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Abstract. Understanding ocean physical connectivity is essential for characterizing and predicting transport patterns, which 

in turn play a fundamental role in several marine processes. Here, we present an analysis of 30 years of surface water 

connectivity for the Bay of Biscay, derived from backward Lagrangian particle simulations driven by hourly high-resolution 

surface velocity reanalysis fields. The Lagrangian simulations are used to characterize transport pathways within and 10 

between key subregions across integration times of 7, 30, and 90 days, thereby capturing connectivity from weekly to 

seasonal scales.  

Results show that the obtained seasonal cycle of connectivity reflects the seasonal variability of regional ocean 

circulation: i) The northward transport along the shelf by the Iberian–Poleward Current, ii) the presence of transport barriers 

along the continental slope, and iii) the enhanced cross-shelf transport from the Spanish shelf during spring and from the 15 

French shelf during summer. Regional maps of particle origins and transit times reveal areas of strong isolation along the 

French coast and zones of intensive mixing at the French Spanish border. While interannual variability is evident, the 

simulations also indicate a slight but significant long-term decrease in transport from the Spanish to the French shelf.  

Overall, these results provide an overview of the main pathways of transport and retention within the Bay of Biscay at 

different time scales, offering insights into its potential role in different key ocean processes such as marine litter or plankton 20 

dispersal, genetic exchange, and ecosystem functioning.  

1 Introduction 

Ocean connectivity is a fundamental process in the marine system. Through the exchange of biogeochemical tracers and 

other materials, it influences biodiversity, population dynamics, and ecosystem resilience (Cowen and Sponaugle, 2009). 

Among the physical drivers of connectivity, ocean circulation plays a central role by shaping dispersal pathways, retention 25 

areas, and transport barriers. Currents can connect distant habitats by transporting larvae, plankton, and other propagules, 

while also redistributing environmental DNA (eDNA) and anthropogenic material such as marine litter (e.g. plastics). At the 

same time, they can limit exchange across fronts, recirculation zones, and other persistent oceanographic boundaries (Lett et 

al., 2010). As a result, physical connectivity is increasingly recognized as a key factor for understanding both ecological 
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processes—such as species distribution, recruitment variability, gene flow, and biogeographic structuring—and the transport, 30 

dispersion, and accumulation of marine litter (Lebreton et al. 2012; Leis, 2007; Paris et al., 2007; Treml et al., 2015)[NS5.1].  

In addition, the relevance of connectivity extends beyond ecological theory, as it directly affects the design and functioning 

of marine protected area networks, fisheries management, and the capacity of species to respond to climate-driven 

environmental change (Assis et al., 2021; Gaines et al., 2010; Magris et al., 2014). Indeed, networks designed with 

connectivity in mind tend to protect more species and functional diversity over the long term, compared to isolated marine 35 

protected areas (MPAs) (Balbar and Metaxas, 2019; Magris et al., 2014); and yet, connectivity has often been overlooked in 

practical spatial planning and fisheries management. Given the central role of connectivity in key marine processes 

(biodiversity, ecosystem dynamics, the transport of marine litter, etc.), a detailed and systematic understanding of transport 

pathways and connectivity patterns across spatial and temporal scales within regional seas is essential. 

The Bay of Biscay (BoB) provides a particularly relevant setting in which to investigate connectivity patterns. Located in the 40 

northeastern Atlantic[NS6.1], the BoB is a transitional region between temperate and subtropical influences and supports 

productive ecosystems, valuable fisheries resources, and areas of high ecological importance (Borja et al., 2019; Gil, 2008; 

ICES, 2024). Its physical setting is marked by pronounced spatial heterogeneity, including a broad continental shelf in the 

north, a narrower shelf along the southeastern margin, and complex bathymetric features (Amaro et al., 2016; Borja et al., 

2019). At the open ocean, the circulation is slow with an average anticyclonic sense (Koutsikopoulos and LeCann,1996). 45 

