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The sinking of the RMS Titanic on 15 April 1912 remains one of most iconic maritime disasters in history. Today,
the wreck site lies in waters 3800 m deep approximately 690 km south southeast of Newfoundland, Atlantic
Canada. The wreck and debris field have been colonized by many marine organisms including the octocoral
Chrysogorgia agassizii. Because of the rapid deterioration of the Titanic and the vulnerability of natural deep-sea
coral populations to environmental changes, it is vital to understand the role the Titanic as well as other such
structures could play in connecting ecosystems along the North American slope. Based on Lagrangian experi-
ments with more than one million virtual particles and different scenarios for larval behavior, given the un-
certainties around the biology of chrysogorgiids, the dispersal of larvae spawned at the Titanic wreck is studied in
a high-resolution numerical ocean model. While the large-scale bathymetry shields the Titanic from a strong
mean flow, mesoscale ocean eddies can considerably affect the deep circulation and cause a significant speed up,
or also a reversal, of the circulation. As a consequence, the position of upper and mid-ocean eddies in the model
largely controls the direction and distance of larval dispersal, with the impact of eddies outweighing the
importance of active larval swimming in our experiments. Although dependent on larval buoyancy and
longevity, we find that the Titanic could be reached by larvae spawned on the upper slope east of the Grand
Banks. Therefore, the Titanic could act as a stepping stone connecting the upper to the deep continental slope off
Newfoundland. From the Titanic, larvae then spread into deep Canadian waters and areas beyond national
jurisdiction.

1. Introduction

The sinking of the RMS Titanic on 15 April 1912 was one of the
deadliest and most iconic maritime disasters in history. More than 1500
people lost their lives, and today the wreckage site lies in waters 3800 m
deep approximately 690 km south southeast of Newfoundland in
Atlantic Canada. The wreck site was discovered in 1985, but it was not
until 2012 that the site could be safeguarded by the UNESCO Conven-
tion on the Protection of Underwater Cultural Heritage, albeit this does
not afford full site protection (Martin, 2018). The case could be made
that the Titanic and its debris field are resting on the seafloor (the

“Area”) and more specifically in Areas Beyond National Jurisdiction
(ABNJ), but equally a case could be made that they actually rest on the
outer edge of Canada’s continental margin (Aznar and Varmer, 2013).
To further safeguard its protection and address other issues such as
looting and unwanted salvage, a multilateral “Agreement Concerning
the Shipwrecked Vessel RMS Titanic” came into force in 2019 after ne-
gotiations between Canada, the United Kingdom, France, and the United
States.

Besides its monumental cultural legacy, the wreck has laid in place
for more than a century now, acting as a hard substratum for benthic
settlement amongst mostly soft-bottom seafloor with the occasional
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rocky outcrop. The wreck and its associated debris field of anthropo-
genic structures now support biologically diverse epifaunal assem-
blages, including numerous cold-water corals and sponges. The role that
shipwrecks play in facilitating ecological connectivity and the role of
underwater cultural heritage more generally have gained research in-
terest over the last decade, (e.g. Meyer-Kaiser and Mires, 2022). Studies
can identify important sources, sinks and the corridors used by organ-
isms for dispersal: this knowledge can inform policy decisions about
area-based management tools such as marine protected areas (MPAs) to
halt or reverse loss of biodiversity and optimize ecosystem services such
as fisheries benefits (Fontoura et al., 2022). As isolated but abundant
and globally distributed habitats on the seafloor, shipwrecks effectively
reduce the distances that organisms must disperse from, or travel to, in
order to be connected to upstream and downstream populations and
habitats (Gravina et al., 2021; Hamdan et al., 2021; Paxton et al., 2019;
Ross et al., 2016). The Titanic is now rapidly degrading by corrosion
(Salazar and Little, 2017), much of which is mediated by microbial
communities leaching iron from the structure in an oxidative environ-
ment (Cullimore and Johnston, 2008). As a consequence, the Titanic’s
potential impact on ecosystem connectivity may be lost in the future.

In this study, we focus on one of the most commonly encountered
species found at the wreck site, the octocoral Chrysogorgia agassizii, and
use it as a case study to investigate dispersal from and to the Titanic and
the wreck’s role in promoting wider connectivity. The genus Chrys-
ogorgia is an abundant and diverse octocoral taxon with at least 68
nominal species and worldwide distribution in waters 31-4492 m deep
into the abyss (Cairns, 2001; Untiedt et al., 2021; Baena et al., 2024).
Species of this genus are commonly encountered on the continental
slope and on seamounts of the Northwest Atlantic, as well as in prox-
imity to the wreck site (Baker et al., 2012; Lecours et al., 2020; Meredyk
et al., 2020). It has been hypothesized that shallow water Chrysogorgia
spp. evolved from deep-water ancestors (Pante et al., 2012), and large
biogeographic ranges in the genus suggest their larvae are capable of
long-range dispersal.

Chrysogorgia agassizii has been commonly documented on the Titanic
wreck based on visual identifications, including a quite prominent
occurrence on the upper rail of the ship’s bow (Vinogradov, 2000).
While Molodtsova et al. (2008) noted this could be C. campanula, we
retain the original identification of C. agassizii until an integrated
morphological and genetic study can be conducted. Repeat surveys
allowed detailed investigation of coral growth rates, showing relatively
fast growth for a deep-sea coral (approximately 1 cm/year linear
extension; Vinogradov, 2000). Recent accounts at the wreck site during
2021 and 2022 no longer document C. agassizii in the same position on
the upper rail of the bow, but the species remains a common member of
Titanic’s sessile marine growth community on the ship’s bow and else-
where (SWR pers. obs.; Fig. 1), and is thought to have high potential for
widespread dispersal (Pante et al., 2012). Thus, its occurrence on the
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wreck offers an opportunity to use this species as a model system to
explore how the natural heritage of the Titanic may confer a legacy
connecting to marine ecosystems further afield.

Since there is limited life history information for most chrys-
ogorgiids, including the two species above, the exercise undertaken in
this paper remains relevant, especially as related to the genus Chrys-
ogorgia. Although we focus on the connectivity of the Titanic to known
occurrences of C. agassizii, the results are also valid for other species
suspected to have long-range dispersal capabilities.

In order to investigate population connectivity of cold-water corals,
high-resolution hydrodynamic modeling is employed. These frame-
works help to identify key sources, sinks, and corridors of coral larvae
(reproductively produced propagules; Guy and Metaxas, 2022; Metaxas
et al., 2019). For corals on the shelf and slope off Newfoundland and
Labrador, these modelling approaches show that the strong Labrador
Current underpins much of the potential connectivity from north to
south along the shelf edge and make larval transport into the High Seas
possible (Le Corre et al., 2018). This is consistent with studies by Wang
et al. (2020) and Kenchington et al. (2019) who highlight the impor-
tance of the Labrador Current and Deep Western Boundary Current on
the dispersal of larvae on the eastern side of the Grand Banks even
beyond 1000 m depth. In fact, these approaches have shown that the
southern flanks of the Flemish Cap seem to experience faster currents at
depth (1000 m) than near the surface (100 m) due to the influence of the
Gulf Stream and North Atlantic Current (NAC); these systems meander
to the northeast in a region characterized by strong surface and
sub-surface eddy activity (Kenchington et al., 2019; Schubert et al.,
2018). Connectivity studies were also carried out further south along the
US and Canadian coasts. Wang et al. (2022, 2021) investigate the
dispersal of larvae in the Gulf Stream and along the coast of Nova Scotia
in particular. Their results yet again show the major impact of the
fast-moving currents in the region, but also the importance of variability
associated with eddies and topographic features, for connectivity pat-
terns. Therefore, coral larvae dispersal to and from the Titanic, and thus
the role the wreck plays in marine connectivity further afield, is likely a
product of a complex interplay between various hydrographic features
and ocean dynamics from the surface to the seafloor.

Biophysical hydrodynamic models that incorporate larval behavioral
traits (e.g., timing of spawning, larval duration, vertical and horizontal
swimming behaviors) provide idealized representations of potential
larval dispersal pathways and thus, patterns of connectivity (Hilario
et al., 2015). But for most deep-sea corals including those found on the
Titanic, such life history information is entirely absent (Waller et al.,
2023), which limits the applicability of a single experiment (Gary et al.,
2020). Instead, multiple scenarios that experiment with different larval
behaviors can help to establish levels of uncertainty but also a consensus
view on the dispersal potential of corals from Titanic’s and its wider
natural heritage legacy in terms of marine connectivity. Viewing

Fig. 1. Photos of RMS Titanic bow. Left: photo from 2004 (credit NOAA Ocean Exploration and Research) with C. cf. agassizii in the center of the top rail (blue arrow).
Right: photo from 2021 (credit Ocean Gate Expeditions) showing C. cf. agassizii in a different position on the bow (blue arrow). Note that there are other attached

octocorals, some of which may be Chrysogorgia spp. and/or Lepidisis spp.
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dispersal models more as possible outcomes rather than true or actual-
ized dispersal (Ross et al., 2020) can also help identify possible upstream
sources of larvae arriving at the Titanic and whether slope to abyssal
larval dispersal could be significant. It can also investigate the likelihood
of the wreck site now acting as a stepping stone connecting to down-
stream populations. In doing so, these experiments can also inform
future studies on the reproductive biology of C. agassizii by identifying
which larval behavior traits, if any, impart variability in connectivity
patterns.

