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ABSTRACT: The ecological role of offshore man-made infrastructure is of growing international
interest. By 2030, globally more than 7500 oil and gas platforms could be removed, many of which
now host mature hard substrate ecosystems formed by sessile benthic species including sponges,
corals and mussels. We investigated the spatiotemporal scales of generalised species dispersal
and connectivity among oil and gas structures in the North Sea using strategically designed 3D
advective passive particle tracking experiments forced by high resolution (1.8 km, hourly) velocity
fields including tide-, density- and wind-driven currents. Trajectories from 2 seasonal releases
during mixed winter (February) and stratified summer (July) conditions of 2010 were analysed for
a variety of pelagic larval durations (PLDs) spanning 2 to 28 d. Particles dispersed on average
32 km away from their origins after just 5 d, 67 km after 15 d, and 109 km after 28 d, with considerable spatial variability and limited seasonal variations. Short (2 d) PLDs generated highly connected networks over smaller spatial scales, while longer PLDs (28 d) generated less fragmented
networks covering a much larger area but with fewer connections. Tidally driven dispersal was
isolated using a new method based on the harmonic analysis of the velocity fields: the resulting
maximum linear dispersal distances varied from ~4 km in the northern North Sea to ~8 km in the
southern North Sea. The present study provides baseline spatiotemporal scales of dispersal and
connectivity patterns and optimized relocatable methods to assess connectivity in tidally active
shelf seas.
KEY WORDS: Larvae · Dispersal · Connectivity · North Sea · Oil platform · Offshore infrastructure ·
Shelf sea · Harmonic analysis · Tidal motion

1. INTRODUCTION
1.1. Ecological services of oil and gas platforms
and trade-offs of their removal
Studies on the ecological importance of offshore oil
infrastructure are gaining international interest. By
2030, more than 7500 oil and gas platforms from at
least 53 countries will become obsolete (Fowler et al.
2018), and the ecological impacts of their removal are
not well known. Offshore platforms can enhance local
*Corresponding author: gmaya@noc.ac.uk

biodiversity through provision of new hard substrate
that over time can become colonised by macroalgae,
mussels and colonial epifauna, forming reef-like
habitats (Gates et al. 2017, Coolen et al. 2020a). The
full depth of oil and gas platforms, including any subsea infrastructure, can be exploited by such flora and
fauna from the surface to the seafloor, and vertical
zonation and species turnover of these habitats is
well documented (Torquato et al. 2017, Coolen et al.
2020a). The habitats these substrates now form may
boost recruitment of overexploited commercial fish
© The authors 2022. Open Access under Creative Commons by
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species (e.g. rockfish Sebastes paucispinis; Love et
al. 2006), they can produce fish biomass at enhanced
rates (Claisse et al. 2014), act as foraging sites for top
predators (Todd et al. 2009, Robinson et al. 2013) and
provide protection from bottom trawling because
they have fisheries exclusion zones around them.
Besides these well-known localised reef effects, offshore oil and gas installations can act as vectors for
non-native species of fish (e.g. Pajuelo et al. 2016)
and invertebrates (e.g. Creed et al. 2017). Keeping
obsolete structures in place on the seafloor creates
hazards to seafarers and fishers, as well as a potential
continued release of pollutants from the degrading
structures. On the other hand, removing offshore
platforms at the end of their operational lifetimes has
several negative effects including decreasing hard
substrate availability for reef-associated communities, atmospheric emissions and economic costs of the
removal process, re-suspension of contaminated sediments, possible contribution to the spread of invasive species and reduction of biological connectivity
(Macreadie et al. 2011, Fowler et al. 2014). Failure to
adequately account for both positive and negative
impacts of the removal of obsolete structures, or the
addition of new structures, could have serious consequences for offshore ecosystems, including biodiversity loss and further depletion of fish stocks (Fowler
et al. 2018).
The trade-off between positive and negative impacts of offshore oil and gas structures removal has to
be established for each specific region taking into
account economic, ecological and societal impacts
(Fowler et al. 2018), particularly in the Northeast
Atlantic which is covered by the OSPAR Convention.
OSPAR Decision 98/3 on the Disposal of Disused Offshore Installations requires full removal of offshore
oil and gas infrastructure, except for pipelines, unless
conditions for derogation can be met. A recent panel
of international experts on just the environmental
aspects advised that a flexible approach to decommissioning should be based on an assessment of relative net environmental benefit, taking into account
the ecological services provided by offshore structures, their potential detrimental effects, as well as
the impacts of removal (Fowler et al. 2018). They
agreed that if a group of installations is ecologically
interconnected, then decommissioning options for
these structures should be considered in relation to
each other rather than on a structure by structure
basis. Ecological connectivity is recognized as an important factor in determining decommissioning strategies (McLean et al. 2022); however, to our knowledge,
no studies have addressed this issue at the regional

scale of the North Sea from a generic point of view.
However, a few studies on regional connectivity of
these structures have been put forward for species of
conservation interest (e.g. Lophelia pertusa; Henry et
al. 2018), or considering the full spectrum of anthropogenic structures including the numerous shipwrecks
in the North Sea, which now provide similar reef-like
habitats (e.g. van der Molen et al. 2018). Considering
the uncertainty that remains in larval biology, a more
generalised approach looking at the possible range
of dispersal and connectivity, specifically among oil
and gas structures in the North Sea for a range of
pelagic larval durations (PLDs), is needed. This study
aims to provide baseline information applicable to
passive substances or organisms originating at oil
and gas structures with a variety of dispersal periods
that could serve as a starting point for more complex
multispecies larval connectivity studies.

1.2. Marine connectivity drivers
The dynamic ocean is responsible for the dispersal
of passive particles drifting on it. Dispersal can be
considered as the effect of all processes responsible
for transporting (advecting) and spreading (diffusing) a cloud of particles. These processes include
large-scale advection by density-, tide- and winddriven currents, and small-scale (randomized) motions
(or mixing) by waves and turbulent processes. These
processes are highly variable in time and space,
leading to similarly complex patterns of dispersal.
The dispersal of marine larvae is not only controlled
by physical flow parameters but is also influenced by
temperature, and biological processes such as the
timing of spawning, PLD, and larval behaviour,
(Phelps et al. 2015b, James et al. 2019), mortality
(Mayorga-Adame et al. 2017, Gary et al. 2020), and
settlement ability (Abelson & Denny 1997, Leis &
Carson-Ewart 1999). The net combined effect of these
processes determines the spatial scales over which a
population is connected (Gawarkiewicz et al. 2007).
This study focusses on the larger-scale motions produced by advection due to the 3-dimensional velocities of a high-resolution ocean model (Guihou et al.
2018) while the effects of diffusion due to subgridscale motions are not addressed.

