.4.5. Surface currents reconstruction using neural network

The FESOM-C model simulates vertically-averaged horizontal ve-
locities under the presence of wind and tidal forcing, and horizontal and
vertical baroclinic pressure gradients at 20 vertical layers, which were
then depth-averaged. Three-dimensional equations are considered only
at the preliminary stage to initialize the baroclinic gradient (without
time dependence). This gradient is integrated vertically and then
applied in the vertically averaged dynamic equations. Subsequently,
surface velocities were reconstructed using a fully-connected neural
network. The recovery occurs based on a forward neural network with 3
hidden layers (e.g., Jain et al., 1996), featuring 20, 10, and 5 neurons.
All hidden layers use a hyperbolic tangent sigmoid transfer function,
while the output layer uses a linear activation function. The Lev-
enberg-Marquardt algorithm is used as the learning function. The input
features (8 in total) include the depth-averaged simulated velocities,
logarithm of depth, sea level, wind stresses at 10 m above sea level, and
mean wind stress within 4 h before the considered time moment. The
summer drifters from 2015 and 2023 were used as a database for the
training and validation. Sixty percent of arbitrarily chosen drifter ve-
locities were used for training, while the rest were used for validation
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and test. The error curve exhibits an appropriate elbow shape (Fig. S3 in
Supplementary Material). To calculate velocities from the drifter co-
ordinates, the forward scheme was employed. Using the trained model,
we calculated the surface currents for the domain of interest by
providing the input fields at each numerical grid cell. The primary
reason for using a neural network to reconstruct surface currents instead
of simulating the full 3D case and using upper layer velocities lies in the
consideration of the thin surface layer directly influenced by the atmo-
sphere in the current study. For the FESOM-C model with ¢ vertical
coordinates the thickness of the surface layer directly depends on the
bathymetry. Representing the drifters’ dynamics would require a com-
plex interpolation procedure in this case.

2.4.6. Lagrangian tracking module

As a post-processing tool, a drift module (FESOM-C drift) was applied
to estimate the trajectories of conservative particles in the Lagrangian
representation using the FESOM-C results. The FESOM-C drift was
developed recently and has already been successfully applied (Neder
et al., 2022; Sprong et al., 2020). In this study, the modelled drift was
based on snapshots of the calculated horizontal depth-averaged and
surface velocities. The particle transport calculation was performed on
the same computational grid as the computation of dynamic charac-
teristics, without interpolation on a regular grid. In the first stage, all
necessary information about the horizontal velocities was interpolated
to the points with the coordinates of the particles. The new coordinates
of the particles were determined after calculating the velocity vector
acting on these particles backward—/forward- in time and then the
process was repeated. No diffusion was introduced into the Lagrangian
module for the current setup. The temporal resolution of the snapshots
of velocity used to feed the Lagrangian model was ~0.12 h (465.625 s)
for all experiments.

2.5. Model experiments

In this study, we performed four types of numerical experiments
(Table 1, a to d). The experiments differ in the time-period covered, the
applied forcing and the post-processing Lagrangian algorithm used to
assess the transport. All details are summarized in Table 1 and below.

2.5.1. Performance visualization, forward tracking

Setup (a) was used to demonstrate the performance of the FESOM-C,
neural network tool and Lagrangian module. With this set of experi-
ments, we aimed to reproduce observed drifter trajectories from the end
of spring to the summer of 2015. In 2015, the drifters were released in
five different zones of the German Bight. One hundred tracer particles
were released as clouds with a ~ 2.5 km radius at each of the five lo-
cations in the North Sea, at the same times and places where the drifters
were released. The surface velocities reconstructed using the neural
network are utilized by the Lagrangian module to simulate trajectories.
The averaged trajectories for each cloud are shown in Fig. 1.

2.5.2. Tidal residual currents, forward tracking

Experiments (b) and (c) aimed to obtain tidal residual currents be-
tween BRG and SOR, both in the absence (b) and in the presence of
density gradients (c). In the case of (c), the baroclinic pressure field was
reconstructed based on the temperature and salinity fields from July
2022. In total, ~40,000 particles were released over the entire German
Bight, at intervals of ~3.105 h during a complete lunar cycle spanning
29.5 days. The reasoning behind this is that the fate of a particle can
strongly depend on the phase of the diurnal and lunar cycle (e.g., ebb,
flood, daily inequality, spring or neap tide, etc.) at which the particle
was released. Note, that the particles do not return to its original posi-
tion after a flood-ebb cycle due to strong non-linearity in the system. A
total of 228 realizations were conducted for both (b) and (c). Once all
228 experiments were completed, we calculated the vector from each
particle’s initial location to its final position after ~12.42 h (duration of
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Table 1
Description of the Lagrangian tracking experiments.