For more realistic representations of dispersal, biophysical models
need to include the full spatio-temporal range of the underlying ocean
circulation. Of particular importance is the mesoscale circulation at
scales of 10-100 km that covers oceanic fronts, eddies and detailed
boundary current structures. In addition to their importance for mixing
water across fronts, eddies are also an important part of the large-scale
circulation and are present in vast areas of the world oceans (Chelton
et al.,, 2007, 2011). In the North Atlantic, individual eddies transport
water over large distances, contributing to the transport of heat and
freshwater (Miiller et al., 2019). Experiments on the upper-ocean
dispersal have shown that advective patterns and transfer time scales
can be quite sensitive to the grid resolution of the physical ocean model
(Blanke et al., 2012; Bonhommeau et al., 2009). For the deeper ocean,
grid resolution is important to correctly include topographic features
like slopes, trenches, gaps or ridges. Seafloor bathymetry has a direct
impact on the dispersal of benthic organisms by steering, or blocking,
the flow and needs to be adequately represented (Breusing et al., 2016).
As the underlying physical model, we use the high-resolution model
VIKING20X that covers the Atlantic at 1/20° horizontal grid resolution.
VIKING20X has been proven to realistically simulate various features of
the Atlantic circulation from basin-scales down to the mesoscale
(Biastoch et al., 2021; Rieck et al., 2019; Riihs et al., 2021) and is also
often the basis for dispersal studies (e.g. Busch et al., 2021). Its prede-
cessor VIKING20, restricted to the North Atlantic, has demonstrated its
performance to simulate the deep circulation (Breusing et al., 2016;
Schubert et al., 2018).

The Titanic’s location in ABNJ, protection under UNESCO and
multilateral agreements, cultural significance, natural heritage and the
wreck’s location in a highly complex oceanographic region, make the
wreck site of the RMS Titanic a unique case study to launch an inter-
disciplinary investigation into the role shipwrecks play in marine con-
nectivity. The rapid deterioration of the Titanic (Bright et al., 2005), the
vulnerability of natural deep-sea coral populations to climate change
(Morato et al., 2020) and human activities that fragment or degrade
coral habitats (Ragnarsson et al., 2017) make it important to understand
whether the Titanic and other shipwrecks could confer resilience to
networks of marine populations. Given the importance of understanding
population connectivity as part of Atlantic basin scale ecosystem
assessment (Roberts et al., 2022) and the increasing amount of anthro-
pogenic material in the deep ocean, including underwater cultural
heritage such as shipwrecks (Meyer-Kaiser and Mires, 2022), experi-
ments with virtual larvae released from shipwrecks will help us under-
stand the dispersal potential of species from the Titanic and the natural
heritage legacy this and other wrecks could play in terms of marine
connectivity. In the following, we aim to answer two main questions:

e Where does larvae spawned at the Titanic wreck disperse to and
which circulation conditions and larval characteristics control it?
e Is the Titanic connected to known occurrences of cold-water corals
along the Northwest Atlantic continental slope?
2. Methods
2.1. Model configuration: VIKING20X

This study is based on a hindcast simulation of the global, nested
VIKING20X ocean - sea-ice model configuration (Biastoch et al., 2021).
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The ocean component is provided by the NEMO v3.6 model and the
sea-ice component by the Louvain la Neuve Ice Model (LIM2; Fichefet
and Maqueda, 1997; Vancoppenolle et al., 2009). VIKING20X consists of
a 1/20° nest grid, embedded within a global 1/4° grid. At the Titanic
position this corresponds to a horizontal grid spacing of approximately
4 km.

The nest covers the Atlantic Ocean from the southern tip of Africa to
approximately 65°N. Both grids exchange information via a 2-way
coupling utilizing the Adaptive Grid Refinement In Fortran (AGRIF)
package (Debreu et al., 2008). The vertical grid consists of 46 z-levels
with increasing spacing from 6 m at the surface to about 250 m at the
deepest level (about 240 m at the Titanic depth). Partial steps are used
for a better representation of bathymetric gradients (Barnier et al.,
2006).

The momentum advection equation is discretized using the energy
and enstrophy conserving (EEN; Arakawa and Hsu, 1990; Ducousso
et al., 2017) scheme. Momentum diffusion is accomplished by applica-
tion of a bi-Laplacian operator acting along geopotential surfaces with a
viscosity of 15 x 10'® m* ™! (nest grid: 6 x 10° m*~1). The tracer
advection equation is discretized using the total variance dissipation
scheme (TVD; Zalesak, 1979). Tracer diffusion is accomplished by a
Laplacian operator along iso-neutral surfaces with an eddy diffusivity of
300 m3s’! (nest grid: 600 mzs'l).

On both grids free-slip lateral momentum boundary conditions are
applied. Only on the nest grid, no-slip boundary conditions are applied
around Cape Desolation to improve mesoscale activity to the west of
Greenland (Rieck et al., 2019).

The model experiment used for this study is referred to as
VIKING20X-JRA-SHORT (see Biastoch et al., 2021). This experiment is
initialized in 1980 branching of from an experiment performed under
the CORE2 (Griffies et al., 2009; Large and Yeager, 2009) surface forcing
initialized in 1958 following a 30-year spin-up. VIKING20X-JRA-SHORT
is then run until 2019 under the JRA55-do v1.4 (Tsujino et al., 2018)
surface forcing. It uses a weak Sea Surface Salinity restoring with a
timescale of 12.2 m yr~! and no freshwater budget correction.

2.2. GLORYS12v1 - ocean reanalysis

The performance of VIKING20X is validated by comparison of the
mean circulation, variability and trajectories itself to the GLORYS12v1
reanalysis (Copernicus Marine Service Information, 2023). GLORYS12 is
based on the NEMO ocean model and uses a 1/12° global grid with 50
depth levels (Lellouche et al., 2021). GLORYS12 assimilates various
observations, such as sea surface temperature derived from satellites and
vertical profiles of temperature and salinity. GLORYS12 does not
assimilate observations at the depth of the Titanic wreck site. A
connection between variability in the upper and deep ocean still is still
expected to result in different representations of the flow at depth in
GLORYS12 and VIKING20X. Although GLORYS12 is run on an Arakawa
C-grid, the publicly available data is provided on an A-grid. Horizontal
current velocities from GLORYS12 are available from 1993 to 2023 and
stored at daily resolution. Note that vertical velocities and horizontal
velocities on the native C-grid, which would be needed for an accurate
calculation of vertical velocities based on volume conservation, are not
published.

2.3. Lagrangian experiments

To study the fate and potential source of C. agassizii larvae at the
Titanic, we run a set of Lagrangian experiments, using the Parcels
(version 2.2.1) Python package (Delandmeter and van Sebille, 2019).

Parcels solves the advection equation numerically. Here the fourth-
order Runge-Kutta scheme, including vertical velocities is applied with
a numerical timestep of 10 min. No diffusion parameterization scheme is
used in the calculation of trajectories, a choice that is thoroughly dis-
cussed by Riihs et al. (2018). As input fields, the 5-day averaged output
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of VIKING20X on the nest grid is used. Within parcels these fields are
linearly interpolated to the current time step.

We release 10,000 particles on the first day of each month from 2009
to 2018, resulting in 120 release experiments (1.2 million particles in
total). The aim of this release strategy is to capture the impact of flow
variability on timescales from months to years. It was verified that the
number of released particles is sufficient by evaluating different sub-
samples with reduced size. Metrics, such as the area that contains 95%
of the particle occurrences, converge rapidly after 1000-2000 particles.
All trajectories within the release experiment are integrated forward in
time for 90 days.

The larval characteristics of C. agassizii, including larval longevity,
are currently not known. Most octocoral larvae studied so far, including
shallow tropical (Ben-David-Zaslow and Benayahu, 1998; Coelho and
Lasker, 2016), temperate (Guizien et al., 2020), and deep-sea species
(Rakka et al., 2021b; Sun et al., 2010) can survive without settling for
20-90 days and up to a year (Rakka, 2021a). Based on this information,
we chose 90 days as our best estimate of larval longevity for C. agassizii.
Although the chosen 90 days are considered realistic, deep-sea coral
larvae can survive longer (e.g. Larsson et al., 2014), thus our results
present a conservative estimate of the possible spreading.

All Lagrangian experiments analyzed here are described below and
summarized in Table 1. Additional Lagrangian experiments used to
validate the VIKING20X trajectories can be found in the supplementary
data (Table S1).

2.3.1. Releases from the Titanic

We seed particles horizontally around the Titanic’s position (co-
ordinates of the bow section) according a random normal distribution
with a standard deviation of 0.025° in latitude and 0.025/cos(¢)° in
longitude direction, where ¢ is the center latitude of the release. This
corresponds to a distance of 2.8 km in both cases. Experiments were
focused on the bow section of the wreck site where most putative
C. agassizii had been previously observed. Particles are initially placed
10 m above the actual depth at the Titanic site (at 3810 m) to simulate
this position on the bow. If the seafloor in the model is shallower than
this depth, we release particles 10 m above the grid-cell floor.

In a first experiment, referred to as EXP,;, particles are advected
purely passive in the ocean currents as simulated by the model (20
exemplary trajectories are shown in Fig. 2). We use the full 4-dimen-
sional output of the model, including depth, which was found to be
important for the dispersal in a nearby area (Wang et al., 2020). In a
second experiment, referred to as EXP,, particles can actively swim in
the vertical direction, a behavior that has been reported for several
deep-sea benthic species (Arellano, 2008; Beaulieu et al., 2015; Yahagi
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et al., 2017) including deep-sea corals (Larsson et al., 2014). Since there
is currently no information on the larval traits of C. agassizii, in this
experiment we use values for swimming speed and larval duration re-
ported for larvae of Viminella flagellum, which is the only deep-sea
octocoral with vertical swimming behavior of its larvae known so far
(Rakka, 2021a). The selected swimming speed is close to the highest
speeds that have been reported for other octocoral species (e.g., Marti-
nez-Quintana et al., 2015; Rakka et al., 2021b), serving the purpose of
this experiment to provide an upper limit for the potential impact of
active behavior of the larvae on the dispersal. Based on very little in-
formation available, we assume a pelagic larval duration (PLD) of 6
days. Possible implications of a longer PLD are discussed later.
Accordingly, larvae in EXP,. swim upward with a constant velocity of
1.5 mm/s for 6 days and then downward with the same constant velocity
until they get closer than 10 m to the seafloor. After swimming termi-
nates, particles passively drift until the end of the experiment.