1.3. North Sea characterization and dynamics
The North Sea is a semi-enclosed shelf sea that lies
between Norway, the European Continent and the
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British Isles. It is a shallow sea, with depths of 80 m or
less in the southern North Sea, whereas the northern
North Sea reaches depths of 160 m. Only the Norwegian trench on the eastern side has a depth > 250 m,
with a maximum of 600 m in the Skagerrak (the area
between Denmark, Sweden and Norway). The general circulation pattern in the North Sea and the Skagerrak is mainly cyclonic, and while the circulation
pattern in winter and summer differs in detail, the
seasonal patterns are similar (e.g. no major reversals)
(Fig. 1). Atlantic and Celtic Sea warm salty water
comes into the North Sea through the northern
boundary and the English Channel, where it mixes
with fresh waters from rivers and brackish water from
the Baltic outflow (Winther & Johannessen 2006). The
northern boundary main inflow comes as a subsurface
flow along the west slope of the Norwegian Trench,
recirculates, without mixing with the rest of the North
Sea, and leaves along the eastern slope. The surface
inflow comes in east of the Shetland Islands, and
through the Fair Isle Passage, between the Shetland
and Orkney Islands. About 76% of this inflow goes
eastward to form the northern recirculation cell along
the 100 m isobath known as the Dooley Current. The
remaining 24% continues southward to form the central recirculation cell along the ~50 m isobath, north of
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the Dogger Bank (Mathis et al. 2015). Only ~5% of the
northern inflow reaches the Southern Bight in the
southern North Sea, where it converges with the English Channel inflow and continues flowing through
the German Bight up to northern Denmark (Mathis et
al. 2015). There it joins the flow of the central recirculation cell forming the Jutland Current, which enters
the Baltic Sea through the Skagerrak, forming a cyclonic eddy (Mathis et al. 2015). Reviewing the magnitude of inflows and outflows, Huthnance (1997) concluded that flushing time of the North Sea is ~9 mo,
with significant spatial variability.
Tidal motion is the dominant dynamical feature of
the North Sea. Tides have an oscillatory nature, which
can directly connect regions on small spatiotemporal
scales (hours, 100s of m to a few km). Tidally induced
mean currents, usually referred to as residual currents, can produce longer-distance connections (see
e.g. Polton 2015 for a discussion on the associated
mechanisms in this region). In the North Sea, much
of the area experiences residual currents with magnitudes between 1 and 5 cm s−1. Tides can also enhance vertical mixing, from the seabed upwards, in
shallow shelf seas. This mixing can significantly influence the dispersal and lateral transport of plankton that could otherwise only relocate with vertical

Fig. 1. The North Sea and its seasonal variation in near-surface currents. The colour scale represents the speed in m s−1 of the
time and depth average currents in the upper 50 m for February and July 2010, representative of the northern hemisphere winter
and summer conditions, respectively. Vectors are shown to illustrate the flow direction for speeds higher than 0.02 m s−1. Data
are from the NEMO AMM60 (1/60°) model configuration (Guihou et al. 2018)
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migration. Diel vertical migrations common to several species of zooplankton and some planktonic larvae may interact with the tide in such a way that considerable net transports of larvae result, even in the
presence of just alternating tidal currents subject to
bottom shear (Bowden 1965, Young et al. 1982, Otto
et al. 1990). The dominant tidal component in the
North Sea is the semi-diurnal M2, although it is relatively small in the Norwegian sector. In the southern
North Sea, the M2 tidal flows are almost rectilinear
(elliptical eccentricity ~0.98), reaching speeds of 1 m
s−1, and generating enough bottom boundary layer
turbulence to mix the entire water column. In the UK
sector of the northern North Sea, eccentricity is lower
(~0.75) and tidal flows are smaller (~0.25 m s−1) which
allows for seasonal stratification (Thorpe 2012).
A strong seasonal signal dominates the sea surface
temperature variability in the North Sea, with means
(± SD) of 7.02 ± 0.48°C and 13.62 ± 0.60°C in winter
and summer, respectively (Mathis et al. 2015). It is
most obvious in the southern and eastern coastal
regions and is mainly determined by heat exchange
with the atmosphere. In the shallow southern North
Sea (away from coastline freshwater sources), temperature is vertically mixed all year round, while in the
northern North Sea, a summer thermocline develops
at around 30−40 m depth (Quante et al. 2016).
Historically, it was thought that the long-term circulation in the North Sea was generally weak and
driven by episodic storms (Simpson 1981). Subsequently, the role of the thermohaline circulation on
shelf seas was identified (Brown et al. 1999, Hill et al.
2008), and now density-driven frontal jets are recognized as having the most significant contribution to
seasonal shelf transport in the North Sea (Hill et al.
2008). In summer, spatial variations on tidal mixing
generate patches of stratified and vertically homogeneous waters, separated by sharp tidal mixing fronts
with both a surface temperature, a more persistent
bottom salinity expression and strong frontal jets parallel to them. The bottom density gradient drives, by
thermal wind balance, a near-surface cyclonic geostrophic jet above the bottom fronts (Hill et al. 2008).
In the North Sea, jets produced by this mechanism
have been observed with drifters, reaching speeds of
up to 0.3 m s−1 at depths of typically 30 m below the
sea surface (Brown et al. 1999, Hill et al. 2008). The
sensitivity to climate forcing of thermohaline processes driving shelf sea circulation has been investigated by Holt & Proctor (2008) and Holt et al. (2018).
The interannual variability in the general circulation of the North Sea is driven mainly by varying
local wind conditions, including storms, interacting

with the Atlantic water masses inflow. It is therefore
heavily influenced by the large-scale atmospheric
North Atlantic Oscillation (NAO). In the North Sea,
positive NAO phases are associated with higher air
temperatures and stronger westerly winds, which
induce higher water temperatures, high sea levels,
and generally enhanced circulation flows, and shelf
edge currents (Mathis et al. 2015). Notably, the NAO
phase is also associated with significant variation in
the potential for larvae in the North Sea to disperse
and form connections to downstream populations
(Fox et al. 2016).