Journal of Sea Research 204 (2025) 102563

Setup  Tracking type, task  Forcing Simulation duration of each Time slot N of tracers for each N of Lagr. tracking
type experiment experiment experiments

(@) Forward, surface Tidal, wind stress, atm. pressure, 15-65 days May-July 2015 100 5

baroclinic pressure

) Forward, depth- Tidal Tidal cycle (~12.42 h) 29.5 days (full moon 36,600 228
averaged cycle)

(c) Forward, depth- Tidal, baroclinic pressure Tidal cycle (~12.42 h) 29.5 days (full moon 36,600 228
averaged cycle)

(d) Backward, Tidal, wind stress, atm. pressure, 21 days June-July 2022 100 4%41*2
depth-averaged, baroclinic pressure
surface

the flood-ebb cycle). (Note, we used a time step of 465.625 s for velocity
snapshots in each experiment to accurately resolve a ~ 12.42-h time
frame.) This provided a residual Lagrangian transport vector field for
each experiment, which can be referred to as tidal residual circulation
when divided by the tidal period duration to yield a velocity dimension.
These 228 fields often exhibited similar patterns due to the chosen time
steps and intervals. For example, if particles were released at the
beginning of a flood, their trajectories and final positions were quite
consistent across most experiments with some variation of the magni-
tude of the displacement. The Lagrangian residual vector field from each
experiment can be visualized as streamlines, assuming that after each
tidal cycle, the particles move in a net sense but then begin a new cycle
from the same tidal phase (the beginning of a flood in our example). The
228 experiments covered different scenarios many times; then the me-
dian was taken. The median was considered not for each location, but for
the whole 228 vector fields.

2.5.3. Source locations of larvae, backtracking

In experiment (d), we conducted a 21-day backtracking simulation of
passive tracers to explore the potential sources of the identified O. edulis
larvae material considering both depth-averaged and surface scenario.
For the depth-averaged Lagrangian simulations, we used raw velocity
output from the FESOM-C model. For the surface Lagrangian simula-
tions we utilized velocities reconstructed using neural network (see
2.4.5). The release dates matched the larval sampling dates (1st-3d of
July 2022). Since the exact time of larval sampling was unavailable, we
initiated particles every 15 min from 8 am to 6 pm (41 realizations)
during the sampling day. For each realization and each of the four lo-
cations where larvae were identified, 100 tracer particles were released
as a cloud with an approximate 5 km radius. Note that in BRG, there
were several locations where larvae were identified, but they were
mostly covered within this 5 km radius.

2.6. Validation

FESOM-C was tested and verified in numerous realistic experiments
for the North Sea and idealised experiments, as reported in several
studies (e.g., Androsov et al., 2019; Fofonova et al., 2019; Kuznetsov
et al.,, 2020; Sprong et al., 2020; Fofonova et al., 2021). Particular
attention was paid to the choice of the tidal forcing for the North Sea
domain (e.g., Fofonova et al., 2019). For this work, we compared the
simulated tidal dynamics with data from 46 tide gauges in the North Sea
from EMODnet (EMODnet, 2024) by performing a Fast Fourier Trans-
form (FFT) analysis. The median phase error across M2, S2, N2, 01, K1,
Q1, M4, and MS4 semidiurnal, diurnal, and over-harmonics is 19°, and
the median amplitude error is 0.011 m. It is noteworthy that the model
captures the tidal dynamics in the coastal zones very well with an
improvement over our previous study using a coarser mesh (Kuznetsov
et al., 2020).

As mentioned before, 40 % of the drifters’ data from 2015 and 2023
were used for validation. The root mean square error (RMSE) of the
validation performance for the considered data is 0.03 m/s.

Additionally, we visualized the results for 2015 by applying the
Lagrangian tracking module. The simulated surface trajectories (Fig. 1,
magenta curves) accurately replicate the direction of movement and
dynamic specifics, such as the presence of loops and trajectory
complications.

3. Results

3.1. Observed drifter trajectories and connectivity between BRG and SOR
via surface currents

In this subsection, we considered surface drifters deployed at the
BRG, SOR, and at the transitional areas in between, to analyse connec-
tivity between the BRG and SOR via surface currents. Given that surface
transport is largely determined by wind forcing, the analysis was done
for drifters released in different seasons and the corresponding wind
conditions were examined as well. Firstly, we considered the paths of
drifters that were released in May 2015 in the transitional area between
BRG and SOR, which also served for the validation of the simulated
surface dynamics. Here, we provided a short description of their paths in
relation to the connectivity question and wind forcing influence (an
additional analysis of their trajectories can also be found in Callies et al.
(2017)). Then, we focused on the available drifters released directly
from BRG. Finally, we provided an analysis of the drifters released in the
area around Helgoland (a transition zone between BRG and SOR), where
multiple tracers were released at the same locations with a 5-min
interval.

In the end of spring and at the beginning of summer 2015, the drifters
were released from the north and northeast of BRG (Fig. 1a-c) and in the
vicinity of Helgoland (see Fig. 1d-e). From the 19th to the 23rd of May,
south-westerly winds dominated, then from the 23rd to the 27th of May,
winds became predominantly from the west-northwest (Fig. 1g). This is
clearly reflected in the drifter trajectory shown in Fig. 1d (Supplemen-
tary Material Animation 1.1). Due to the persistent north-westerly winds
since the 23rd of May (Fig. 1g), the drifter began to move south-
southeast from the southern tip of SOR (Fig. 1d).