Along-slope transport is largely controlled by the Iberian Poleward Current (IPC), which exhibits a pronounced seasonal 

variability, with a well-defined poleward flow during late autumn and winter and a weaker, more variable behaviour during 

summer months (Charria et al., 2013; Solabarrieta et al., 2014). Over the continental shelf, circulation is strongly influenced 

by wind-driven processes, which tend to dominate over tidal and density-driven currents due to the narrow shelf width and 

the limited river discharge in the region (Charria et al., 2013; González et al., 2004; Solabarrieta et al., 2014). The interaction 50 

between the IPC and the abrupt bathymetry, particularly around the Cap Ferret and Capbreton canyon, frequently leads to the 

generation of mesoscale structures such as eddies (Caballero et al., 2008, 2014, 2016; Pingree and Le Cann, 1992a; Rubio et 

al., 2018; Teles-Machado et al., 2016), which can significantly modulate transport pathways and residence 

times.[NS7.1][NS7.2] As a result, surface transport conditions exhibit strong variability across a range of temporal scales, 

from seasonal to interannual, reflecting the combined influence of large-scale circulation and mesoscale dynamics. These 55 

processes favour exchanges among distant sectors of the basin, promote local retention over the shelf, or function as partial 

barriers between adjacent regions. Indeed, previous observational and modelling studies have shown that transport in the 

BoB is strongly modulated by seasonality. Surface drifter climatologies indicate a marked seasonal cycle, with poleward 

shelf–slope transport and IPC intrusions during autumn–winter, and weaker or reversed circulation patterns during spring–

summer (Charria et al., 2013). This seasonal modulation also affects residence times over the shelf and slope, as revealed by 60 

previous HF radar observations and Lagrangian modelling in the southeastern BoB (Rubio et al., 2018). Numerical 

simulations further suggest that this seasonality is not limited to the surface but extends through a vertically structured slope-

current system, with recurrent reversals and distinct transport regimes within the upper layer, and at intermediate and higher 
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depths (Friocourt et al., 2007). Lagrangian observations also reveal that mesoscale eddies contribute to exchanges between 

the slope and the abyssal plain (Rubio et al., 2018; Serpette et al., 2006). More recent high-resolution modelling has 65 

quantified these cross-shelf exchanges and shown that they involve distinct vertical layers, with wind forcing, eddy activity 

and bottom-boundary processes contributing differently to surface, mid-depth and near-bottom transports (Akpınar et al., 

2020). Finally, recent studies further show that mesoscale and submesoscale fronts can strongly affect transport pathways 

and generate transient transport barriers at shorter time scales in the southeastern BoB. These frontal structures modulate the 

convergence, retention and offshore export of floating material, with their position and persistence strongly influenced by 70 

wind forcing and windage effects (Bertin et al., 2024, 2026). Understanding this multi-scale transport framework is essential 

for interpreting how physical connectivity modulates ecological and environmental processes. 

For example, variability in larval retention and offshore export has been shown to influence anchovy (Engraulis 

encrasicolus) early life stages (Irigoien et al., 2007, 2008; Manso-Narvarte et al., 2024). At larger spatial scales, 

hydrographic structures near the northern boundary of the BoB have been linked to reduced exchanges with the Celtic Sea 75 

and English Channel, contributing to the maintenance of biogeographic transitions in planktonic and other marine 

communities (Le Marchand et al., 2020; Lett et al., 2010). More recently, connectivity has also been implicated in climate-

related range shifts, as changing environmental conditions and transport pathways may facilitate the poleward expansion of 

species in the northeast Atlantic (Le Marchand et al., 2020; van der Kooij et al., 2024). In addition, the prevailing 

hydrodynamic conditions drive the accumulation of floating marine litter, thereby identifying the BoB as a hot spot for 80 

marine litter (Basurko et al., 2022; Decleck et al., 2019; Pereiro et al., 2019; Ruiz et al., 2022a, b). Moreover, harmful algal 

blooms and their transport and connectivity have been analysed for the Ostreopsis species between different regions of the 

BoB, observing that the areas in the middle of the bay favour the algae dispersal towards the north (Drouet et al., 2021). 

These studies demonstrate the effects of transport across several types of processes, drifting particles, periods, and regions. 

However, an overarching view of transport and connectivity patterns across multiple temporal scales and across different 85 

areas of the BoB is still lacking. A clear physical description of the BoB circulation is essential as a basis for interpreting 

connectivity patterns due to exchanges between shelf, slope, and offshore domains, and provides the physical framework 

needed to understand when connectivity is enhanced, restricted, or redirected across the basin. 