1.4. Study approach and objectives
This study is a numerical experiment in response to
the theoretical preliminary assessment of the biological connectivity among oil and gas platforms in the
North Sea put forward by Thorpe (2012), which provides theoretical estimates of the scales of biological
connectivity. The purpose of this study is to investigate the spatiotemporal scales of connectivity among
oil and gas structures in the North Sea, taking advantage of the new generation of high-resolution ocean
circulation models at the kilometric scale. In doing
so, we also investigated biological connectivity potential, driven solely by tidal motions.
There are more than 1000 offshore oil and gas structures in the Greater North Sea region to date (OSPAR
database; see ‘Data availability’), excluding pipelines
but including platforms, manifolds and wellheads,
mostly made of steel or concrete. We used a Lagrangian
particle tracking modelling approach to empirically investigate the connectivity among these structures. Trajectories were analysed to determine the interconnectedness among the subsea structures for different
temporal scales and seasons of the year 2010 (see Fig. 1
for the contrasting circulations). There were no significant weather events during these seasons. Indeed,
winter 2009/10 was marked by prolonged blocked anticyclonic weather patterns (Kendon & McCarthy 2015)
creating cold, calm and snowy conditions.
Results of this Lagrangian particle tracking study
are expected to provide improvements in comparison
to previous studies, since we used output currents
from the new generation of high-resolution ocean
circulation models (at the kilometric scale) which
provide a more realistic representation of the ocean
flows (Guihou et al. 2018). Results are presented in a
generic way, intended to be useful as a starting point
for analysing the connectivity among the subsea oil
and gas structures for passive substances or organ-
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isms spending different amounts of time in the water.
The spatiotemporal scales and patterns of connectivity due to 3-dimensional advection by the complex
modelled flow are presented. Since tidal flows are
expected to be one of the main drivers of connectivity
in shelf seas, connectivity due to tidal currents is isolated using a multicomponent harmonic analysis
method that does not require particle releases. Results
are discussed in light of expected inter-annual variability due to large-scale atmospheric fluctuations,
particularly the NAO, and expected changes in local
circulation patterns and stratification due to climate
change.
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order to cover a complete spring−neap tidal cycle
(~14 d), during a month representative of the winter
(mixed) and summer (stratified) conditions. Releasing at a fixed time each day results in a phase shift in
the release time relative to the tidal phase (the apparent shift is approximately 1 h d−1), thereby releasing particles over all phases of the semi-diurnal tide.
Near-surface particles are used to maximize dispersal potential and to mimic buoyant, ubiquitous eggs
and larvae. The number of particles released added
up to 142 520 particles mo−1 (140 per subsea structure). Particles were advected by the hourly 3dimensional velocity fields and tracked for 30 d with
a time-step of integration of 10 min, and their alongtrack position was stored every half an hour.

2. METHODS
2.1. Lagrangian particle tracking experiments

2.2. Post-processing analysis

Particle tracking experiments to simulate the dispersal of passive particles originating from oil and
gas platforms in the North Sea were conducted using
a version of the Lagrangian TRANSport model
(LTRANSv.2b; North et al. 2011). The LTRANS code
was modified to work with 3-dimensional velocity
output from a high-resolution NEMO ocean circulation model (https://www.nemo-ocean.eu) configuration for the North West European Shelf, the Atlantic
Margin Model 1/60° (AMM60; Guihou et al. 2018).
This ocean circulation model has a horizontal resolution of approximately 1.8 km and 51 hybrid-σ-vertical
levels with a realistic bathymetry from GEBCO. The
model includes ERA-interim atmospheric forcing (6hourly wind velocities and 3-hourly air temperature,
humidity, radiative fluxes, and precipitation fields
with a spatial resolution of ~97 km), TPXO7.2 tidal
forcing, open boundary forcing from the northern
North Atlantic basin configuration, and daily freshwater influx from 322 rivers (synthesized from the
Global River Discharge Data Base; Vörösmarty et al.
2000) and gauge discharge data prepared by the
Centre for Ecology and Hydrology) (see Guihou et al.
2018 for further details). Hourly velocity fields were
archived for the particle tracking experiments to
ensure the accurate representation of the strong tidal
flows, characteristic of the region.
An open-access list of offshore oil and gas structures
(OSPAR database) was used to generate an initial list
of release locations; after removing repeated locations, a list of 954 platforms (nodes) was kept (Fig. 2).
Particles were released at these locations, 0.5 m
beneath the sea surface at midnight during 14 consecutive days in the months of February and July, in

Particle tracks were grouped by release month and
aligned in the time dimension according to the time
they spend in the water (not by their release date). To
make a generic and comprehensive analysis applicable to a variety of processes of different duration (i.e.
PLDs), linear distance from source was calculated
every day for the 28 d trajectories (see Fig. 3). To
show the spatial variability, mean linear dispersal
distances for each platform were calculated from the
trajectories of the 140 particles released per structure
for trajectory lengths of 5, 15 and 28 d (see Fig. 4). To
abbreviate, PLD is used interchangeably with particle tracking duration within the text.

Fig. 2. Locations of oil and gas platforms in the North Sea
(OSPAR database) used as seeding locations for particle
releases. The colour shows North Sea bathymetry (m) as re
presented in the AMM60 model (note the log scale)
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To construct connectivity matrices, particles were
evaluated for settlement every 2 d along the 28 d
particle trajectories, considering a 2 d competency
period (the period of time when larvae are suitable
for settlement). Settlement evaluation was performed
every 30 min during the competency period. Particles were considered to successfully settle on a subsea structure if they were found within a 1 km radius
of a structure location at any given time during the
competency period. This radius is less than the tidal
connectivity footprint (see Section 3.3). Furthermore,
considering sensitivity analysis carried out by Mayorga Adame et al. (2017) and the potentially large
size of the oil and gas structure, a 1 km radius is a
conservative assumption.
A single particle is assumed to represent a packet
of larvae; therefore, settled particles were not removed from the system to allow onward connections
from the same ‘larval packet’. Since particles could
potentially settle every time they were evaluated (96
times, every 30 min during 2 d of competency) in the
same or different structures, the number of particles
arriving at each platform was normalized dividing by
the number of settlement opportunities, to get a
probability of settlement in any given platform. This
probability was recorded into connectivity matrices
to characterize the strength of the connections among
platforms. Connection strength was then normalized
by the maximum number on that connectivity matrix
to produce scaled values between 0 and 1. The binary
version of the connectivity strength matrices, containing only zeros and ones to mark existing connections, was used to calculate the number of unique
structure-to-structure connections (see Fig. 9). Unique
connections represent ‘all plausible connections’
equally weighted. This is an important metric since
the number of particles simulated will always be limited, and a connection observed once in the model is
highly likely in the real ocean. Furthermore, from an
evolutionary perspective, a true unique connection
in the real ocean, with later reproductive success will
have a disproportionate effect on a population. Selfseeding, i.e. the number of particles retained at the
origin location, was also calculated (see Fig. 10).

2.3. Network metrics
The resulting connectivity matrices were visualized as networks, and several network metrics, including degree, betweenness, centrality and modularity, were calculated and explored using the free
network visualization software Gephi (Bastian et al.