During the last days of May and the first week of June, south-
westerly winds prevailed (Fig. 1 g) and enhanced the rapid northward
and eastward movement of the drifters released from the north and
northeast of BRG (Fig. la-c; Supplementary Material Animations
1.2-1.4). Over the next three weeks, rapid and multiple changes in wind
direction resulted in the complex drifters’ trajectories, forming loops
and rapidly changing directions, spreading in the central part of SOR
(Fig. 1a-c). These drifters (Fig. 1a-c) remained within SOR for more than
three weeks, then they travelled first toward central/north Denmark in
the northeast, but ended up along the coast close to Sylt, Rgmg, or
Mandg Islands due to strong north-westerly winds blowing two days
from the 9th of July (Fig. 1 g).

Drifter released relatively close to Helgoland (Fig. le) revealed a
complex trajectory and eventually stopped along the coast in the
southeast direction from the release site. Even though the drifter shown
in Fig. 1b was released nearly at the same time as the drifter illustrated
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Fig. 1. (a-e) Observed (black-grey) and simulated (magenta) surface drifter/tracer trajectories in the German Bight superimposed on a bathymetry map [m]. Green
lines show MPAs borders for BRG and SOR. The dates given on the top of each panel represent the time periods in which the drifters/tracers were considered. Cyan
dots/circles indicate the release position of the drifters. Black colour indicates the trajectory within the first three weeks from the release. Grey colour indicates the
fate of the drifters after 3 weeks. For the simulated course, the entire time period is coloured identically (magenta) for the sake of simplicity. (f) Wind rose of hourly
winds data measured at Helgoland over the period 15.05.2015-15.07.2015. (g) Wind conditions during the drifters’ travel. Arrows represent the 6 h average value of

the wind. (‘N” means northerly winds, ‘NE’ means north-easterly and etc.).

in Fig. le, their trajectories were noticeably different. The drifter
released near Helgoland (Fig. le) first moved northward and then
returned from the northwest to its original location after three weeks of
travelling (see Supplementary Material Animation 1.5). It reflects that

although the wind largely determines the drifters’ paths, also other
forces, such as tidal forcing or the presence of stratification, play a sig-

nificant role.

Fig. 2 shows the fate of the drifters released from BRG during
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different years, compared here to explore the effects of different wind
conditions. The drifter released in late June 2023 initially moved toward
Helgoland, then toward the northwest, followed by a north-eastern path,
and eventually southward. Drifter took approximately 3 weeks to reach
the southern part of SOR from BRG (see Supplementary Material Ani-
mation 2). The drifter released in spring 2017 in the southern part of
BRG nearly repeated the trajectory of the 2023 drifter until the area
around Helgoland, where it made a loop in the south and then in the
north from the island.

The prime reason of similarity between the trajectories is that in both
cases westerly and south-westerly winds dominated during the first 10
days after the drifters’ release (Fig. 2b). It is interesting to highlight the
peculiar case of drifter released in February 2018 (Fig. 2a, magenta
curve): it moved westwards contrarily to all the other cases reported
here. The reason was extremely persistent easterly winds (Fig. 2b),
which dominated over 3 weeks after drifter release. Note, that this
drifter was travelling several months, but never came back to the area of
interest.

Fig. 3 summarizes 26 trajectories of drifters released around Helgo-
land, an area that potentially can serve as a stepping stone for oyster
larvae, during various seasons and years (2015, 2017-2019, 2021). Each

subfigure (Fig. 3a-f) depicts the fate of drifters released at 5-min in-
tervals and nearly at the same location. The cyan numbers indicate how
many drifters were released at each location, suggesting repeated ex-
periments with the same environmental forcing. Fig. 3a shows that the
trajectories of two of the released drifters started to deviate from each
other a couple of days after release (indicated by a red rectangle), yet the
drifters met again at a later stage. Fig. 3c illustrates that eight released
drifters initially moved together to the south (indicated by a red arrow);
their trajectories then began to deviate, but all subsequently headed
north, crossing SOR from south to northeast. Three of these ended up in
the North Frisian Islands, while the others travelled further in a north-
western direction. Fig. 3b depicts the trajectories of drifters released
on October 21st; these are similar to the drifters shown in Fig. 3a but
were released 2 h earlier and south of Helgoland. Their paths largely
mirror the behaviour of the drifters released 2 h later, although two of
them ended up in the south-eastern Frisian Islands. Fig. 3e and f
demonstrate cases where simultaneously released drifters nearly repli-
cated each other’s trajectories.