In this context, the objective of this study is to characterize transport pathways and physical connectivity among different 

sub-areas of the BoB. To this end, we use a Lagrangian modelling approach based on numerical particle-tracking simulations 90 

forced by ocean surface velocity fields. This framework allows us to quantify exchanges across regions, identify dominant 

pathways, and assess the spatial and temporal variability of connectivity patterns over 30 years. By relating these results to 

the main circulation features of the basin, this study aims to provide a physically grounded description of connectivity in the 

BoB that can support the interpretation of ecological processes and future management applications. 
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2 Data and Methods 95 

The physical connectivity of different subareas within the BoB is estimated by a Lagrangian model using surface currents 

from a realistic high-resolution data-assimilating state-of-the-art ocean circulation reanalysis. We quantify transit times, 

origin of particles, as well as the connectivity and mixing between these subareas within the BoB using different integration 

times.  

2.1 Subareas within the BoB 100 

To evaluate the connectivity patterns, we divide the BoB into subareas that differ in water masses and physical 

characteristics. For this purpose, we define five main subareas of interest based on the bathymetry contours and the Spanish-

French border (Fig. 1): the deep basin (deep, depth > 1000 m) that is characterized by weak mean currents, the presence of 

eddies and long residence times; the wide French and the narrow Spanish shelf (fr_shelf, es_shelf, depth < 200 m) with 

currents influenced by wind, tides and river outflows in Region of Freshwater Influence; and the French and Spanish slopes 105 

(fr_slope, es_slope, depth = 200–1000 m) that pose topographic barriers to the water exchange between the shelf and the 

deep ocean. In addition, we define open boundaries to the north (48.5° N), south (41° N), and west (11° W), with particles 

crossing these limits considered to originate from the respective directions.  

 

Figure 1: Map of the BoB with colour-coded subareas used for the connectivity (see legend). The dotted grid represents the seeding 110 
positions of the particles, and the contours show the 200 and 1000 m isobaths. 
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The subdivision is motivated by the distinct physical processes operating across the shelf, slope, and deep basin, as well as 

the contrast between the wide French shelf and the narrower Spanish shelf. However, it should be noted that this 

classification is to some extent arbitrary with different numbers of particles seeded in each subarea (Table 1) and should be 

considered when interpreting connectivity patterns. In particular, changes in connectivity between the French shelf and 115 

offshore regions largely reflect zonal (west–east) shifts, whereas connectivity associated with the Spanish shelf and slope is 

influenced by a broader spatial extent that includes parts of the Portuguese coast, resulting in more complex, non-zonal 

transport pathways. 

Table 1: Properties of the subareas in which particles are seeded.  

 fr_shelf es_shelf fr_slope es_slope deep 

Bottom depth < 200 m < 200 m 200-1000 m 200-1000 m > 1000 m 

Number of seeded particles 1880 460 238 241 5138 

 120 

2.2 Lagrangian model setup 

We use the OpenDrift Lagrangian model (Dagestad et al., 2018; OpenDrift version 1.13.0) to simulate backward trajectories 

of particles. The model is forced with hourly surface velocity fields from the Atlantic–Iberian Biscay Irish (IBI) Ocean 

Physics Reanalysis, provided by the Copernicus Marine Service (CMEMS) (https://doi.org/10.48670/moi-00029), covering 

the period from 1993 to 2024. This product is based on the NEMO v3.6 ocean circulation model run at 1/36° horizontal 125 

resolution, and assimilates along-track satellite sea level anomaly, in situ temperature and salinity profiles and satellite sea 

surface temperature, ensuring a high-resolution representation of the circulation of the BoB. 

Particles are seeded on a regular 0.08° x 0.08° grid covering the BoB (41° N to 48.5° N and 11° W to the French and Spanish 

coastline, see dotted grid in Fig. 1). In each monthly simulation, there are seven particle seeding events spaced five days 

apart, starting with the 1st of the month as seeding days (Fig. 2). For months with fewer than 31 days, the sequence includes 130 

the first day(s) of the following calendar month to maintain seven seedings per month. Each simulation runs backwards in 

time for 120 days, ensuring at least 90 days of drift for all particles. Simulations were performed for every month of the 

available velocity data. Each seeding contains 7.958 particles, resulting in a total of 55.706 particles per monthly simulation.  
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Figure 2: Sketch of the seven seedings within a monthly simulation and 7 (blue), 30 (green), and 90 (orange) days of backward 135 
integration. 