2009; https://gephi.org). The distribution of network
metrics and its variability with tracking length (PLD)
was visually explored. Highly connected clusters
among the networks were identified using the Louvain modularity metric (Blondel et al. 2008), which
uses a resolution parameter (Lambiotte et al. 2009)
to determine the number of clusters selected. Since
our networks appeared relatively insensitive to the
choice of resolution parameter, the default value of
1.0 was used. To characterize the fragmented networks, simple degree and weighted degree metrics
were used. Degree is the sum of connections emanating from a node (out-degree) and coming into a node
(in-degree). Weighted degree is similar, but the
strength of the connections is included as a weight.
The ratio of in-degree to out-degree (RIOD) was also
calculated. While these are simple metrics compared
to higher-level centrality measures (e.g. betweenness, eigenvector centrality and PageRank), they have
the advantage of retaining straightforward ecologically relevant information: high degree identifies
nodes connected to many other sites, weighted degree
gives an idea of the relative numbers of recruits or
the proportion of released larvae that subsequently
settles successfully, and RIOD helps identify platforms acting mainly as sources (RIOD < 1) and differentiate them from those acting mainly as sinks (RIOD
> 1), or equally as sinks and sources (RIOD = 1).

2.4. Tidal connectivity
Since the highest number of unique connections is
generated by the shortest trajectories (see Fig. 9), we
investigated the connectivity arising solely from tidal
motions. To do this, surface tidal velocities were reconstructed using the results of the AMM60 harmonic analysis at the location of the oil and gas structures. For each location, a time-series of velocity was
evaluated over 270 d to capture the most significant
variability from the oscillatory harmonic tides. For
each location, under an assumption of spatially homogeneous velocities over the lateral tidal excursion
range, we obtained a path representing the tidal procession of a particle. The area swept by this path is
characteristic of a particle released at that specific
phase of the dominant semi-diurnal tide. (i.e. the
‘centre of mass’ of the path is largely described by
the direction of flow at the time of particle release).
The path evaluation was repeated for starting times
varying over all phases of the semi-diurnal tide
(mimicking particle tracking releases at different
tidal phases). A footprint of tidal advection, for each
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structure, is then defined as the polygon bounding all
along-path positions. This tidal footprint is an estimation of the area around a point that is swept by tidal
currents and that is therefore dynamically connected
at the short time scales of a tidal cycle. When 2 or
more structures lie within a tidal footprint, they are
considered to be directly connected by tides, since
during a tidal cycle material originating from either
of these structures could come into contact with the
other structure. If the tidal footprints of 2 or more
structures overlap, they are considered to be indirectly connected by tides. Material originating from
these platforms has the potential to mix; however,
their simultaneous convergence in the overlapping
region of the tidal footprint would normally be prevented for a simple 2-dimensional advective flow, since
the region would be occupied at different phases of
the tide by material from each footprint. However,
horizontal mixing and vertical displacements (due
to e.g. sinking, diel vertical migration, tidal vertical
migration, mixing) would likely cause this interaction
to occur. Here, both direct and indirect tidal connections are equally considered, and the tidal footprints
of tidally connected structures are joined to estimate
tidally connected areas. This tidally connected scale
gives an estimate of how far material emanating from
a structure can spread in a tidal cycle.

3. RESULTS
3.1. Spatiotemporal scales of dispersal
and seasonal changes
Mean linear dispersal distance measures how far
away from the origin location particles can reach
after a given period of dispersal. It gives a general
spatial scale of how far passive eggs, larvae or neutrally buoyant pollutants would reach after some
time in the water. On average, considering all platform locations and both the winter (February) and
summer (July) releases, particles disperse 32 km
radially away from their platforms of origin after 5 d
in the water, 67 km after 15 d and 109 km away after
28 d of dispersal (Fig. 3). Mean linear dispersal distance is larger for the winter releases in the first 20 d
of dispersal, while for larger PLDs, summer releases
show larger mean linear dispersal distances. The maximum difference in mean linear dispersal distance
between the seasonal releases is 14 km after 12 and
28 d of dispersal, although these differences are relatively small compared to the standard deviations,
which are similar for releases in both seasons. The
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standard deviation increases with time in the water
to 66 and 68 km after 28 d in the water in the February and July releases, respectively.
Minimum linear dispersal distance after 28 d in the
water is <1 km for both seasons, which indicates a
potential for retention around the platforms, even with
3-dimensional flows that include a non-oscillatory
wind-driven component. The maximum linear dispersal distance travelled by a particle exceeds 130 km
after 5 d of dispersal, 300 km after 15 d for both seasonal releases and up to 560 km after 28 d in the February release and 780 km in July (corresponding to
about 5 and 7 degrees of longitude in this region).
These are extreme values but illustrate the maximum
potential reach of material originating at the structures.
The spatial distribution of mean linear dispersal
distance from the platform of origin for different
length trajectories shows the spatial variably of the
dispersal potential at different platform locations,
and their seasonal variation, depending on the release month (Fig. 4). It illustrates how far passive
materials released at the structures could reach,
depending on their location of origin, and the dispersal period or age in the water, which for eggs and larvae equates to PLD.
Hotspots of long dispersal distance are located in
the southern North Sea near continental Europe,
and in the northern North Sea southeast of Orkney
Island. Structures in these areas consistently show
the longest dispersal distance for all dispersal periods and seasonal releases. The few structures
located close to the Norwegian Trench current also

Fig. 3. Mean (solid lines) ± SD (dotted lines) linear dispersal
distances of all particles released from oil and gas platforms
in the North Sea as a function of time in the water for the
winter (February; in blue) and summer (July; in red) releases
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Fig. 4. Mean linear dispersal distances in kilometres (according to the staggered colour scale) from the platform of origin after
5, 15 and 28 d dispersal for the February and July releases

show strong dispersal due to the fast flows there.
Other areas of long-distance dispersal, more prominent in the February release, are located in the
northern North Sea around 59° N, and near the
southeastern coast of England. In general, the central North Sea (between 58.5 and 54° N) is less dispersive, with particles staying around 50 km from
their origins after 28 d of dispersal. Only in the July
release did particles from structures in the eastern
central North Sea disperse more than 100 km after
28 d in the water. The range of dispersal distance
among platforms increases as the dispersal period
increases, spanning 7−59 km after 5 d, 8−134 km
after 15 d and 16−278 km after 28 d of dispersal.
This was expected, since particles are carried away
by currents, travelling longer distance over time;
however, there is always some retention potential
due to tidal recirculation.
Seasonal variability is more noticeable in the trajectories of particles released at subsea structures in
the central and northern North Sea (Fig. 5). After 5 d
of dispersal, some particles released in February
show longer trajectories than those released in July
2010. Over time, in the northern North Sea, a stronger
south-westward displacement is observed in the winter (February) release when some particles approach

the southern Norwegian coast. Particles released at
structures in the central North Sea (between 56 and
59° N) show the opposite pattern, dispersing further
away in the summer release but towards the northeast (Fig. 5). In the shallow southern North Sea, the
trajectories in the winter and summer releases are
more similar, with a general westward displacement.
Trajectories in this area show a more pronounced
tidal influence in comparison to central and northern
North Sea regions, characterized by more oscillatory
trajectories due to the comparable strength of the
directional density and wind-driven currents and the
oscillatory tidal currents (Fig. 6).
The main current patterns in the North Sea remain
constant throughout the year with increased strength
in the winter months (Fig. 1). The main seasonal variation is vertical stratification, which occurs during
summer in the central and northern North Sea at
depths greater than 40 m (Fig. 7). The spatiotemporal
variation in stratification explains the observed seasonal differences in trajectories in the central and
northern North Sea, as well as the minimal seasonal
variability in the shallow southern North Sea, which
remains vertically mixed throughout the year.
Internal tides are resolved at the model resolution
(Guihou et al. 2018), and the associated vertical