Considering Figs. 1, 2, and 3, we drew following important conclu-
sions: (a) The drifters that approach Helgoland are highly likely to enter
the SOR from the south-southeast and cross its eastern part. Among the
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28 considered drifters being close to Helgoland, 21 reach the south-
eastern SOR, with 18 of them crossing its eastern part. (b) The area
around Helgoland represents a dynamically complex zone. Here, surface
drifters are noticeably influenced not only by wind forcing but by other
forcing players as well; the influence of tidal residual currents and
baroclinic processes (e.g., the presence of frontal zones) is discussed in
the next section. For instance, within different years and seasons, we
observe a system of trajectory loops south of Helgoland (see Fig. 2a and
Fig. 3b,c,e), and northward currents connecting the Helgoland area with
SOR (Fig. 3b-e); additionally, we can notice spontaneous and significant
deviations in the trajectories of closely following drifters (see Fig. 3a).
(c) Drifters’ trajectories begin to deviate significantly from each other in
the shallow Wadden Sea (Fig. 3a-d), where nonlinear processes are
stronger compared to the deeper areas. (d) The BRG is connected to the
SOR via surface currents. Drifters released at BRG can approach the SOR
from the south (‘via Helgoland’, as shown in Fig. 2 and 3) or from the
southwest-west if they initially exhibit an east-northward movement (as
depicted in Fig. 1). However, drifters released at BRG do not always
reach the SOR or even the transition area in between, as illustrated in
Fig. 2a (2018 drifter, magenta colour).

3.2. Identification of potential source locations of larvae through
backtracking analysis

Fig. 4a displays the results of the backtracking simulations aimed at
identifying the potential origin of oyster larvae sampled in summer
2022.

The backtracking analysis suggests that larvae sampled in the
central-eastern part of SOR originated from the area to the south,
considering surface currents. Similar to the surface drifters (see Fig. 3b,
c,e), Fig. 4a demonstrates that the trajectories converge to the northwest
of Helgoland. All backtracking trajectories consistently lead first to the
southeast, toward Helgoland, and only afterwards the trajectories
showed a larger spatial spread. In the case of tracers released in the
western part of SOR, the backtracking cloud, considering surface

currents, suggests that larval material have originated from the area
between southwestern SOR and BRG.

The situation is significantly different when the depth-averaged
currents are considered. In this case, the backtracking results show a
very confined zone around areas where larvae signals were presented.
Moreover, oyster larvae were predicted to come from the opposite di-
rection compared to the surface backtracking when considering the
western SOR (Fig. 4a, red curves). This is an expected outcome since the
considered locations are relatively deep, especially in the western part of
SOR, where the depth reaches 50 m. In a such deep area, surface currents
are primarily driven by wind forcing, while the depth-averaged trans-
port is predominantly determined by tidal forcing, this aspect will be
further untwisted in the next sub-section. The depth-averaged solution
largely assumes that the detected material, if originating from living
larvae, came from SOR, that might indicate a presence of the spawning
oysters in this area.

For BRG, the surface backtracking suggests larvae originated from
either the Dutch side of BRG or from the Wadden Sea further south-
southeast (Fig. 4a). Similar to SOR, the depth-averaged backtracking
results suggest larvae originated close to where they were identified,
potentially indicating self-attraction or self-sustainment.

In the transition zone, following the surface solution, larvae could
have originated from the BRG or the Wadden Sea to the southeast,
whereas the depth-averaged solution shows a confined and relatively
narrow zone of origin.

In all four locations where oyster larvae were detected, the indicated
origin of larvae, considering surface currents, was situated to the
southwest from the sampling locations. This pattern is largely attributed
to persistent westerly to south-westerly winds until middle of June and
in the end of June/beginning of July (Fig. 4b).

Fig. 4a also shows the relatively large dispersion of the surface
tracers in the Wadden Sea and south of Helgoland compared to the
central part of the domain. This indicates that other forces, particularly
tidal forcing, play a significant role in modifying transport patterns,
especially in shallow areas and generally where non-linear terms are



V. Sidorenko et al.

Journal of Sea Research 204 (2025) 102563

a
55
54.5
5
54
53.5
lon
b —>N —>NE —»E —>SE —>S —>SW —W —>NW
10 m/s
e

1 1 1

.
"t

SN

07-Jun-2022 12-Jun-2022 17-Jun-2022

22-Jun-2022 27-Jun-2022 02-Jul-2022

Fig. 4. (a) Clouds of the tracers, resulting from backtracking for 3 weeks in the summer of 2022 superimposed on a bathymetry map, [m]. Outlines in different
colours indicate different locations of the backtracked tracer clouds. Dashed lines illustrate depth-averaged solutions, while solid lines illustrate solutions for the
surface. Green lines represent the borders of the MPAs (BRG in the southwest and SOR in the northeast). Red dots identify positions where larvae were detected, for
four locations the backtracking was performed. Grey dots mark the sampling positions where no larvae were detected. Turquoise dots show the positions of the
modelled tracers 3 weeks before sampling. (b) Wind conditions during the period 01.07.22-21.07.22. Arrows represent the 6 h averaged wind speed and direction.
(‘N’ means northerly winds, ‘NE’ means north-easterly and etc.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
strong, even when considering surface dynamics.
3.3. Tidal residual currents

Through the examination of observed drifters and simulated tracers,
we found recurring transport patterns across different years and seasons,
despite varying wind conditions. Additionally, we noted areas with
extremely complex dynamics, where the interplay between the wind-
and tide-induced dynamics, as well as baroclinic processes is fragile. In
this subchapter, we aimed to clarify the role of the tide-induced net
transport, which is expected to be significant in the German Bight given
the large tidal amplitude, shallowness of the area, and complex topog-
raphy. Furthermore, we considered the currents induced by baroclinic
processes within the area of interest.