Additional experiments are conducted using temporally averaged
velocity fields to study the contribution of the mean flow and seasonal to
interannual variability to the dispersal from the Titanic wreck. In these
experiments particles are released only once and the velocity is steady
for the entire length of the experiments (90 days). In EXPpean the 10-
year averaged velocity field between 2009 and 2018 is used. The pur-
pose of this experiment is to study the contribution of the mean flow to
the dispersal of larvae from the wreck site. In EXPy,, particles are
released in the annual mean velocity field for all years from 2009 to
2018, which results in 10 release experiments. EXPy, provides infor-
mation about the importance of interannual variability on the dispersal
pathways. To study the impact of seasonal variability, we release par-
ticles in the climatological velocity field of all month (monthly clima-
tology for years 2009-2018), which results in 12 releases. This
experiment is referred to as EXPqjjn.

In order to validate the models performance in simulating realistic
Lagrangian trajectories, we compare the trajectories obtained from
VIKING20X (EXPy, and EXP,) to similar experiments based on ve-
locity fields from GLORYS12 (see supplementary data).

2.3.2. Releases from natural occurring populations to the Titanic

In addition, we run three experiments to study population connec-
tivity between the abyssal setting of the Titanic and sites in the North-
west Atlantic. Records of C. agassizii were obtained from a subset of data
compiled from multiple sources (Ramiro-Sanchez et al., 2020) and an
additional location reported by (Baker et al., 2012). The general release
strategy described in section 2.3.1 for EXPp,s did not change, but only 12
release months are used (January-December 2009). This is sufficient, as
the two previous experiments suggest interannual variability to be

Table 1
Overview of experiments. The Titanic is located at 41.73°N 49.95°W (3820 m), P1 is located at 46.07°N 47.61°W (400 m), P-B12 is located at 44.8°N 54.8°W (2000 m).
Experiment  Release Velocity field Release (time) Runtime in Active motion Motivation
(position) days
EXPpas Titanic VIKING20X: 5-day means ~ monthly 90 - Dispersal from the Titanic
(2009-2018)
EXPjct Titanic VIKING20X: 5-day means  monthly 90 6 days upward swimming Impact of swimming on dispersal from the
(2009-2018) then sinking (1.5 mm/s) Titanic

EXPp1.p2 P1 VIKING20X: 5-day means ~ monthly (2009) 180 - Timescale of spreading along the upper slope
(P1 to P2)

EXPp; 1 P1 VIKING20X: 5-day means  monthly (2009) 90 30 days passive then sinking Larval characteristics needed for direct

(1.5 mm/s) connectivity between P1 and the Titanic

EXPr po Titanic VIKING20X: 5-day means  monthly (2009) 180 - Assess sensitivity of dispersal from the Titanic
on larval longevity

EXPg12 P-B12 VIKING20X: 5-day means  monthly (2009) 180 - Connectivity of the Titanic to a natural
occurrence in close proximity

EXPean Titanic VIKING20X: 10-year once 90 - Contribution of the mean flow to the

mean (2009-2018) dispersal from the Titanic
EXPy, Titanic VIKING20X: annual once per year 90 - Contribution of interannual variability to the
averages (2009-2018) dispersal from the Titanic
EXPlim Titanic VIKING20X: monthly once per month 90 - Contribution of seasonal variability to the

climatology

dispersal from the Titanic
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55°W 50°W 45°W 40°W 35°W

Fig. 2. Surface velocity snapshot in VIKING20X (model day 15-10-2009). The red cross marks the Titanic position and blue dots indicate known positions of
C. agassizii. The orange cross marks the Seamount U. The 1000 and 3500 m isobaths are shown in white. Exemplary trajectories from EXP,,,s (red; length: 30 days) and
EXPp;.p2 (blue; length: 180 days). Major currents are indicated by arrows (GS: Gulf Stream, NAC: North Atlantic Current, AzC: Azores Current, LC: Labrador Current,

DWBC: Deep Western Boundary Current, RF: Labrador Current Retroflection).

negligible compared to monthly variability.

A first experiment (EXPp;pp) is run to study the timescale of
spreading from a known population of C. agassizii east of the Grand
Banks (labeled as P1 in Fig. 2), to a population on the Nova Scotian Slope
(labeled as P2 in Fig. 2). The purpose of this experiment is to answer
questions on dispersal pathways along the upper continental slope and
to identify possible locations, where larval particles could leave the
boundary towards the Titanic position. Particles are passively advected
without any active behavior for 180 days. Especially because we are
mainly interested in the advective timescale set by the ocean currents
and there is little information about the larval biology, a passive
experiment is the most appropriate choice and does not require any
assumptions. Again, a similar experiment is conducted in GLORYS12 to
validate the trajectories (see supplementary data).

Motivated by the results of this experiment, a second experiment
(EXPp1.7) is conducted to study whether larvae from this known occur-
rence (P1) on the upper slope could reach the deeper lying Titanic wreck.
Therefore, we set up an experiment where particles spread purely pas-
sive for 30 days and then sink with a constant velocity of 1.5 mm/s until
they get closer than 100 m to the seafloor. Afterward, larvae can
passively drift until an age of 90 days. We use the same speed as for
EXP,, as a fast downward motion increases the likelihood of connec-
tivity, but at the same time the downward velocity should be achievable
by the larvae. The onset of downward motion after 30 days is based on
various short experiments showing that an onset of downward motion
after 30 days makes a connection to the Titanic most likely. This
experiment is therefore meant to provide information on the larval
behavior that is needed for a direct connectivity to exist, rather than an
estimate of the true dispersal.

In a third experiment (EXPy.py) we assess, whether our results on
connectivity from the Titanic to the downstream population (P2) of
C. agassizii are changed by doubling the assumed larval longevity.
Therefore, we repeat EXPpag, but with a runtime extended to 180 days.

A last experiment is run to study whether the observed occurrence of
C. agassizii reported in Baker et al. (2012) within the Canadian EEZ at
2000 m depth (P-B12; Fig. 2) could be a possible source population of
corals at the Titanic, or might act as a stepping stone connecting the
Titanic to P2 (EXPp_g12).

3. Results
3.1. Oceanographic setting and model validation

Before we analyze and interpret the results of the Lagrangian ex-
periments, we describe the general circulation in the region of interest
and verify that it is reasonably represented in VIKING20X by comparing
it to observational data and ocean reanalysis. The Titanic wreck site is
located in waters approximately 3800 m deep, but direct (especially
long term) measurements at this site are very sparse, or not available, at
these depths. Therefore, we focus on the representation of major cur-
rents and mesoscale variability at the surface and mid-depth, that will be
shown to strongly impact our results.

3.1.1. Gulf Stream and North Atlantic Current

The near surface circulation along the United States’ east coast is
dominated by the northward flowing Gulf Stream (GS) that separates
from the coast near Cape Hatteras (35°N) and continues north-eastward.
At the Tail of the Grand Banks the GS splits into the north-eastward
North Atlantic Current (NAC) and an eastward branch called Azores
Current (Daniault et al., 2016; Frazao et al., 2022). This general
description also holds for the model as evident in Fig. 2.

The mid-depth circulation, as derived from ARGO floats at a depth of
approximately 1000 m (ANDRO dataset; Ollitrault et al., 2022), shows
the GS centered around 39°N (Fig. 3a). The modelled and observed
mean velocity maxima are similar in magnitude at most longitudes, but
cover a smaller latitude range and appear about 1.5° further south in the
model west of approximately 55°W (Fig. 3b). However, as the Gulf
Stream splits into the Azores Current and NAC at approximately 51°W
the maximum EKE in the model and the ANDRO dataset are found at
similar latitudes. This is further supported by the position of the 15 °C
isotherm at 200 m depth, indicative of the GS path, which matches
observations very well at the Tail of the Grand Banks (Fig. 3b; Seidov
et al., 2019). The NAC position and pathway is in good agreement with
observations. Note that the ANDRO dataset is based on 3° x 3° binned
float displacements and can only provide a smoothed representation of
the flow field.

The GS/NAC flow is characterized by strong meanders and mesoscale
eddies known as Gulf Stream Rings (Ducet and Le Traon, 2001; Schubert
et al., 2018). Eddies north of the main GS axis are predominantly anti-
cyclonic, carry a positive temperature anomaly and are also known as
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Fig. 3. Eddy Kinetic Energy and mean currents at approximately 1000 m (950-1150 m) depth based on the ARGO derived ANDRO dataset (a) and VIKING20X (b;
1980-2018). Velocity vectors scale with the speed up to 15 cm/s. Snapshots (5-day mean) of the spatially high-pass filtered SSH anomaly in AVISO (c, 05-08-2010)
and VIKING20X (d,15-10-2009). The Titanic is marked with a red cross. The red contour in b) shows the mean position of the 15 °C isotherm at 200 m depth

(1980-2018) in VIKING20X.

Warm Core Rings (Brown et al., 1986; Saunders, 1971). Sea Surface
Height (SSH) anomaly fields derived from satellite altimetry (AVSIO;
Taburet and Pujol, 2022) show that surface eddies are found further
south in observations west of the Titanic position. However, at the Titanic
position and along the NAC pathway the position of eddies in the VIK-
ING20X model and the AVISO dataset are found at similar locations
(Fig. 3c and d). In both snapshots eddies are seen above the wreck site.
Thus, at the Tail of the Grand Banks the position of eddies and meanders
associated with the GS/NAC are well captured by the model. The SSH
anomaly associated with eddies appears to be underestimated west of
the Titanic position, but is again more similar once the GS turns north-
ward south of the wreck site (Fig. 3c and d).