The model configuration included no wind drift factor, a diffusion coefficient of zero, and no-stranding conditions 

(coastline_action = 'previous') to prevent unreal beaching. The particles were forced to move with a time step of 900 s. 

 

2.3 Methodology for Lagrangian metrics 140 

Since Lagrangian simulations are run backward in time, they reveal the transport pathways and the origin of the particles 

considering a specified integration time (i.e., age of particles). We focus on integration times of 7, 30 and 90 days to reflect 

key physical and ecological timescales. The 7-day integration captures short term, event driven transport associated with 

storms and wind reversals, which can rapidly influence primary production and coastal retention (Wu et al., 2018; Fievet el 

at. 2026). The 30-day integration corresponds to mesoscale circulation and typical pelagic larval durations (2-4 weeks), 145 

making it particularly relevant for functional connectivity between spawning and nursery areas (Ayata et al., 2010; Manso-

Narvate et al. 2024). The 90-day integration represents seasonal accumulation of transport pathways, integrating multiple 

forcing events and reflecting connectivity relevant to population replenishment and ecosystem scale organization (Nadal et 

al., 2024; Assis et al., 2025).  

In the following, seeding positions refer to the locations where particles are released. The origin subarea denotes the subarea 150 

occupied by the particle after 7, 30, or 90 days of backward integration, whereas the seeding subarea corresponds to the 

destination subarea in which the particle is seeded (Fig. 1).  

To examine seasonal variability, we present results from the simulations of particles seeded during February (winter), May 

(spring), August (summer), and November (autumn). In the 7- and 30-day simulations, trajectories are influenced only by 

circulation during the seeding month, whereas the 90-day backward trajectories are influenced by the circulation during the 155 

seeding month and the preceding three months (Fig. 2). 

We present the following metrics used in the results to analyse how the different subareas of the BoB are connected: 

Particle origin: To address the question where particles originate from, we determine the first-, second-, and third-most 

frequent origin subarea for all particles seeded at each seeding position, considering all seedings per month for monthly 
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maps and across all years for the climatologies. The first-, second, and third-most frequent origin subareas are calculated as 160 

the first, second, and third modes of all possible origins considering different integration times.  

Transit time: The transit time represents the time lag (in days) between the particle seeing time and the first entry into each 

subarea. If a particle never enters a given subarea, this subarea is disregarded for the corresponding particle, whereas the 

transit time is set to 0 when the particle remains within the same subarea throughout the entire simulation. We then calculate 

the mean transit time and the standard deviation from each subarea to the seeding positions across all simulations. Because 165 

the distance travelled by particles differs among simulations, the number of particles connecting an origin subarea to a given 

seeding position also varies. To quantify this particle count, we calculate the percentage of particles that reach each seeding 

position relative to the total number of particles originating from each origin subarea. 

Origin diversity index (ODI): To quantify the diversity of particle origins within the BoB, we define the ODI as the number 

of unique source regions contributing particles to each spatial location. For this, each seeding subarea is divided into a 170 

regular grid defined by 100 equally spaced points in longitude and latitude (about 0.12º x 0.12º). For each grid cell, we count 

the number of unique particle origins present across the seven seeding events per month, separately for the three integration 

times. Monthly values are then averaged over all available years to obtain a climatological estimate of mixing by season and 

for different integration times. 

Connectivity matrix: We present connectivity matrices that quantify the percentage of particles seeded in each seeding 175 

subarea that originate from the different origin subarea. For this, we calculate the connectivity Cij (Eq. 1) between each 

subarea pair for each integration time T, by counting how many particles seeded within a seeding subarea i originate from 

each origin subarea j, divided by the total number of particles seeded within the seeding subarea i. This means for each 

destination subarea i, i.e., each row of the connectivity matrix, the sum is 100 %.  

𝐶𝑖𝑗
(𝑇) =

𝑁𝑖𝑗
(𝑇)

∑ 𝑁𝑖 𝑖𝑗
(𝑇) × 100 ,           (1) 180 

This connectivity matrix is calculated for each monthly simulation and then averaged over all available years to obtain the 

monthly and overall mean connectivity for the different integration times. Linear trends of connectivity are computed from 

deseasoned monthly time series of each connectivity Cij, where positive trends indicate an increase in connectivity, i.e., an 

increase in the number of particles transported from an origin subarea to a seeding subarea, whereas negative trends 

correspond to a reduction in connectivity. Note that the connectivity matrix is not squared as five seeding subareas and eight 185 

origin subareas (adding the southern, western and northern boundary) are defined. 