As mentioned in the introduction, stratification events in the middle
of the German Bight occur due to the large discharge from the Elbe and
Weser rivers and favourable south-easterly to north-easterly winds,
which are more common in spring. Since we focused on the early
summer season, we considered baroclinic processes only to a limited
extent. Specifically, we examined depth-averaged tidal residual currents
with and without baroclinic pressure gradients typical for the summer
season.

Except for the zone around Helgoland, the Wadden Sea back barrier
environment and estuaries, the trajectories induced by tidal forcing are
elliptical (Supplementary Material Fig. S1). However, the tracers
released at the specific location do not return to their original position
after a flood-ebb tidal cycle. The direction in which the tracers move in a
net or residual sense can vary depending on the timing of their release.

We calculated the median net transport induced by tides based on

228 experiments (Table 1) for both barotropic (Fig. 5a) and baroclinic
(Fig. 5b) cases. This means that if tracers are released under tidal forcing
at a specific location, they will generally move in a net sense as shown in
Fig. 5; however, the trajectories can be complex (Supplementary Ma-
terial Fig. S1). We conducted a barotropic depth-averaged experiment
by releasing the tracers in the BRG and including only tidal forcing with
another available model setup and grid, which confirmed our results
(Supplementary Material, Convergence of the results; Supplementary
Material Fig. S2).

Note that tidally induced velocities are much higher than shown in
Fig. 5, in some areas of Wadden Sea they can reach 2 m/s. However, in
this work we considered magnitude of residual circulation defined as the
distance between the final and initial tracer locations, divided by the
tidal period of 12.42 h.

The tidal forcing supports connectivity between BRG and SOR in
both barotropic and baroclinic cases, particularly the connection from
BRG to SOR, with an influx to SOR from the south and the west. How-
ever, the connection path is longer, via Helgoland, when typical summer
baroclinic pressure gradients are taken into account.

Despite focusing on depth-averaged solutions in this subchapter, we
observed that the obtained median tidal residual currents have a direct
imprint on surface drifter trajectories (Fig. 1-3). Figs. 5a and b show a
net-induced relatively strong transport of about 1-4 cm/s from Helgo-
land to the north, along with complex dynamics around Helgoland with
a system of loops north and especially south of it in both baroclinic and
barotropic cases, as can be also traced in Figs. 2 and 3 which reflect the
behaviour of drifters. In both baroclinic and barotropic cases, there is a
tidally induced net transport of about 5-10 cm/s from southern Sylt to
the south. Notably, the drifter released in summer 2023 (Fig. 2a;
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Supplementary Material Animation 2) followed a trajectory similar to
that identified in Fig. 5b, also depicting a tidally induced southward
current along the North-Frisian Island. (Note, that there is also a
buoyancy-driven current, mediated by the Earth’s rotation, present in
the area and flowing in the opposite direction. This current is relatively
broad and not localised along the islands). The drifters’ trajectories for
the end of spring 2015 (Fig. 1 ac) align with the transport pattern
identified in Fig. 5 as well. While the surface dynamics reveal the
imprint of tidally induced transport, the depth-averaged backtracking
solution (Fig. 4a) is largely determined by the pattern illustrated in
Fig. 5b.

Even though the tidal residual currents (depth-averaged) in the area
between BRG and SOR is generally not more than 2.5 cm/s, except in the

10

Helgoland subarea where it reaches up to 20 cm/s, it’s important to note
that such a pattern tends to persist continuously over time.

4. Discussion
4.1. Physical connectivity

The tidal residual currents (Fig. 5) support the transport of water
masses and O. edulis larvae from BRG to SOR; however, the connection
time is longer than survival time of larvae. Additionally, our analysis of
drifters and backtracking simulations (Figs. 1-4), which also account for
wind forcing, suggests a high probability of connection from BRG to SOR
via surface currents. Here, we need to discuss typical summer wind



V. Sidorenko et al.

conditions to generalize the results, the relationship between surface
and depth-averaged transport, and provide additional quantifications.

4.1.1. Surface transport

In 2023, it took 2.5-3 weeks to connect BRG with the southern part
of SOR via surface currents based on drifter data (Fig. 2). This is peculiar
compared to the 50-year statistics of wind data. Specifically, as depicted
in Fig. 6a, the percentage of total hours with winds blowing from the
southwest—which are responsible for a fast water masses transport from
BRG to SOR —is higher, while a lower percentage is associated with
winds from the northwest compared to general statistics (Fig. 6b). A
higher percentage of easterly winds was recorded in the days preceding
the release of the drifters. The winds from northwest to east, which are
missing during drifting time in 2023, can slow down to prevent
respectively (Fig. 1, 2) the connectivity between the areas in the
June—July period. Winds from the northwest are particularly common
during the summer months (Fig. 6b; Rubinetti et al., 2023). These winds
typically persist for 3-4 h in the same direction, on a median basis.
However, considering the 95th percentile of the duration distribution,
similar to the approach used in Rubinetti et al. (2023), during the
summer season, winds from the northwest and north can persist for
27-34 h in the same direction. This suggests that in 2023, wind condi-
tions were favourable for a relatively fast connection (~2.5-3 weeks)
between BRG and SOR areas. Our additional experiments, focusing on 2
weeks periods in 2023 characterized by a strong dominance of south-
westerly winds, demonstrated that it is possible to reach SOR within a
two-week period considering surface currents (not shown). We should
note that drifters always stay at the surface and do not experience ver-
tical mixing, which a passive tracer in real ocean would undergo. Even
though the drifters represent a good proxy for surface currents, they tend
to overestimate the horizontal displacement of the passive tracer due to
their insensitivity to wind-induced vertical mixing. Taking into account
the mentioned considerations and O. edulis larvae’s survival time of
about two weeks, we do not support the hypothesis that the larvae
originating in BRG could, under typical wind conditions, reach SOR
within a single generation. In case of strong dominance of south-
westerly winds, it can be potentially achieved. Backtracking simula-
tions further support these findings. The potential location of the step-
ping stone could be around Helgoland (MarGate Underwater
Observatory, 2024), south of Helgoland, or southwest of SOR, if the
larvae are transported by surface currents.