In addition to Gulf Stream Rings that are clearly visible at the surface,
meanders of the GS/NAC can drive deep cyclogenesis, and these deep
mesoscale features can cause benthic storms, i.e., strong velocity
anomalies near the bottom, as evidenced by both ocean-based obser-
vations and the VIKING20X model (Schubert et al., 2018; Shay et al.,
1995). It is therefore important to also validate the variability at
mid-depth. Eddy Kinetic Energy (EKE), the kinetic energy contained in
deviations from the time mean circulation (and in parts associated with
mesoscale variability), at mid-depth is underestimated west of 55°W
compared to the ANDRO dataset and the GLORYS12 reanalysis (see also
Fig. S1). This is consistent with the upper description of mesoscale
variability at the surface (Fig. 3c and d). East of 55°W the magnitude of
EKE is in better agreement with the ANDRO dataset. At the Titanic po-
sition itself, EKE is slightly underestimated. Still, surface and mid-depth
eddies associated with the GS/NAC current system are present in the
model above the wreck site and EKE values at mid-depth are clearly
higher than in the ocean interior (Fig. 3a and b). The depth structure of
EKE in the model shows that high EKE values associated with the GS and
NAC extend to the sea-floor (Fig. S1). A meridional section at 55°W, as
well as a zonal section at 48°N show EKE values between 50 and 100
cm?/s? to extend beyond 4000 m depth. At 48°N, the structure, as well
as the magnitude, of EKE are in good agreement with observations, other
models and the GLORYS12 reanalysis (De Verdiere et al., 1989; Smith

et al., 2000; Figs. Sla and c). The magnitude of EKE is underestimated
along the GS at 55°W throughout the whole water column compared to
GLORYS12 (Figs. S1b and d; see also Richardson, 1983). Vertical profiles
of the mean and eddy kinetic energy in the region around the Grand
Banks in VIKING20X are consistent with other high-resolution models
and GLORYS12 (Zhai et al., 2015; Fig. Sle). Overall, these results
highlight the ability of the VIKING20X model to reproduce the vertical
structure of the circulation’s variability in the region of interest for this
study. The slightly different representation of the GS at 55°W has minor
impacts on the dispersal of larvae along the continental slope, as shown
in section 3.2.

3.1.2. Labrador Current and Deep Western Boundary Current

From the Labrador Sea, the Labrador Current transports water
southward along the slope in the top 600 m. The Deep Western
Boundary Current (DWBC) is responsible for a southward transport of
more dense water below the LC (New et al., 2021, Fig. 2).

Since it is especially important for our study of connectivity, Fig. 4a
shows a velocity section on the eastern side of the Grand Banks (east of
Flemish Cap) at 47°N. The long term mean velocity structure in the
model agrees well with the mean structure derived from lowered
acoustic doppler current profilers (LADCP). The LADCP measurements
were conducted during 9 ship sections between 2003 and 2017. The
dataset was published by Mertens et al. (2019) and is described in Rhein
et al. (2019). The main core of the DWBC is found above the continental
slope with a maximum speed of 30 cm/s at approximately 2000 m depth
in both, the VIKING20X model and LADCP observations. A secondary,
bottom intensified, core can be seen above the continental rise. Further
east, the mean velocity is northward associated with the NAC that ex-
tends to the seafloor. Also the southward flow associated with the
Newfoundland Basin Recirculation Gyre (Bower et al., 2009; Mertens
et al., 2014) is visible in the model. The close match between the model
and observations highlights that VIKING20X is capable to simulate de-
tails of the mean flow at depth. This comparison shows that the per-
formance east of Flemish Cap is comparable to its predecessor VIKING20



T. Schulzki et al.

Deep-Sea Research Part I 213 (2024) 104404

a) b)
0 — 0
-— ’ : -—
1000 - 1000
£ 2000 2000 -
S
@ 3000 - 3000 -
o -~
4000 4000 - A
5000 : ; T 5000 : . :
44°W 42°W 40°W 38°W 36°W  44°W 42°W 40°W 38°W 36°W
[em s™1]
-60-45-30-15 0 15 30 45 60 o
c) [ems™]
52°N 10
8
48°N -,
6
44°N
4
3
40°N NN
77 )‘;’{ Dy = 2
| e Z
NI 4
cabin e e
360N AR S (T E B . . . 0
60°W 55°W 50°W a5°W 40°W 35°W

Fig. 4. Mean velocity section at 47°N derived from ship-based measurements (Mertens et al., 2019; a) and from the VIKING20X model (1980-2018; b) The position
of the section is indicated by a dashed black line in panel (c) along with the mean velocity (1980-2018) at 3650 m depth. The Titanic is marked with a red cross. The
grey line indicates the 500, 2000 and 4000 m depth contours. ToGB — Tail of the Grand Banks.

that was documented by Mertens et al. (2014).

South of 47°N the LC and DWBC continuously follow the continental
slope and turn west around the Tail of the Grand Banks (Schott et al.,
2004, Fig. 2). The main core of the DWBC at mid-depth is located to the
north of the Titanic (Fig. 3a and b). At the Tail of the Grand Banks a
considerable amount of water recirculates northward in the Labrador
Current Retroflection (e.g. Fratantoni and McCartney, 2010). In the
model as well as in observations the retroflection occurs just east of the
Titanic position. The retroflection is strongly affected by the interaction
of GS/NAC meanders and eddies with the LC (Goncalves Neto et al.,
2023; Jutras et al., 2023). Therefore, the presence of the LC retroflection
in model again indicates that meanders and eddies originating from the
GS and NAC can reach the Titanic position.

The interaction of these eddies and meanders with the southward
currents along the boundary can generate strong mesoscale activity it-
self. For example, Brickman et al. (2018) find westward moving eddies
that are generated by an interaction of the GS with the LC. The presence
of strong mesoscale activity at the Tail of the Grand Banks is further
supported by the several in-situ and virtual float release experiments.
Bower et al. (2013, 2009), Gongalves Neto et al. (2023) and Jutras et al.
(2023) all find floats advected southward in the LC/DWBC to leave the
western boundary at the Tail of the Grand Banks in strong meanders or
eddies. Furthermore, submesoscale eddies of subpolar origin, known as
submesoscale coherent vortices, were shown to form south of the Grand
Banks. They have a subsurface maximum and propagate west- or
southward (Bower et al., 2013). The Tail of the Grand Banks is one of the
most complex regions of the Atlantic with several energetic currents
interacting with each other and with mesoscale and submesoscale cir-
culation features that can emerge from various sources. VIKING20X is
capable to simulate these complex interactions and the resulting strong
mesoscale activity.

3.1.3. Mean flow at the Titanic depth
The Titanic itself, at a depth of 3800 m, is shielded from a westward

flow by the Newfoundland Ridge extending south from the Tail of the
Grand Banks. The flow follows the 4000 m depth contour in south-
westward direction around the Tail of Grand Banks in agreement with
other model results (Han et al., 2008). The water flows around the
Newfoundland Ridge and then diverts into a pathway that continuous
westward and a secondary pathway that turns to the northwest towards
the Titanic. The latter forms a weak current along the bathymetry
(Fig. 4c).

The flow away from the boundary is predominantly east and
northward, but follows strongly meandering pathways with several
recirculations, especially north of 42°N. This is probably a result of
strong variability caused by the interaction between the DWBC and NAC
and high eddy activity (Bower et al., 2011; Schott et al., 2004).

Overall, VIKING20X is able to simulate narrow currents along the
shelf break with realistic velocities throughout the water column and a
highly variable and deep reaching GS/NAC (see also Biastoch et al.,
2021). In particular, the model is able to realistically simulate the
interaction of the GS/NAC with the LC/DWBC at the Tail of the Grand
Banks (above the Titanic wreck site). The deep flow and its variability
upstream of the wreck site are in agreement with observations. VIK-
ING20X simulates a realistic depth structure of EKE in the region around
the Grand Banks, but underestimates the energy contained in mesoscale
variability near the surface and in mid-depth above the Titanic,
compared to observational data and other models. The depth structure
of EKE within the GS and NAC are in agreement with other
high-resolution models and observations north and south of the wreck
site. This provides confidence that the model is able to simulate realistic
flow variability also at depth. Although the Gulf Stream is located too far
south west of 55°W, this has no major impacts on the variability at the
wreck site, where the position of the GS and associated meanders and
eddies is in good agreement with observations. The magnitude of
mid-depth EKE along the continental slope, east of the Grand Banks
(Fig. S1) and at the position of the Titanic, is similar in VIKING20X and
GLORYS12, despite a different position of the GS axis at 55°W. This
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suggests that a most of the variability at the wreck site is associated with
the LC/DWBC and its retroflection, which is well represented in VIK-
ING20X. It is therefore concluded that the circulation features that are
deemed important for this study are reasonably well-represented.
Further, VIKING20X, as well as its predecessor VIKING20, have
demonstrated their ability to simulate deep flow variability in several
studies (Biastoch et al., 2021; Handmann et al., 2018; Schubert et al.,
2018; Schulzki et al., 2021). Therefore, the VIKING20X model is well
suited to study the dispersal of larvae from and to the Titanic, but im-
perfections that are present in all models need to be kept in mind when
interpreting the results. Because there are no long-term measurements
available at the wreck site, or in close proximity, it is not possible to
verify the models’ ability to realistically simulate the circulation at the
Titanic itself.