Mayorga-Adame et al.: Larval connectivity among North Sea oil/gas structures

57

Fig. 5. Trajectories of 5, 15 and 30 d of some of the particles released in February (blue) and July (red)

Fig. 6. Example of zoomed-in trajectories of particles in the northern and southern North Sea released in February

velocities (with a monthly mean amplitude in excess
of 10 m d−1 along the edges of the Norwegian Trench,
and elevated in the winter) provide a plausible
mechanism for generating a spatially variable pattern of vertical dispersal of passive particles (Fig. 8).
Following their near-surface release, in the southern
North Sea, the average particle remains in the upper
12 m in both seasonal releases (Fig. 8; mean ± SD
depth of 8 ± 8 m after 28 d of dispersal in February
and 11 ± 10 m in July), while in the central and northern North Sea there is a strong seasonal variation in
the depth trajectories, with the average particle remaining in the upper 3 m during the stratified summer (3 ± 3 m depth after 28 d of dispersal in the July
release), but dispersing vertically in the water column down to 17 ± 32 m depth in winter (February
release) (Fig. 8). The maximum depth reached by the

particles released in the southern North Sea is 71 m
in the winter release and 68 m in summer, while in
the central and northern North Sea, the maximum
depth fluctuates between 390 m in winter and 64 m
in summer. The resulting vertical distributions expose particles to different horizontal velocity regimes,
particularly in stratified shear flows; hence lateral
dispersal is also affected by the depth varying advective flow, resulting in both vertical and horizontal
spreading (apparent diffusion).

3.2. Connectivity networks
Evaluating connectivity for a range of PLDs between 2 and 28 d (considering 2 d of competency
in which connections are evaluated every 0.5 h)
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shows that the number of unique pairwise connections between structures tends to decrease with
longer PLDs (Fig. 9). Given the distributions of oil
and gas structures and the hydrodynamics of the
system, short PLDs of about 2 d produce the highest number of unique connections in both seasons.
In the February release, however, a peak is also
observed for PLDs of 12 d. The system seems to be
slightly more interconnected in winter, particularly
for PLDs of 10−16 d (Fig. 9). The maximum number
of unique pairwise connections (6327 for 2 d PLD
in July) represents 0.7% of all possible structureto-structure connections, while the minimum (2980
for 26 d PLD in February) corresponds to 0.3%.
Some of the connections realized at short PLDs
are due to tidal dispersal (see Section 3.3). Selfseeding is partially responsible for the decrease of
connections with trajectory length, as well as some
of the seasonal differences (Fig. 10). As expected,
the number of platforms retaining particles within
the 1 km settlement ratio decreased rapidly with
trajectory length; for 2 d PLD, 83% of the strucFig. 7. Average pycnocline depth (m) for the month of July
tures showed self-seeding in February and 88% in
2010. White regions represent full water column mixed reJuly, and this percentage decreased to 5 and 8%,
gions, where the maximum density gradient was < 0.01 kg
respectively, for 4 d PLD, and continued to dem–4 throughout the month. Isobaths at 50, 100 and 200 m are
crease to < 0.3% for 28 d PLD (Fig. 10).
shown for reference
The resulting connectivity matrices
are visualized in Fig. 11 as geolocated
networks using Louvain modularity
to identify highly connected clusters
(colour), and the RIOD to identify installations acting mainly as sources
(larger circles), installations acting
mainly as sinks (medium size circles)
or equally as sinks and sources (small
circles). This visualization shows that
connections to distant platforms
(marked with lines in Fig. 11b,d) increase with tracking time (~PLD). The
networks formed by the 2 and 28 d trajectories illustrate the observed variability for both winter and summer
releases (Fig. 10). Despite having the
highest number of unique connections
(Fig. 9), higher average degree (6 in
February and 11 in July), and weighted
degree (3 in February and 4 in July),
the network formed by 2 d trajectories
is much more fractionated than the
one formed with longer trajectories;
the modularity metric of the 2 d netFig. 8. Mean and SD (lower bound) of the vertical distribution of particles rework reveals 28 communities includleased from northern (latitude > 56.25° N) and southern (latitude < 56.25° N)
ing more than 1% of the platforms in
North Sea subsea platforms. All particles are released 0.5 m below the surface
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Fig. 9. Number of unique pairwise connections extracted
from the binary connectivity matrices for different total
pelagic larval duration (PLD), composed of a varying precompetency period (every 2 d between 0 and 26 d) plus a
competency period of 2 d, in which particles are evaluated
for settlement into 1 km radius circular polygons around the
platforms, every 30 min

the February experiment (coloured clusters in
Fig. 11a), and 29 in the July experiment (Fig. 11c).
Clusters are spatially restricted, and the largest one
includes only 6% of the structures in the February
experiment and 7% in July. There is no clear regional
distribution of structures acting mainly as sources
and structures acting mainly as sinks, or equally as
sinks and sources (circle size distribution in Fig. 11).
The number of long-range connections increases
with tracking length; therefore, the overall connectivity of the network increases for longer trajectory
lengths (Fig. 11c,d), despite the decrease in the number of connections and their strength as indicated by
the average degree (3 in both seasonal experiments)
and average weighted degree (0.23 in both seasonal
experiments) and the decrease in the number of
unique connections (Fig. 9). The network formed
using particle trajectories of 28 d (including 2 d of
competency) shows larger highly connected clusters
in the north, central and southern North Sea, in both
February and July experiments. The winter network
is more strongly connected, with 12 clusters including >1% of the structures identified by the modularity
metric and the largest one containing 14% (Fig. 11b),
in comparison to the summer network, with 15
strongly connected communities and the largest cluster containing 16% of all structures (Fig. 11d). The
largest cluster in both summer and winter experiments is centred at 58° N, but in February it includes
more structures located to the east, while in July it
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Fig. 10. Percentage of platforms showing self-seeding for total
pelagic larval durations (PLDs) between 2 and 28 d

includes a few more structures to the south. The networks formed by 28 d trajectories show a weak longitudinal pattern of the RIOD metric, with structures
acting as sources (larger circles in Fig. 11) predominantly located at the western side of the North Sea
basin and structures acting mainly as sinks (medium
size circles in Fig. 11), or equally as sinks and sources
(smaller circles in Fig. 11), at the eastern side. This
pattern is especially noticeable in the southern North
Sea. The network configuration of the northern
North Sea shows the strongest seasonal variations, as
expected from the seasonal changes in stratification
and circulation.