E

Wind Speed (m/s)
118 < Wg <21
15 < Wg <18
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The movement of surface tracers/drifters to the west (Fig. 2a,
magenta curve), which suggests a complete absence of connection be-
tween BRG and SOR, is uncommon in summer. Corresponding winds
from the northeast to southeast are less frequent compared to the winds
from the west in the summer season (see Fig. 6b). Easterly winds typi-
cally persist for about 4 h, with extreme durations reaching up to 21 h
(95th percentile of the duration distribution), whereas extreme persis-
tence of the winds from southeast and northeast is much lower, ~10 h.
Additionally, easterly winds should be strong and persistent enough—-
though the uniform thresholds for the entire area cannot be defined—to
overcome the tidally induced transport. Nevertheless, in some years,
easterly winds have been persistent. For instance, in 2008, winds blew
from the east for about 20 % of the total time (while the typical per-
centage is 10 %, as shown in Fig. 6b). Similarly, in 1991, 1992, and
2019, winds were blowing from the east for about 17 % of the time. In
terms of magnitude, winds from the west and northwest are associated
with the highest speed values: ~7 m/s for the mean value and ~ 12 m/s
at the 95th percentile of the probability distribution. Winds from the
east also reach values of 11 m/s at the 95th percentile of the probability
distribution.

4.1.2. Depth-averaged transport

In the depth-averaged case, much more time is needed to connect
BRG and SOR (e.g., Fig. 4). It is also crucial to note that depth-averaged
and surface back-tracking simulations yield significantly different re-
sults concerning the predicted sources of the observed larvae. This dif-
ference is attributed to the relatively deep areas under consideration,
with depths reaching 50 m in SOR and 35 m in BRG. Without atmo-
spheric forcing, it takes approximately half a year to connect the domain
via the fastest route from northern BRG to southwestern SOR in a bar-
otropic depth-averaged case. For a baroclinic case, this time is nearly
doubled due to the longer route needed to connect the domains (Fig. 5a
vs Fig. 5b). In both cases, the required time largely exceed the typical
larval stage duration of O. edulis.

We considered two additional depth-averaged barotropic experi-
ments with wind forcing characterized by the dominance of south-
westerly and westerly winds, which are favourable for the fast connec-
tion between the domains. We simulated summer 1998 using the
FESOM-C coastal ocean model, considering tidal and wind forcing.
Additionally, we utilized existing setup for spring 2006 with tidal and
wind forcing using the DELFT3D coastal ocean model (Supplementary

O < W, < 12
. G < W, <9 s
i = 1975-2022
2023 O < W <3 5-

Fig. 6. Wind rose from hourly data measured at Helgoland during: (a) June-July 2023 period; (b) June-July months of the last 50 years (1975-2022).”%’ indicates
the frequency of occurrence of wind from a particular direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Material, Convergence of the results; Supplementary Material Fig. S2).
Both summer 1998 and spring 2006 were characterized by a high per-
centage of duration of westerly to south-westerly winds that are
favourable for the fast connection between two MPAs. In particular,
during summer 1998 (June-July), the winds were south-westerly 27 %
of the time and westerly to south-westerly 62 % of the time, with a 50-
years median of 11 % and 35 % respectively (Fig. 6b). In spring 2006,
the winds were south-westerly 24 % of the time and westerly to south-
westerly 44 % of the time. On average, the drifting speed of tracers
was modified by only ~2-6 % in these cases compared to the case with
only tidal forcing. However, the net displacement of tracers from their
original location increased by approximately two times when winds and
atmospheric pressure were introduced due to stretching of the elliptical
tidal-induced trajectories (Supplementary Material Fig. S1, S2). These
numbers, of course, may vary with modifications in wind forcing. The
travel time for the tracers to reach SOR from BRG, under current
favourable wind conditions for fast connection between the domains,
was about 11 weeks in both considered setups. Considering also that the
barotropic case offers the fastest connection route (Fig. 5a vs Fig. 5b), we
can conclude that 11 weeks is the minimum timeframe to connect the
domains with a depth-averaged solution in the presence of favourable
wind forcing. The depth-averaged solution suggests that larvae material
identified at SOR and BRG are results of self-attraction or originating
from non-living larvae.