3.2. Larval dispersal from the RMS Titanic

When released at the Titanic, passive Lagrangian particles in EXPpas
follow two main pathways within the first 90 days after their release
(Fig. 5a). One pathway follows the 3500 m isobath to the west. This
pathway is diverted into a northern and a southern branch by a shallow
(water depth 2500 m) seamount. The second pathway is directed south
and bounded approximately by the 3500 and 4000 m isobaths. A com-
parison with EXPy..n reveals that the contribution of the mean flow is
strongly limited. If the steady 10-year mean velocity field is used to
advect particles, the dispersal follows the bathymetric contours, as ex-
pected for geostrophic flow (note that variations in depth are much more
important here than variations in the Coriolis parameter). Additionally,
the distance reached within 90 days from the wreck site is much smaller

53°W 51°W 49°W 47°W

C) EXPpas (summer)
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and the southward pathway is not existent, if temporal variability of the
circulation is not considered (Fig. 5d).

To further investigate the mechanism that control the dispersal,
Lagrangian experiments were conducted using the annual mean velocity
fields between 2009 and 2018 (Fig. 5e). It is apparent that considering
interannual variability of the circulation is not sufficient to explain the
full dispersal pattern seen in EXPp,,. A similar conclusion can be drawn
from EXP.n for seasonal variability of the circulation. In EXPy, and
EXPjim particles are still strongly confined to the depth contours and
reach only limited distance from the wreck site (Fig. 5e and f). An
insignificant number of particles can take a southward pathway, but
only reach about 100 km from the wreck site.

This is further supported by calculating the probability distributions
from EXPp,s for each season (based on the month of release) individu-
ally. As an example, Fig. 5c shows the distribution of all particles
released in summer. The distributions for all seasons are shown in
Fig. S2. They reveal that the pathways itself do not change with seasons,
but are very similar to the distribution derived from all particles released
in the experiment. The 95% contour extends similarly far west and south
from the Titanic position in all seasons. This again demonstrates that
subseasonal variability has a much larger impact on the dispersal
pattern.

The limited distance from the wreck reached in the EXPean, EXPy;
and EXP.in experiments and the mostly absent southward pathway,
show that the subseasonal variability of the flow has a dominant impact
on the dispersal pattern. It allows larvae to cross bottom contours,
leading to much more diffusive pattern. Temporal variability on sub-
seasonal timescales allows a significant number of larvae to follow a
southward pathway and increases the distance reached from the Titanic
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Fig. 5. Probability of particles to be found within 0.05° x 0.05° bins within 90 days after release. Particles are only counted once per bin. a) All particles released in
EXP,.s and b) all particles released in EXP,. ¢) Only particles in EXPy,s that are released in summer. d) Particles released in EXPpean in a 10-year (2009-2018)
averaged velocity field. e) Particles released in EXPy, in the 10 annually averaged velocity fields of years 2009-2018. f) Particles released in EXPjin in 12 clima-

tological mean monthly velocity fields (climatology based on years 2009-2018).
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in the westward (mean flow) direction. In particular, westward or
southward spreading is not determined by seasonal or interannual, but
shorter, variations of the deep circulation. These results are supported
by passive Lagrangian experiments conducted in the GLORYS12 ocean
reanalysis (Fig. S3).

A comparison of Fig. 5a and b shows that including active vertical
movement does not lead to strong differences in the dispersal of larvae.
The qualitative description of the pathways for EXP},,s above is still valid
for EXP,.t. The 95% contour line extends further west, indicating that
the distance larvae can reach from the Titanic slightly increases. In our
experiments, larval particles can swim upward with 1.5 mm/s for 6 days
(777 m in total) and thus reach a depth of about 3000 m. As will be
shown later, the circulation features that govern the dispersal do not
have a strong velocity shear in this depth range. Therefore, the dispersal
remains quite similar in the two experiments, and the swimming ve-
locity that was defined in this experiment does not greatly impact the
spreading in relation to the variability of ocean currents.

At the same time, the minor change in distance reached from the
Titanic in EXP,; does allow for a considerable number of larval particles
(indicated by the 95% contour) to reach the Canadian Exclusive Eco-
nomic Zone (EEZ; EEZ boundaries were obtained from the Flanders
Marine Institute (2019) Maritime Boundaries Geodatabase). In the
passive dispersal scenario (EXPp,s), few particles can reach the EEZ,
even under particularly strong circulation conditions (Fig. 5a). Although
larval particles get close to the natural occurrence of C. agassizii (P-B12;
Fig. 5) reported in Baker et al. (2012), their spreading is confined to
regions offshore the 3500 m isobath, while P-B12 is located at 2000 m
depth. Thus, direct connectivity is only possible with longer larval
longevity than 90 days and higher vertical swimming capabilities than
expected.

A direct dispersal from the Titanic to the aforementioned populations
of C. agassizii P1 and P2 (Fig. 2) does not seem to be possible without
additional stepping stones. There is no pathway to the north and larvae
transported westward along the continental slope does not reach further
than 55°W in any of the experiments. However, we do recognize that
there are likely to be as yet undocumented habitats in the region that
could be the stepping stones, which is further discussed in section 4.

a)
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3.3. Circulation conditions controlling the spreading

As shown in the last section, there are two main pathways of particles
released at the Titanic. The Lagrangian experiments showed that sub-
seasonal variability of the flow is much more important for the
spreading than the mean flow and interannual or seasonal variations.
We now study which physical mechanisms are associated with sub-
seasonal variability that causes particles to spread either to the west or
to the south. Therefore, we combine our Lagrangian experiments with a
Eulerian analysis of the velocity field.

3.3.1. Velocity composites

We group all months by the dominant spreading direction in EXP}as
and calculate the composite velocity field of the respective months. For
each release, we calculate the center of mass of all particles after 30
days. We chose to consider the position after 30 days, as we are inter-
ested in the processes that determine the initial dispersal from the wreck
after release. These positions are shown in Fig. 6a. Subsequently, these
positions are compared to the Titanic position. We group the release
months according to the following equations:

WEST: lony(tre]) < (lont - Xghr)
SOUTH: latp(tre) < (latr - Yenr)

lonp(tre) and latp(tre) denote the coordinates of the center of mass of
all particles released at time t,; 30 days after the release. lony and laty
are the Titanic wreck’s (bow section) coordinates. x¢,- and y,, are 80%
percentiles of lon,, and lat;, for all release months. As a result, the WEST
group contains all release months, where particles spread anomalously
far towards the west (24 release months; marked blue in Fig. 6a). The
SOUTH group contains all months where particles spread anomalously
far south (21 release months; marked purple in Fig. 6a).

Fig. 6b shows the mean circulation around the Titanic. The wreck is
located in an embayment about 80 km in diameter, bounded by the
Grand Banks and the Newfoundland Ridge, shielding it from a large-
scale westward flow. Instead, it is characterized by a slow (<3.5 cm/s)
cyclonic circulation along the bathymetry. The mean velocity is directed
northward directly at the Titanic and turns westward further north. The
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Fig. 6. a) Centre of mass of all particles released in a particular month in EXP,s, classified based on anomalously strong westward (WEST; blue), or southward
(SOUTH; purple) spreading. The red cross marks the Titanic position and the boundaries used for classification are indicated with dashed red lines. b) Mean
(2009-2018) velocity at 3650 m depth. Composite velocity for subsets WEST (c) and SOUTH (d) at 3650 m depth. In all subpanels grey contours show the water
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flow then continuously follows the bathymetry to the west.

During months of anomalous westward spreading the cyclonic cir-
culation within the embayment is strongly enhanced (Fig. 6¢). The
composite velocity can exceed 10 cm/s. In contrast, the circulation re-
verses to anticyclonic flow during phases of strong southward spreading
along the 3700 m isobath.

The composite of all months when spreading is neither anomalously
west- nor southward, is nearly indistinguishable from the mean field
(not shown). This is reasonable, since this group represents spreading
under typical conditions. During normal conditions the particles tend to
spread north-westward, but do not reach great distances from the Titanic
(Figs. 6a and 5d).

In the following, we investigate the mechanisms causing the cyclonic
circulation at depth to speed up, or to reverse. Therefore, we analyze
composites of months with strong westward and southward spreading at
shallower depth levels.

The composite of all months with strong westward spreading shows
the presence of intense anticyclonic eddies located to the southeast of
the Titanic at a depth of 1,000m (Fig. 7a). The western side of the eddies
with north-eastward velocities is located directly above the wreck.

Also, strong southward spreading is associated with anticyclonic
eddies at mid-depths (Fig. 7b). However, the eddies are located to the
southwest of the Titanic and therefore velocities above this position are
directed south-eastward.

As described before, these eddies can be of different origin. Mooring
observations (Richardson et al., 1979) suggest that Gulf Stream Rings
possibly extend to the seafloor, affecting the dispersal of larvae released
in abyssal ecosystems. However, based on the near-surface composites
(Fig. 7c and d), the circulation features affecting the dispersal must not
have a clear surface signature. The near-surface circulation above the
Titanic position is dominated by strong eastward velocities without a
closed anticyclonic flow being visible in both cases. This suggests that in
addition to Gulf Stream Rings, benthic storms driven by deep cyclo-
genesis and subsurface eddies of subpolar origin impact the spreading of
larvae.
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3.3.2. Characteristics of exemplary eddies

Composite means may not always represent true circulation, espe-
cially during extreme events. Therefore, we also provide the monthly
mean velocity for the two release months with the strongest spreading in
southward/westward direction. It is clearly visible in Fig. 8a and b that
both events are associated with a strong mesoscale eddy at mid-depths,
and both eddies are anticyclonic. For westward spreading, the center of
the eddy is to the southeast of the Titanic, while it is to the southwest for
southward spreading and therefore closely resembles the composite
maps in Fig. 7.