3.3. Tidal connectivity based on harmonic analysis
The tidal footprints are much larger in the shallow
southern North Sea, with an average major axis of
5.1 ± 2.1 km (mean ± SD) and areas of 7.2 ± 7.3 km2
in comparison to 3.0 ± 1.2 km major axis and 3.7 ±
2.9 km2 areas in the northern North Sea. Tidally connected areas reach a maximum of 5.1 km2, with a
mean of 1.4 ± 0.9 km2, in the northern North Sea, and
a maximum of 6.7 km2 in the southern North Sea,
with a mean of 2.0 ± 1.4 km2 (Fig. 12). Our estimates
derived from a multicomponent tidal analysis are in
good agreement with the M2 tidal excursions estimates (Fig. 6a in Polton 2015), and estimates of horizontal displacements due to the M2 tide of 7.1 km in
the southern and 1.8 km in the northern UK sectors
(Thorpe 2012).
The tidal connectivity matrix derived from overlapping tidal footprints shows 900 connections exclud-
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Fig. 11. Connectivity networks for the (a,b) February and (c,d) July particle tracking experiments considering (a,c) 2 d trajectories and (b,d) 28 d trajectories. Circle size identifies nodes acting predominantly as sources, sinks or equally as both, according
to the key in panel c. Highly connected clusters identified by the modularity network metric including more than 1% of the
platforms are shown in colour, grey circles identify platforms with fewer connections, and white circles in (b) and (d) those
with none. For clarity, connecting lines are only shown in (b) and (d). See Section 2.3 for further details
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a high density of structures (at 56.5 and 59.2° N), and
connect to a maximum of 18 others in high proximity.
Regions of medium tidal connectivity are located in
the southwestern North Sea, and around 55.5° N
(Fig. 13). The centrality metric (not shown) coincides
with the high degree structures in the central and
northern North Sea. Structures at 56.5° N are the
only ones showing high betweenness (not shown).

4. DISCUSSION
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4.1. Trade-offs of the methodology and approach
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Fig. 12. Polygons representing the tidal footprint at each platform location coloured by the length of their major axis in
kilometres for (a) the northern North Sea and (b) the central
and southern North Sea

ing self-seeding, 0.2% of all possible structure-tostructure connections. A total of 39% of all the structures are tidally connected to at least one other structure: 36% of the northern North Sea structures and
42% of the southern North Sea structures. The north
to south difference in the numbers of tidally connected structures is not as marked as the 23 vs. 60%
(north vs. south) difference reported by Thorpe (2012)
considering only the M2 tidal component.
The tidal connectivity matrix derived from overlapping tidal footprints is symmetrical (undirected), and
self-seeding is always realized. This is in contrast to
the full connectivity matrix derived from the particle
tracking experiments, where 1-way connections between structures are possible (directed network),
and self-seeding decreases exponentially with tracking time (Fig. 10). Similarly, all connections identified
with the tidal footprint method are captured by the
2 d particle tracking experiments in both February
and July, but this number decreases exponentially
with tracking length, to < 3% for 28 d trajectories.
The degree network metric shows that the more
highly connected structures are located in areas with

This study used a generalised approach to provide
information on the dispersal potential of particles
spreading from marine energy infrastructure in in
the North Sea, and provides generalisable information about spatiotemporal scales of connectivity from
oil and gas structures specifically. The analysis presented focusses on the near-surface layer where the
currents are strongest to capture the maximum dispersal potential that could potentially minimize selfseeding. Strategically designed 3-dimensional advective Lagrangian passive particle experiments,
spanning a large area and using high spatial resolution velocity fields (1.8 km) at high frequency
(hourly), allowed us to describe the general patterns
of dispersal among oil and gas structures in the entire
North Sea. A minimum set up that allowed us to
measure the scales of dispersal due to the main
dynamics affecting shelf seas (tidal circulation and
background mean currents) was defined. This setup
includes near-surface particle releases at different
tidal phases (same time of the day) during the 14 d
spring−neap tidal cycle and seasonal releases during
winter and summer. Treating the virtual particles as
packets of larvae, and evaluating them for settlement
repeatedly during the competency period allows for
a robust calculation of connection strength while
keeping the number of tracked particles at its minimum. In contrast to contemporary offline studies (e.g.
Henry et al. 2018), these experiments were designed
to highlight the dispersal of the simplest particles. To
this end, random walk diffusion was not applied to
the particles (as a parameterisation of unresolved
motions). The principal reason for this decision was
that, by using high-frequency model output with a
sufficiently small grid scale, internal waves and
eddies partially responsible for dispersal are directly
resolved (Guihou et al. 2018), and are responsible
for elevated levels of particle dispersal. However,
smaller and unresolved scales remain, which are
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Fig. 13. Degree network metric of the tidal network. Both circle size and colour
shade are proportional to the number of connections (degrees) of each structure. The smallest light circles represent no tidal connections, the smallest
blue circles represent 2 connections, and the larger and darker circles represent
18 connections

omitted from these experiments and which could be
parameterised by explicit diffusion and would likely
increase the particle dispersion. However, since these
results are broadly consistent with Thorpe (2012),
further investigation is required to avoid double
counting when adding explicit diffusion. Investigation into the relative contributions to particle dispersal by process across the range of length scales from
microscale turbulence to the domain-scale residual
flow remains an important and pressing problem. It
is anticipated that progress could be made with an
observational drifter pair release field campaign and
a series of targeted process study simulations.
The particle tracking experiments were evaluated
at different tracking durations to illustrate how connectivity varies depending on the time spent in the
water. This is representative of how quickly materi-

als decay, dilute or precipitate out of the
water column, or (in the case of eggs
and larvae) their PLD. It should be kept
in mind that the use of neutrally buoyant passive particles is a generalisation
and that non-neutrally buoyant particles (e.g. time-evolving biofouled microplastics, particulate organic matter) will
have settling velocities that result in the
trajectories deviating from those presented here. Furthermore, many marine species have specific larval behaviours with proven potential to alter their
dispersal (Drake et al. 2013, Phelps et
al. 2015b, Fox et al. 2016, MayorgaAdame et al. 2017, Gary et al. 2020).
However, confidence in the behaviours
outside of laboratory conditions is
limited (James et al. 2019). Therefore,
while these results represent a step forward in our knowledge about North
Sea connectivity, they can only be interpreted as indicative for specific particles and materials.
This study represents a step forward
from the theoretical study by Thorpe
(2012) and proposes a more generalised
approach, in contrast to species-specific
studies (e.g. Henry et al. 2018, van der
Molen et al. 2018), and it is in agreement with their main findings of a highly
interconnected ocean sprawl and strong
potential for it to have an important
ecological role.