It should be noted that if larvae drift to areas where the depth is
about 20 m or less, depth-averaged and surface solutions become closer.
In these shallow regions, tidal and wind forcing create a fully mixed
water column. This means that the depth-averaged solutions identified
for BRG and the transition zone in 2022 (Fig. 4, blue and yellow curves)
can be significantly altered, potentially indicating a larger area of larval
origin if the wind forcing varies, particularly in ways that push tracers
toward shallower areas. In deeper areas in SOR, the near-bottom or
middle water column position of larvae would imply higher retention
within the area of origin with any forcing scenario. Therefore, under-
standing the vertical distribution of oyster larvae and its possible
changes with larval ontogeny (e.g., surface or near-bottom) is essential
to accurately simulate larval dispersal from the parental population.
Additionally, we should note that while the depth-averaged solution
serves as a useful proxy, it is not equivalent to the results obtained from
full 3D simulations (e.g., Duran-Matute et al., 2024), which we plan to
conduct in the future.

4.1.3. Depth-averaged and surface tidally induced transport

In this study, we simulated the median depth-averaged tidally
induced transport. The tidally induced surface transport is much harder
to define and is largely meaningless due to the strong and continuous
impact of wind stress on the surface. In the absence of wind and vertical
baroclinic structure, the vertically averaged velocities during almost the
entire tidal cycle coincide in direction with the surface velocities. The
three-dimensional velocity profile generally has a parabolic structure,
tending to zero at the bottom and reaching a maximum at the surface,
except during moments of significant change in tidal current direction.
Because surface velocities are higher than the average velocities, their
inertial component is somewhat higher. This leads to a substantial
disruption of the parabolic profile at the moments close to the change in
currents under tidal forcing. During these moments, lasting several tens
of minutes, surface velocities can differ significantly from the average
velocity in both direction and amplitude. This difference increases
significantly in shallow areas because the turbulent layer there is more
substantial relative to the full depth; in deep water, the vertical profile of
horizontal velocities becomes closer to the average velocity. In the
presence of atmospheric forcing and stratification, it is challenging to
determine the coincidence of the direction and amplitude of the depth-
averaged velocities and surface currents at all moments of the tidal
cycle. However, we discuss above the instantaneous velocity profiles
induced by tides, which do not generally provide information about
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transport. Transport is largely determined by the horizontal gradients of
velocity components present within the tracer displacement during a
tidal cycle. This means that all these facts only indicate that the surface
tidally induced transport could be potentially different. On the other
side, we see that depth averaged net transport induced by tides indeed is
in agreement in a sense of direction with the drifters trajectories in the
considered relatively deep areas of the German Bight (e.g., Fig. 1-3).
The question about the magnitude of surface tidally induced transport
remains unclear.

4.2. Abiotic conditions and O. edulis larvae dispersal

Abiotic conditions may influence the larvae’s preference for their
vertical position in the water column. While this question may be less
significant in well-mixed conditions, where larvae cannot swim against
currents vertically or horizontally, it becomes more pertinent in rela-
tively deep zones where they may exhibit preferences for specific ver-
tical positions. However, horizontal displacement would be still dictated
by the ocean currents. Additionally, the time required for larval devel-
opment depends on temperature, while the cumulative temperature
experienced by adults prior to spawning seems to be most important for
the timing of larval emergence (e.g., Robert et al., 2017; Maathuis et al.,
2020; Alter et al., 2023).

In this study, we do not consider how other biotic and abiotic con-
ditions, such as temperature, salinity, or food availability, influence
larvae dispersal. These factors, along with the full range of summer
forcing scenarios, including storm events, are the focuses of a separate
studies. Additionally, the observations from 2022 were utilized only to
identify the source of ‘positive’ samples and to partially explore the
connectivity between the MPAs. A coupling of current hydrodynamic
model with a biological model of oyster larvae and a full range of
possible summer transport scenarios is a subject of an upcoming
research (Beng et al. in prep.; Pineda-Metz et al., in prep.).

4.3. 0. edulis larvae signal in the observations

It is worth noting that oyster larvae were observed at several stations
in the German Bight, while they were often absent at neighbouring
stations (Fig. 4). A similar observation was made in BRG, where known
oyster beds exist (Fig. 4). Sampling larvae of marine organisms is tech-
nically challenging, so the absence data should be interpreted with
caution. Also ‘positive’ signals require careful consideration, as obser-
vations may indicate the presence of larval material but not necessarily
confirm the presence of living larvae. Further details on this topic are
provided in Beng et al. (in prep.).

4.4. Historical background of oyster reefs in the German Bight

Our understanding of historical dynamics in marine environments
remains limited. O. edulis is a benthic habitat- and reef-forming species,
being once a key element of the North Sea ecosystem. Numerous his-
torical sources give evidence of its former distribution and allow as-
sumptions related to historical connectivity (Bennema et al., 2020;
Lapegue et al., 2023). At the moment live oysters in the German Bight
are confirmed at the BRG, Helgoland MarGate Underwater Observatory,
and Danish coast.