A section through both eddies shows that their depth structure differs
in the upper water column. While for the eddy in October 2009 (Fig. 8c)
the strongest anomalies are found at the surface, the eddy in July 2011 is
characterized by a subsurface maximum at 600 m depth (Fig. 8d).
Accordingly, only the first eddy shows a pronounced surface signature.
The second eddy is associated with a very weak anticyclonic circulation
close to the surface only and no clear SSH anomaly (not shown). This
suggests, in agreement with the composites, that not all eddies occurring
south of the Grand Banks are Gulf Stream Rings with a detectable
signature at the surface.

Despite these differences, both eddies are associated with deep ve-
locity anomalies extending to the seafloor. Therefore, eddies can alter
the deep flow (below the main eddy core) and affect the spreading of
larvae from the Titanic. The first eddy does increase the northward flow
into the embayment. At the longitude of the Titanic (dashed grey line in
Fig. 8c) the velocity anomaly is positive and thus associated with
stronger than average northward flow along the eastern side of the
embayment. This anomalously strong northward flow into the embay-
ment must turn westward as it approaches the northern boundary of the
embayment at 3650 m depth. Therefore, the westward flow exiting the
embayment is enhanced and particles from the Titanic can spread further
to the west than under normal conditions. The second eddy is associated
with an eastward velocity anomaly below 3000 m. At the latitude of the
Titanic (dashed grey line in Fig. 8d) the eddy pushes water eastward into
the embayment. An eastward flow along the northern boundary of the
embayment must turn southward as it approaches the shallow ba-
thymetry in the east. This southward flow is then responsible for
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Fig. 8. Monthly mean velocity at 1000 m depth in the months of strongest westward spreading (10-2009; a) and strongest southward spreading (07-2011; b). The
Titanic is marked with a red cross. Grey contours show the water depth with an interval of 500 m. ¢) Meridional velocity anomaly (10-2009) along the section shown
in a). d) Zonal velocity anomaly (07-2011) along the section shown in b). The vertical grey lines indicate the latitude/longitude of the Titanic.

carrying larvae away from the Titanic towards the south.

The rather small vertical gradients in the velocity anomaly below
2500 m can also explain why active vertical movement does not strongly
affect the spreading. Active swimming to shallower depths (in a realistic
range) does not cause the particles to enter a different flow regime and
thus does not greatly alter their pathways. In EXP, particles reach a
depth of about 3000 m. This is still well below the eddy core of both
exemplary eddies. Note that also the mean flow does not show signifi-
cant vertical gradients in the depth range covered by the larvae.

The circulation in individual months with anomalously strong
spreading not always exactly resembles the corresponding composite
mean, or the two exemplary snapshots shown here. Still, in most cases
the presence of mesoscale structures is visible in the vicinity of the
Titanic, causing the flow to have a strong northward (for westward
spreading), or south-eastward (for southward spreading) component at
mid-depth.

Mesoscale features therefore play a major role in VIKING20X,
determining the direction and strength of the modelled spreading of
larvae. However, particles are not entrained into and carried by the eddy
itself. Instead, the abyssal circulation, strongly guided by the bathym-
etry, responds to the overlying eddy and causes the flow to be stronger
than average in a westward direction, or to reverse. We find that all
types of mesoscale features, deep cyclones generated below GS/NAC
meanders, Gulf Stream Rings, and eddies of subpolar origin, may impact
larval spreading. Meanders of the GS and Warm Core Rings north of the
GS axis are anticyclonic (e.g., Brown et al., 1986). Also eddies of sub-
polar origin at the Tail of the Grand Banks are predominantly anticy-
clonic (Bower et al., 2013). This could explain the apparent dominance
of anticyclonic eddies on larval trajectories. A dominant impact of
eddies from subpolar origin is further supported by the similarity of the
dispersal from the wreck in VIKING20X and GLORYS12 (Fig. 5 and S3).
While differences exist in the position and variability of the Gulf Stream,
variability associated with the LC retroflection is more similar in the two
models.
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3.4. Ecosystem connectivity along the Northwest Atlantic continental
slope

After studying the fate of larvae spawned at the Titanic wreck the
question arises, whether the Titanic is connected to other known pop-
ulations of C. agassizii. Known occurrences of C. agassizii at the present
time are marked in Fig. 9 (extracted from a subset of data compiled by
Ramiro-Sanchez et al., 2020 and a position reported in Baker et al.,
2012). As already mentioned, larvae cannot reach these locations
directly assuming a maximum larval longevity of 90 days. Nevertheless,
the more northerly occurrences and the occurrence at ‘P-B12’ in close
proximity to the wreck site could be sources for the Titanic population.
The downstream ecosystems off Nova Scotia may be reached with a
reasonable number of stepping stones. Possibly the Titanic could be a
stepping stone itself connecting these populations to the slopes and
seamounts of the Northwest Atlantic and into the Canadian EEZ.

3.4.1. Connectivity between naturally occurring populations

To study whether such a connectivity is possible, we release particles
at the position labeled as ‘P1’ in Fig. 9 (EXPpy.po). Population 1 is located
north of the Titanic, at a depth of approximately 400 m. This location is
directly influenced by the strong mean flow of the LC and DWBC along
the continental slope.

A significant number of released particles continuously follow the
bathymetry to the south (Fig. 9a) and reach P-B12 within 90 days.
Population 2 (‘P2') is located further downstream the DWBC and con-
nectivity to P1 is mostly determined by the larval longevity. In close
proximity to P2 and in the downstream DWBC direction there are
several more known populations. A connection to P2 would therefore
also connect P1 to all of these populations. In VIKING20X, the fastest
virtual particles reach P2 within 120 days (Fig. 9a). A similar result is
obtained from the GLORYS12 ocean reanalysis (Fig. S4). Thus, only one
additional population along the pathway would be required, if a
maximum larval longevity of 90 days is assumed. P-B12 could be such a
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Fig. 9. Minimum age of particles when first arriving in 0.05° x 0.05° bins in EXPp;.p2 (a). The red contour shows the 95% contour based on a corresponding
probability map. Light blue dots show known populations of Chrysogorgia agassizii and dark blue contours known populations of other Chrysogorgia species. Grey
contours indicate a water depth of 1000 and 3500 m. Same for EXPt.py (b) and EXPg;5 (c). Selected trajectories (length: 55 days) from EXPp;.1 colored with their
depth and 500 m velocity snapshot (06-08-2009; d). The grey line indicates the 500 m isobath. The Titanic is marked with a red cross.

stepping stone. Nevertheless, P-B12 is located at 2000 m depth, where
currents are slower. As a consequence, the minimum transit time from P-
B12 to P1 is 115 days (Fig. 9¢) and thus not considerably lower.

3.4.2. Connectivity between natural occurring populations and the Titanic

Not all larval particles remain in the LC/DWBC and eventually reach
P2. As they encounter the Tail of the Grand Banks, some particles are
diverted to the south towards the Titanic.

Although larvae can spread and reach the Titanic in a relatively short
time (within 30 days), there is a large vertical gap between the particles
at mid-depth and the Titanic at 3800 m depth. Thus, for a connection
between the populations to be realized, the larvae must sink due to
negative buoyancy, or active downward swimming along the way.

To assess whether this could be possible, we conduct different ex-
periments releasing virtual particles at P1. In these experiment particles
can sink at 1.5 mm/s, if they are more than 100 m above the sea floor.
Different scenarios were tested in which particles start to sink after a
different duration of passive drift. In all scenarios that force particles to
stay close to the seafloor very early, they are not advected in the fast LC
or main DWBC core, but move with the much slower water at depth and
need far longer than 90 days to reach the Tail of the Grand Banks (not
shown).

In an experiment with passive drift for 30 days and sinking afterward
(EXPp;.1), particles can reach the Titanic’s horizontal and vertical vi-
cinity within 50 days. In two of the 12 release months, particles follow
the LC/DWBC along the boundary and leave it in an eddying motion at
the Tail of the Grand Banks. The velocity snapshot at the time particles
leave the western boundary shows an anticyclonic eddy at mid-depth
centered at 50.6°W. Due to their added negative velocity, they spiral
down the eddy and exactly reach the Titanic at approximately the correct
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depth (Fig. 9d). This is a special case and the vast majority of particles
continuously follow the LC/DWBC around the Tail of the Grand Banks,
or are diverted into the interior ocean earlier.

Ontogenetic changes in larval buoyancy and behavior are common in
deep-sea species (Arellano, 2008; Larsson et al., 2014), but an onset of
larval swimming after passive drift of 30 days is unlikely. However, one
could also interpret this vertical profile, as larvae becoming negatively
buoyant after a certain age and/or their negative buoyancy can be
balanced by swimming up to a certain age. However, as mentioned
before these experiments are not thought to be a realistic simulation of
the true spreading, but help to answer the question, whether closing the
vertical gap between the two populations is at least theoretically
possible and what larval characteristics would be needed.

Although downstream the DWBC, P-B12 could act as source popu-
lation of larvae at the wreck site as well, if particles can temporarily
spread against the mean flow direction. However, we find that larvae
released at P-B12 are strongly confined to the continental slope and
exclusively spread in westward direction (Fig. 9¢). This is consistent
with our hypothesis that the presence of eddies is needed to allow for
considerable distances reached against the mean flow. Eddy activity at
P-B12 is significantly lower than at the Tail of the Grand Banks.