4.2. Tidal connectivity
The tidal connectivity methodology presented is a
novel way to estimate the scale of connectivity due to
tidal advection that does not require particle tracking
experiments. This approach is based solely on the
harmonic analysis of the tidal signal, which is often
available as output of ocean circulation models. It
identifies connections that will occur during a tidal
cycle, which varies for each tidal component included in the analysis, but for practical purposes, can
be thought of as the period of the most important
tidal components for the region of interest. In the
North Sea, the M2 tide is dominant over most of the
region, with a period of 12.42 h. This temporal scale
is generally short in comparison to those of densityand wind-driven current transport. Tidal connectiv-
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ity should be considered as a first approach to evaluate connectivity in places where tidal currents are
dominant (i.e. southern North Sea) and for short dispersal periods, similar to the dominant tidal periods.
The method allows differentiating between direct
tidal connections, when 2 or more locations of interest fall within a tidal footprint polygon, and indirect
tidal connections, when only the tidal polygons overlap. In a non-divergent flow, indirect tidal connections would not occur since particles would be oscillating across the tidal polygons in a synchronous
way, which will prevent them from coming into contact with each other. In a more realistic ocean, it only
takes a slight vertical displacement caused by the
physical environment (i.e. vertical mixing, or vertical
advection) or larval behaviour (i.e. buoyancy, vertical
swimming) to break the tidal phase locking, which
would cause exchange of particles between the indirectly connected polygons. The number of platforms
connected at tidal scales is determined not only by
the tidal footprints but also by the separation distance among platforms. In the presented case study,
the length of the tidal polygons is often larger than
the separation distance between oil and gas platforms (39% of all platforms are tidally connected),
and therefore direct tidal connections are dominant
(76.5%), while only 23.5% of all tidally connected
platforms are indirectly connected. Given the short
separation distance among subsea structures, larger
numbers of tidally connected platforms (Fig. 13) are
found in the central and northern North Sea, despite
tidal footprints being half the size of those in the
southern North Sea (Fig. 12).
The tidally connected scales derived from this novel
and easy to apply method are comparable to those
previously reported in the literature (see Section 3.3).
The tidal footprint method is therefore a robust
method to visualize rapid connectivity over a limited
range. Tidal connections represent less than 1/3 of the
connections generated by the 2 d trajectories, and
these are restricted to short-range connections (radial
dispersal distance < 9 km; Fig. 12). Despite tidal currents being the strongest ubiquitous currents in the
North Sea due to their oscillatory nature, they are incapable of producing long-distance connections; therefore, the resulting network is marginally interconnected at the larger spatial scale of the entire North
Sea (Fig. 13). It is likely that processes like diffusion,
sinking and behaviour, not included in the present
study, would enhance both self-seeding and tidal connectivity, making this a conservative estimate.
Tidal connectivity is important for short time scale
processes like rapidly maturing larvae, point-source
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released pollutants (e.g. Phelps et al. 2015a) that decay quickly or precipitate out of the water column to
contaminate the seabed, or even search and rescue
operations. Tidal footprints represent a good way to
determine the settlement area around small structures like oil and gas platforms, as opposed to arbitrarily selecting a settlement radius, since it is valid to
assume that once larvae are within a tidal footprint,
tidal currents will make them sweep the footprint
area, and reach the structures within it in a tidal
cycle. Tidal footprints also provide a way of expanding the point source seeding area that the subsea
structures represent. Materials emanating from them
(i.e. pollutants or biological material) are rapidly
spread by tides to cover an area, from which they are
then carried away by density- and wind-driven currents. Particles could be released on the tidal footprint area to account for the initial tidal spread.
Releasing particles in a wider area enhances the
variability of pathways of the advected particles, and
therefore the area swept by particles over time (dispersal) and their probability of encountering other
artificial subsea structures or natural hard substrate
(connectivity). This could be a remedial method for
particle tracking experiments done with currents
that do not include tides or misrepresent them due to
their coarse temporal resolution (i.e. daily means).
However, as tidal currents affect the dispersion in
time-evolving ways (e.g. tidal dispersion of tracers,
Bowden 1965; and locally modifying turbulence, e.g.
Brereton et al. 2019), the full tidal effects would not
be attained.

4.3. Ecological implications of the connectivity of
oil and gas structures
The results presented here are a good starting
point for the assessment of the connectivity and dispersal potential of various marine organisms associated with oil and gas infrastructure in the North Sea,
or substances that could potentially emanate from
them and can remain in the water up to 28 d. Common marine growth species in the Greater North Sea
region with PLDs usually less than 28 d include the
soft coral Alcyonium digitatum and the barnacles
Chirona hameri and Balanus crenatus. In agreement
with Coolen et al. (2020b), who studied both the
genetical and modelled connectivity of the mussel
Mytilus edulis in the southern North Sea, our findings indicate that the subsea structures in the entire
North Sea are highly interconnected, particularly in
the southern North Sea. Our study further identifies
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several highly interconnected clusters along the
basin, for both short (2 d) and long (28 d) PLDs, with
fewer but larger clusters for the latter. Within the
observed clusters, platforms serving as sources could
be considered the most important for maintaining the
populations established on oil and gas platforms, and
the connectivity between them, while platforms acting as strong sinks represent populations that are
more resilient. Platforms acting as both sources and
sinks have the potential to serve as stepping stones
for species to continue to expand to other structures,
particularly those offshore, over several generations.
They can be crucial for cross-basin connectivity of
species that lack natural habitat offshore.
Both the decrease in numbers of unique connections when considering longer trajectories (Fig. 9)
and the exponential decrease of self-seeding (Fig. 10)
show how generally a higher proportion of longerlived larvae are lost to unsuitable habitat, as they
drift away from their source. Longer trajectories,
however, increase the probability of long-distance
connections, creating an overall more interconnected
basin-wide network. Our case study clearly illustrates the ecological trade-off between closed populations with high local recruitment, susceptible to
local environmental pressure, and open populations
with lower recruitment but longer-distance connectivity leading to colonisation of new habitats and
strong genetic variability (Cowen et al. 2000). Both
small- and large-scale connectivity are present and
linked to PLD. In terms of species of conservation
interest that colonise energy infrastructure (e.g. the
protected reef framework-forming coral Lophelia
pertusa), a decision-maker may want to encourage
connectivity over the large scale. In contrast, in terms
of mitigating risks associated with the large-scale
spreading of non-native or invasive species, if these
are found already on a cluster of structures close
together, a decision-maker might want to discourage
new structures being added nearby that could make
the network wider, considering the risks of open populations having the potential to spread species further afield.
Platforms directly connected by tides could be considered redundant in terms of their contribution to
the connectivity of the network, in which case other
ecological and operational aspects like species distribution and abundance, distance to shore and maintenance feasibility should be taken into account to
determine which platforms should be kept or removed. For operational proposes, to determine if specific structures should be removed or kept in place
and maintained over time to preserve its ecological

function, a more detailed study, with a multispecies
biological connectivity approach, in the region of
interest would be required. A more in-depth investigation of the generated networks is recommended,
as well as the application of methods specifically
designed to address this issue like those developed
by Fox et al. (2019). These investigations are computationally demanding; here we have dedicated computational resources to establishing a synopsis of a
wide area, rather than (for example) investigating a
long simulation for a small region, or targeting the
spread of a specific species.