The effect of obtained transport pathways can also be observed with
other oyster species, such as the Pacific oyster, Magallana gigas (formerly
Crassostrea). This non-native species colonized the North Sea in two
separate, genetically distinct invasion waves (Mohler et al., 2011). One
of these waves originated from Dutch aquaculture and spread along the
southern North Sea toward east, while the other wave originated from
the aquaculture activities on Sylt, from where it spread north- and
southwards, colonizing large areas within a short period of time (Mohler
et al., 2011; Reise et al., 2017).

This north-south split in dispersal routes reflects the directional split
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in the tidally induced net transport (Fig. 5). It also demonstrates con-
nectivity and outward exchange from the tidal inlet of the Sylt-Rgmg to
other areas of the North Sea. Historically, this area was rich in O. edulis
beds. The current study strongly suggests that this area can be re-
recolonized by the original oyster species in the future (Figs. 1-3, 5),
although other factors such as environmental conditions, predation and
competition should be taken into account.

4.5. Transport of larvae unrelated to ocean currents

Ships, mobile drilling rigs, and floating power farms have long been
recognized as significant long-term homogenizers of coastal biota
(Carlton, 1985; Baldwin, 1992). However, it is unlikely that they fulfil
this role for O. edulis, based on published literature on settlement sub-
strate preference (Colsoul et al., 2020; Ter Hofstede et al., 2024). Prior to
settlement, larvae sink to settle in a hard substrate. As for the possibility
of larvae being transported in the ballast water, this is also seemingly
unlikely. O. edulis larvae, contrary to that of M. gigas, are more sensitive
to pollutants, which reduces the chances of O. edulis larvae successfully
developing in the ballast tank of ships. To address this question more
comprehensively, careful long-term observations over a sufficiently
large area, with statistical analysis of collected data, are required (e.g.,
Schourup-Kristensen et al., 2023).

5. Conclusions

Typical summer wind conditions (Fig. 6b) support the transport of
surface water masses and passive tracers, such as O. edulis larvae, from
BRG to SOR. However, BRG and SOR are usually connected over periods
exceeding two weeks. During the summer season, surface water masses
from BRG typically reach SOR from the south or southeast (Fig. 3,
Fig. 5b). However, an intrusion of surface water masses originating from
BRG to SOR can take place from the west and southwest in cases of
prolonged south-westerly or southerly winds (Fig. la-c). Strong and
persistent south-westerly winds, which are uncommon in summer, can
accelerate the connection between considered MPAs to under two
weeks. There is also a less frequent scenario where surface water masses
originating from BRG do not reach SOR, particularly during periods
when north-easterly to south-easterly winds prevail for an extended time
(Fig. 2, magenta curve).

Tidal residual currents support transport from BRG to SOR and
significantly determine it in a depth-averaged sense. However, the
presence of typical summer horizontal and vertical density gradients
makes this passage a bit longer via Helgoland compared to the baro-
tropic scenario (where density gradients are not considered) (Fig. 5a vs
Fig. 5b).

Our findings indicate that BRG and SOR can typically be connected
over periods generally longer than the survival time of O. edulis larvae. It
is especially relevant for the depth-averaged case: eleven weeks is the
minimum timeframe to connect the domains in the presence of favour-
able wind forcing. Further investigation of potential habitat-connecting
stepping stones like the area around Helgoland, as well as the current
and future wind farms between BRG and SOR, is crucial and needs to be
thoroughly considered. Based on our results, we anticipate that the wind
farms located north of Helgoland, as well as those east and northeast of
the BRG, could principally become future oyster beds, if the other
components of habitat suitability are fulfilled. The aspect of hard sub-
strates being introduced during the excessive construction of windfarms
in the near future deserves particular attention with respect to their
potential function as stepping stones for sessile benthic organisms with a
planktonic egg or larval stage. In addition, the effects of species-specific
biological and behavioural constraints need to be addressed.

The dispersion of drifters at the surface and tracers, both in the
depth-averaged and surface solutions within particular period of time, is
generally largest in the shallower zones of the German Bight, back-
barrier Wadden Sea environment, and generally in areas where
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nonlinear hydrodynamic processes play a large role (Fig. 3, Fig. 4a,
Fig. 5).

In all four locations where oyster larvae were detected based on
zooplankton samples, the source of the larval material, considering
surface currents, lies south-west of the sampling locations. This pattern
is largely attributed to persistent westerly to south-westerly winds in the
beginning of June and in the end of June/beginning of July 2022
(Fig. 4b). The depth-averaged backtracking results suggest larvae orig-
inate close to where they were identified, indicating a potential for self-
attraction or self-sustainment (Fig. 4a).
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10.1594/PANGAEA.963166 (Carrasco and Horstmann, 2017; Meyer-
jiirgens et al., 2023). The drifters data for 2023 will be also available at
the PANGAEA in 2024, at the moment are available under request. The
version of FESOM-C v.2 used to carry out simulations reported here can
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ences to forcing, open boundary conditions, coastline, and bathymetry
data are available throughout the text. The direct links are provided in
the References section.
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