Since particles from the Titanic can spread westward, they reach the
vicinity of P-B12 and eventually of P2. As suggested before, without
active vertical swimming connectivity from the Titanic to P-B12 is not
possible, since P-B12 is located further up the continental slope. Because
velocities at depth are much lower and particles spread significantly
slower the time needed to reach P2 from the Titanic well exceeds 90
days. A release experiment from the Titanic with an extended run time
(EXP.py) shows that after 180 days, particles only reach about 57°W
(Fig. 9b). Doubling the assumed larval longevity thus only allows larvae
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to reach 2° further west (compare Fig. 5). This is caused by particularly
slow mean velocities between 53°W and 60°W at depths below 3000 m.
Note that there are also no eddies present along the continental slope in
this area, that could enhance the flow temporarily. After 300 days (not
shown), larval particles can only reach 61°W. Even when larvae (with a
large number of stepping stones) could reach 65°W, they arrive at a
depth below 3000 m and would need to swim more than 1000 m up-
wards to reach P2. As a consequence, we conclude that an exchange
between the Titanic and P2 is not impossible, but unlikely.

In summary, there seems to be a main DWBC pathway that could
connect P1 and P2 (with P-B12 as a potential stepping stone). As larvae
reach the Tail of the Grand Banks, they can be detrained from the LC/
DWBC in eddies and reach the Titanic, possibly even without any addi-
tional stepping stones. The largest uncertainty, whether such a direct
connectivity exists, is the vertical distance between the populations.

From the Titanic, the larvae spread westward in a ‘deep DWBC"
pathway and to the south towards the abyssal ocean. Therefore, the
Titanic may be a stepping stone from P1 into the abyssal ocean, but likely
not a stepping stone from P1 to P2, due to the slow velocities at depths
below 3000 m.

Acknowledging that the identification of C. agassizii on the wreck
was challenged, Fig. 9 also includes the position of known occurrences of
all Chrysogorgia species from the dataset compiled by Ramiro-Sanchez
et al. (2020). However, no additional information about connectivity
can be obtained. No additional populations are apparent that may be
reached from the Titanic, or that could be a source of the Titanic popu-
lation. Populations on the Corner Rise Seamounts at 35°N may be
reached from P1 (within 150 days). However, the populations are at a
depth of 2000 m and therefore again the larvae would need to bridge a
large vertical gap. The southerly pathway away from the Titanic is too
slow to reach the Corner Rise Seamounts within 180 days once larvae
are advected away from the continental slope (Fig. 9b).

4. Summary & discussion

In this study, we investigate whether the natural history legacy of the
RMS Titanic in abyssal waters depends on upstream connections to
distant populations, and whether the Titanic herself could now confer a
resilience to the network of deep-sea coral populations in the North
Atlantic. While the GS is located too far south west of 55°W, the VIK-
ING20X model is able to realistically simulate interactions between the
GS and the LC/DWBC close to the wreck site. The magnitude of EKE is
overall underestimated compared to observations and ocean reanalysis,
in particular along the GS. The vertical structure of EKE compares well
with both, direct observations and other models. Also, the strength and
vertical structure of the DWBC east of the Grand Banks is realistic. A
verification of the models’ velocity field at the wreck site is not possible
due to the lack of observations. Still, based on the good representation of
the mechanism responsible for circulation variability in the region
around the Titanic and of the mean circulation along the continental
slope, we are confident that the study identifies representative dispersal
pathways to and from the Titanic. This is further supported by the high
similarity of trajectories derived from VIKING20X and the GLORYS12
ocean reanalysis and allows us to employ the VIKING20X model to
ascertain the importance RMS Titanic in today’s marine ecosystem
connectivity. Below, we summarize and discuss the importance of
mesoscale eddies in abyssal and bathyal larval transport, the role of
larval biology and limitations in our knowledge, and the contributions
the Titanic could play in deep-sea coral (as well as other sessile biota)
connectivity.

4.1. Mesoscale eddies control dispersal of larvae at the Titanic
In agreement with observations, the circulation above the wreck site

in VIKING20X is associated with strong mesoscale eddy activity (Fig. 3).
We discover that the position of these mesoscale eddies exerts significant
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control over the spreading of larvae to and from the RMS Titanic. Un-
expectedly, effects of mesoscale eddies on dispersal far outweigh effects
of either spawning or release season, or larval swimming behavior as
defined in our experiments. The mean flow, as well as seasonal to
interannual variability, have a minor contribution to the dispersal of
larvae (Fig. 5). Instead, our study finds the spreading of C. agassizii to
and from the RMS Titanic to be mainly determined by stochastic pro-
cesses on subseasonal timescales.

While the eddies have a well-defined structure in the top 1000 m, no
closed circulation can be seen at 3800 m. Experiments (EXPpas, EXPjct
and EXPrt.py) show that larvae seeded at the Titanic (at 3800 m) are not
entrained into and carried by the closed circulation of the eddies
directly. Instead, the abyssal circulation, strongly guided by the ba-
thymetry, responds to the overlying eddies. This leads to a difference
between the dominant propagation direction of eddies in this region
(south-westward for eddies of subpolar origin and eastward for Gulf
Stream rings; Bower et al., 2013; Chelton et al., 2011) to the main
spreading direction (westward). Although the mean circulation is
directed to the west (Figs. 4 and 6), the presence of mesoscale activity
associated with the GS/NAC and LC/DWBC does allow for a faster
spreading at certain times, as well as considerable distances reached
against the mean flow direction. Additionally, variability of the circu-
lation introduced by eddies allows larvae to cross bottom depth con-
tours, causing a much more diffusive spreading. These results show that
the interaction between eddies and the topography can cause very
different spreading patterns than expected from the mean flow. As a
consequence, the existence of eddies is much more important for larvae
spreading away from the Titanic than the mean flow (Figs. 5-7).
Spreading, not only in the westerly mean flow direction, but additionally
to the south, is of particular importance, since it provides a pathway
away from the continental slope into the abyssal ocean (Fig. 5). This
result is consistent with Wang et al. (2021) who note that in regions
where the mean flow dominates, there is little difference between
dispersal patterns in annual mean and monthly velocity fields. However,
differences become important in the vicinity of topographic features and
in the presence of highly variable flows.

Because EKE and the strength of individual eddies at the Titanic
position are underestimated compared to observations (Fig. 3), the
impact of mesoscale activity on the spreading of larvae could be even
stronger in the real ocean than described here. Due to the bathymetric
constraints a radically different spreading behavior is unlikely, but
distances reached from the wreck within 90 days may be larger. One
would expect stronger eddies to generate larger anomalies of the cir-
culation at depth that would carry the larvae further away within a
given time. Nevertheless, difference between the model, observations
and the GLORYS12 reanalysis are most pronounced along the GS axis,
while variability of the LC/DWBC is more similar. As the dispersal dis-
tance is nearly the same in GLORYS12, this suggests that variability of
the LC/DWBC is more important for the dispersal along the continental
slope and from the Titanic in particular.

Eddies are present nearly everywhere in the ocean (Chelton et al.,
2011) and were shown to impact deeper water ecosystem processes
including larval dispersal in deep-sea benthic ecosystems. They may
help to retain and accumulate deep-sea larvae, or they may help to
transport them over long distances. For example, eddy-driven impacts at
the northern East Pacific Rise very likely extend beyond the upper ocean
and main thermocline and can result in long-distance larval export from
the hydrothermal vents (Adams et al., 2011). Other studies find ba-
thymetry, wind variability and currents to results in a deep reaching
eddy field that can affect the transport of matter on the seafloor at
around 2000 m depth (Wang et al., 2019; Zhang et al., 2014). Our results
suggest that an impact of mesoscale variability is not only possible in the
upper ocean and mid-depth (e.g., Adams et al., 2011; Bracco et al.,
2019), but also at the abyssal depths of the Titanic, nearly 4 km deep.
Even if the near-surface flow in a given area may not be characterized by
particularly strong mesoscale activity, the deep ocean may be (Schulzki
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et al., 2021). This highlights the need to perform Lagrangian dispersal
experiments in high-resolution models so that simulations can explicitly
represent mesoscale eddies and to achieve a more realistic representa-
tion of the bathymetry, especially close to the continental slope.
Furthermore, eddies occurring at the Titanic position are not stationary.
In agreement with observations (Bower et al., 2013; Chelton et al., 2011)
eddies tend to propagate east, or south-westward, depending on their
origin. The modelled velocity fields show that eddies remain above the
Titanic position for periods shorter than a month. In most other regions
of the ocean, eddies are not stationary, but propagate as well (Chelton
etal., 2011), suggesting that dispersal studies should be carried out with
a temporal resolution of the velocity field below one month to capture
the impact of individual eddies.

4.2. The impact of larval behaviors on dispersal from the Titanic wreck

We do not find a significant dependency of the spreading distance or
direction of larvae on the season (Fig. 5, Fig. S2). As mesoscale eddies
above the Titanic position strongly control the spreading, more (or more
intense) eddies would need to be present in different seasons to generate
a seasonal cycle of the dispersal. A lack of a pronounced seasonal cycle in
the modelled EKE is thus consistent with our result and in agreement
with Schott et al. (2004), who do not find EKE east of the Grand Banks to
show considerable seasonal variations. Whether C. agassizii is a seasonal
spawner is therefore not expected to strongly affect its potential
spreading from the wreck. Dispersal along the upper continental slope
(e.g., from P1 to P2), that is mostly determined by coherent currents
rather than stochastic eddy variability, could be more strongly affected
by the season. The LC was shown to vary substantially between the
seasons (Han et al., 2008).