4.4. Expected effects of interannual variability and
climate change
The NAO has a strong influence on the North Sea
circulation. The flow strength during years with a
negative winter NAO Index are significantly weaker
than those with positive NAO Index (Schrum & Sigismund 2001 in Sündermann & Pohlmann 2011) due to
the suppression of westerly winds (Chafik 2012,
Woollings et al. 2015). A previous study by Fox et al.
(2016) showed that connectivity among North Atlantic marine protected areas is strongly correlated to
the NAO, with positive NAO phase conditions producing a well-connected but asymmetrical network
connected from west to east, while the negative NAO
phase produced reduced connectivity. The present
study uses modelled currents of 2010, a strongly negative NAO year; therefore, the described circulation,
trajectory pathways and connectivity patterns reported here could be assumed to be a conservative
‘base-case’ estimate, since westerly winds and inflow
from the Atlantic were suppressed by the negative
NAO conditions. Another study focussed on larval
connectivity of the deepwater coral L. pertusa, restricted to oil and gas structures in the northern North
Sea (Henry et al. 2018), addressed inter-annual variability over a 3 yr period that encompassed the transition from a strong negative (2010) to a positive NAO
state (2012). The evolution of connectivity throughout the 3 years broadly conformed to an increase in
zonal connections from west to east and a reduction
of meridional connections when transitioning from
negative (2010) to positive (2011 and 2012) NAO
phase. The networks presented here are expected to
show similar interannual variability changes in positive NAO phases, particularly in the northern North
Sea. Mathis et al. (2015) documented higher NAO
correlations in the northern North Sea than in the
southern parts; therefore changes are expected to be
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more subtle in the already strongly connected southern North Sea. Exploring interannual variability and
the effects of extreme events and climate-induced
changes in the North Sea circulation on the connectivity patterns of oil and gas structures is needed to
determine the bounds of the scales of dispersal and
connectivity presented here. Metrics like maximum
linear dispersal distance are expected to be particularly sensitive. Expanding this research to investigate sensitivity to interannual variability and climate
change are further steps for this research, as well as
the interactions with other man-made structures including wind farms, wrecks and natural hard substrate habitat, similarly to a study by van der Molen
et al. (2018), but with higher spatiotemporal resolution.
Increased permanent stratification in the ocean is a
robust outcome of future climate projections (Capotondi et al. 2012). Seasonal changes in stratification
on shelf seas are much less robust (Tinker et al. 2016,
Holt et al. 2018). For the North Sea, this may imply
more uniform conditions with an expansion of the
northern environment, which shows stronger seasonal and inter-annual variability, and shrinkage of
the well-mixed, tidal-dominated southern North Sea
conditions. There is still a degree of uncertainty on
how climate change will affect the circulation of the
North Sea; however, it seems to be one of the more
susceptible shelf seas (Kauker 1998, Langenberg et
al. 1999, Holt et al. 2016). Expected changes in stratification, circulation patterns and flow strength will
undoubtedly alter connectivity. This would have significant ecosystem impacts, since commercially and
ecologically important species have life cycles coupled to the North Sea circulation, such as herring larvae, which rely on cyclonic circulation for transport
from spawning to nursery grounds (Corten 2013),
and the deep-water coral L. pertusa, which has an
interconnected population associated with oil and
gas structures (Henry et al. 2018). Increased water
temperatures in the future ocean are likely to affect
organisms physiologically, which will in turn imply
modifications to the biological parameters crucial to
model larval dispersal such spawning times and PLD
and larval behaviour (e.g. Pankhurst & Munday 2011).
The potentially synergistic effects of climate change
on both the physical and biological processes involved in larval connectivity make it difficult to estimate uncertainty around future connectivity patterns.
Future ocean conditions would need to be taken into
account if a long-term conservation strategy, similar
to the rigs-to-reef programme (Macreadie et al. 2011),
is adopted as part of the decommissioning strategy
for the oil and gas structures in the North Sea.
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5. CONCLUSION
This study focusses on a generalist approach to
investigate the connectivity among oil and gas structures in the North Sea; as such, it can serve as a starting point for more specialized studies, like those
focussing on specific species, pollution dispersal, impacts of adding marine renewable infrastructure, etc.
It presents a strategically designed, yet generic and
minimalistic approach to characterize dispersal and
connectivity. Particle tracking in a high-resolution
model is combined with a new method to evaluate
tidally driven connectivity. This tidal analysis approach
is put forward as a quick and easily relocatable
approach to evaluate ground-zero tidal connectivity
in shelf seas where the tide plays a prominent role.
Together these form a relocatable approach of scalable complexity that considers the most important
physical drivers of dispersal in coastal shelf seas while
keeping computing requirements at a minimum.
Our approach highlights considerable spatial variability in dispersal between the northern (deep and
stratified) region versus the southern (shallow and
well-mixed) region, and temporal variability between
the mixed and energetic winter season and the stratified and quieter summertime, with the marked regional sensitivity to seasonality explained by stratification. At least 1 in 5 of the connections realized at
short PLDs are due to tidal dispersal and are identified by the new tidal connectivity analysis, representing an important baseline to assess the ecological implications of structure removal or demonstrate
the need for more detailed modelling work.
Questions of decommissioning, leaving structures
in place or even rigs-to-reefs projects in the North
Sea are very contentious. This research adds to the
growing body of information assessing the contribution of basin-wide spatiotemporal scales and patterns
of network connectivity to the ecological role of subsea man-made structures in the North Sea. We do not
attempt here to assess the ecological value of the
populations using these structures, but to provide
tools, and an example of their use, to help assess the
resilience of these populations to changes in the
topology of these manmade networks.
Data availability. Oil and gas platform locations were obtained
from the OSPAR Data and Information Management System
(https://odims.ospar.org/en/submissions/ospar_offshore_
installations_2015_01/). The LTRANSforNEMO code used to
perform the particle tracking experiments is available at
https://doi.org/10.5281/zenodo.6092322. Input data and the
data that support the findings of this study are available on
request from the corresponding author.
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