As the vertical velocity shear of individual eddies at abyssal depths is
very small (Fig. 8), active swimming to shallower depths with the as-
sumptions regarding duration and speed made in the present study does
not greatly alter the dispersal patterns. Vertical swimming has been
shown to be favorable for the dispersal of deep-sea species by allowing
larvae to reach shallower waters where the circulation is usually faster.
Nevertheless, short larval duration and early descent can counteract the
advantages of vertical swimming (Gary et al., 2020). The larval duration
used for the active experiments of this study is indeed low compared to
that of other deep-sea species which display larval duration of several
weeks (Hilario et al., 2015; Young et al., 2012), and this may have
contributed to the limited role of larval swimming in our study system.
On the other hand, some deep-sea species with longer larval duration
have different larval characteristics compared to those expected for
C. agassizii. The deep-sea scleractinian coral Desmophyllum pertusum
(synonymous with Lophelia pertusa), for example, displays larval dura-
tion of 3-6 weeks (Larsson et al., 2014), but its larvae are planktotrophic
while octocoral larvae are typically lecithotrophic (Waller et al., 2023;
Watling et al., 2011). Since there is currently very little knowledge on
the larval biology of deep-sea species, we based our experiments on the
little information that is currently available for deep-sea octocorals,
avoiding comparisons with other taxonomic groups that may display
completely different larval traits.

The potential upper limit for the impact of swimming can be derived
from EXPpj.py and EXPpy». If the PLD is sufficiently long for larvae to
reach about 2000 m depth, direct connectivity to P-B12 is possible. At
the same time, larvae would get entrained into the main DWBC core
with very high current speeds in which they can be transported rapidly
towards the Nova Scotian slope (Fig. 9). In this case, they would need to
reach about 2000 m depth and stay at this depth to become entrained
into the strong DWBC flow.

4.3. Ecosystem connectivity along the Northwest Atlantic continental
slope

Larvae released on the continental slope at the eastern side of the
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Grand Banks (position of population P1; Fig. 2) are rapidly advected
southward in the LC/DWBC. A significant number of larvae follow the
continental slope and eventually reach a known population off Nova
Scotia with one additional stepping stone required (Fig. 9). P-B12 could
be such a stepping stone, although due to the greater depth of P-B12
compared to P1, minimum transit times to P2 are similar. As for the
spreading of larvae from the Titanic itself, the spreading distance from
P1 is similar in VIKING20X and the GLORYS12 reanalysis. Our results
are further consistent with a study carried out by Wang et al. (2022),
who find possible connectivity between corals from the Scotian Shelf to
the Tail of the Grand Banks. The larval longevity strongly determines the
distance that larvae are transported within the LC/DWBC and thus the
number of stepping stones required, again highlighting that further
studies on the larval biology of the species are essential.

However, not all virtual larvae continuously follow the LC/DWBC.
Some larvae become detrained from the DWBC around the Tail of the
Grand Banks and potentially reach the Titanic wreck (Fig. 9). Again,
mesoscale ocean eddies seem to play a major role. At mid-depth the
rotational speed of these eddies is about 6 larger than the translational
speed. Thus, consistent with Chelton et al. (2011), eddies can trap and
transport particles. As eddies that spin-off from the LC or DWBC pre-
dominantly propagate south-westward, larvae can be trapped at the Tail
of the Grand Banks and transported toward the Titanic position. This in
agreement with RAFOS floats leaving the LC and DWBC in eddying
motion at nearly the same location, associated with the Labrador Cur-
rent retroflection (Bower et al., 2013; Goncalves Neto et al., 2023; Jutras
et al., 2023).

Still, there is considerable uncertainty, whether such a connection
between P1 and the Titanic really exists, since larvae would need to
bridge a large vertical gap. We were able to construct an experiment
where larvae can reach the Titanic within 50 days after release. This
experiment requires larvae to bridge the vertical gap by fast downward
movement, which could be possible by downward swimming and/or a
change in larval buoyancy. Octocoral larvae are typically lecithotrophic,
i.e., non-feeding (Watling et al., 2011), and usually contain large re-
serves in the form of lipids which are also important for larval buoyancy
(Arai et al., 1993). During the pelagic phase, consumption of certain
lipids like wax esters can indeed lead to a decrease in larval buoyancy
(Harii et al., 2007). Regardless of the process, this scenario provides
indications of ontogenetic changes in larval behavior after a pelagic
phase of at least 30 days, highlighting once again the need for more
studies on the larval biology of this species.

Although the general circulation in this area provides a possible
connection, the large vertical gap and slower spreading rate at depth
make it more likely that connectivity between P1 and Titanic is reliant on
an intermediary stepping stone with a larval longevity of 90 days. Re-
sults obtained by Riehl et al. (2020) and a previously unexplored ridge
close to the Titanic in 2900 m that is part of Seamount U (Cleland et al.,
2024; Pe-Piper et al., 2007; Ocean Gate Expeditions; J.M. Roberts and S.
W. Ross, pers. obs.; Fig. 2), suggest that such stepping stones are more
frequent than expected. Larvae could reach this recently explored ridge
first, which is located about 1000 m shallower than the Titanic. This
would provide additional scenarios in which larvae could sink at a
slower speed.

Nevertheless, a much earlier onset of the downward velocity is un-
likely for such a scenario as well. Larvae would still need to be trans-
ported in the fast LC/DWBC towards the Tail of the Grand Banks, to
reach the Seamount U ridge within a time that does not require the
larval longevity to be more than twice our estimate of 90 days.
Furthermore, glacial dropstones commonly exist in the North Atlantic,
which are attachment sites for deep-sea sessile fauna (Smeulders et al.,
2014; Wienberg et al., 2008), but which do not show up on most map-
ping systems. Compared to the Titanic wreck, which constitutes a sig-
nificant input of hard substrate into a mostly soft-bottomed area,
dropstones are much smaller. Therefore, the Titanic is more likely to act
as a stepping stone for coral dispersal. Still, the existence of dropstones
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in the area adds a variety of possible pathways, making connectivity
even more probable. Since the positions and suitability of individual
dropstones for coral attachments is not known, they can not be included
in the connectivity modelling.

It should be noted that the identification of C. agassizii on the wreck
was challenged (Molodtsova et al., 2008), but considering known nat-
ural occurrences of all Chrysogorgia species does not allow to infer any
other connectivity scenarios involving the Titanic.

While active swimming/buoyancy, as defined in our experiment, was
found be of minor importance for the spreading from the Titanic, it could
play a major role for possible sources of larvae at the Titanic. Only if
swimming capabilities are much higher than expected, they would
considerably affect spreading from the Titanic itself by allowing direct
connectivity to populations along the upper continental slope. A more
detailed knowledge of the larvae’s buoyancy, swimming behavior and
larval longevity, would help to refine our results and better judge,
whether the assumptions made here are realistic. Integrated approaches
spanning genetics and experimental modelling would give even deeper
insights into patterns of connectivity over different temporal and
evolutionary timescales (Bracco et al., 2019).

As described before, from the Titanic, larvae may be exported along
southern and westerly pathways further into the abyss. While experi-
ments indicated that the Titanic is unlikely a direct source of C. agassizii
larvae for already known populations (Figs. 5 and 9) along the North-
west Atlantic continental slope, the wreck possibly functions as a step-
ping stone, connecting coral populations from the slopes of the Grand
Banks to abyssal populations in ABNJ along westerly and southerly
circulation pathways.

With a slightly longer larval longevity than 90 days, or the ability of
larvae to swim upwardes, it is possible that larvae can directly reach the
Canadian EEZ. Especially in combination with a longer PLD than 6 days,
vertical swimming could greatly increase the number of living larvae
that arrives in the EEZ. Furthermore, additional stepping stones in be-
tween would enhance the likeliness of larvae in the EEZ being supplied
by the Titanic.

5. Conclusion: The Titanic’s role in ecosystem connectivity and
the importance of eddies

Depending on larval buoyancy, duration and the configuration of
stepping stones, ocean circulation provides several possible pathways
for larvae from a natural occurring population on the eastern slope of the
Grand Banks to reach the Titanic, despite a large vertical gap. The
interaction of eddies with the bathymetry generates two pathways away
from the Titanic, allowing larvae to reach the Canadian EEZ along the
deep continental slope, and to spread away from the slope into the
abyssal North Atlantic. Therefore, the transboundary nature of coral
dispersal to and from the Titanic is interesting on both geopolitical and
ecological levels. Canada may in the future have jurisdictional rights
over the Titanic through its claim to extend its EEZ, through which it
could afford specific conservation measures, e.g., establishing a marine
protected area to protect an important stepping stone for vulnerable
deep-sea corals. Based on unknown larval characteristics and model
uncertainties, there are different scenarios of this dispersal and the
resulting connectivity in the Northwest Atlantic, but all converge on the
role of Titanic as some sort of stepping stone. Although it was concluded
that the model is able to capture the correct mechanisms responsible for
variability above the wreck site and an overall realistic deep circulation,
direct observations of the velocity field at abyssal depths would be
essential to verify that the model correctly simulates the circulation at
the wreck site. Therefore, this study provides further motivation to study
the highly complex oceanographic conditions at the Tail of the Grand
Banks and their impact on the abyssal circulation. Our experiments also
provide useful information, which biological and physical parameters
must be known to narrow down the possible pathways from and to the
Titanic discussed here. In any case and given the findings of the present
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study, it is unlikely that the Titanic is completely isolated from known or
unknown populations of C. agassizii. While we have focused on a
C. agassizii for this study, many results are valid for other marine species
as well.

Similarly, our study was motivated by a specific case, the wreck of
the RMS Titanic, but our findings can also be generalized to other regions
of the world oceans. They support the importance of deep mesoscale
eddies and fine-scale structures to understand the connectivity between
deep ecosystems. Eddying structures can easily enhance or compensate
the usually weaker mean flow, and in combination with bathymetry,
lead to pronounced unidirectional dispersal patterns. High-resolution
ocean modelling is required to correctly simulate the corresponding
ocean dynamics. It can also provide answers on the importance of
potentially unknown swimming or buoyancy motions of deep-sea
organisms.
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