Northward extent of Spanish shelf water: We calculate the northward penetration of Spanish shelf water (es_shelf) onto the 

French shelf as an indication of the strength of the IPC. We use the shelf instead of the slope due to the stronger signal in 

connectivity and its trend. For each monthly simulation, we extract the positions of particles originating on the Spanish shelf 

over 90-days integration time. As an estimate of the maximum northward extent, we compute the 99.9th percentile of latitude 190 

reached by Spanish shelf particles, which captures episodic far northward intrusions while remaining robust to outliers. We 

then calculate the monthly climatology of this metric and subtract it from the full time series to obtain monthly anomalies. 
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These anomalies are used to estimate the long-term trend and to compute annual mean anomalies of the maximum latitude 

reached by shelf waters. We use a seasonal year (July–June) rather than a calendar year because the northward transport over 

the shelf peaks during winter and often spans two calendar years. This avoids interpreting shifts in the timing of the winter 195 

maximum as changes in magnitude and ensures that the full winter season is included when calculating anomalies in the 

maximum northward extent of shelf waters. 

3. Results 

3.1 Particle pathways and origin  

The backward Lagrangian simulations provide insights into where seeded particles come from and what their pathways look 200 

like. We present here examples of the trajectories of the particles, followed by the seasonal variability of the particle origin.  

For a first insight into particle pathways, we illustrate the trajectories from three different months, color-coded by their 

subarea of origin (Fig. 3, see also trajectories for all years for spring, summer, autumn and winter in Fig. A1, A2, A3).  The 

trajectories exhibit several characteristic circulation features of the BoB: poleward transport of waters from the Portuguese 

and Spanish shelf (red and blue trajectories); mesoscale eddies over the deep basin (various colors trajectories); lateral 205 

import of waters from the western boundary into the basin interior (cyan trajectories); and offshore advection of shelf waters 

(orange and blue trajectories). The examples selected in Fig. 3 also illustrate the variability across different periods. In 

particular, they show marked differences in the northward extension of trajectories originating on the Spanish shelf, which is 

much more pronounced in Fig. 3a and b, as well as in the offshore transport of Spanish slope waters, which occupy the 

central part of the basin in Fig. 3c. The examples also highlight changes in the position of mesoscale eddies and in the origin 210 

of the waters retained within them, as well as differently strong import from the northern boundary. This variability is 

addressed in more detail on the following using different metrics from a seasonal to interannual scales. 
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Figure 3: Examples of 90-day backward trajectories of numerical particles seeded throughout (a) November 2015, (b) February 215 
2016, and (c) May 2021. The trajectories are color-coded with their subareas of origin (as defined in Fig. 1) considering 90-days 

integration time. Contours show the 200 and 1000 m isobaths and dashed lines mark the boundaries between subareas. 

To examine the seasonal variability of particle origin, we present monthly climatologies of the particle origin (Fig. 4). 

Considering the most frequent origin, in winter (Fig. 4a), the western part of the basin is predominantly supplied by particles 

entering through the western boundary. The French shelf receives particles from the basin interior to about half-way onto the 220 

continental shelf, limited contributions from the northern boundary, and inputs from the Spanish shelf in the south. The 

Spanish shelf and slope are largely occupied by particles from the Spanish shelf, with additional input from the southern 

boundary in their southernmost part. The particles from the Spanish shelf remain strongly confined by the steep continental 

slope, but spread northward along the French coast, where they are advected poleward to approximately 45.3° N. In spring 

(Fig. 4b), retention increases on both the French shelf and in the deep basin, while Spanish shelf particles are transported 225 

westward and across the slope and into the basin. The extension to which particles from the western boundary reach into the 

basin decreases. In summer (Fig. 4c), the northern French shelf is flushed by particles originating at the northern boundary 

southward to about 47° N, the French shelf particles are exported across the slope into the basin and the Spanish shelf 

particles are strongly confined except on the western facade of the northern Iberian Peninsula. Northward transport from the 

Spanish to the French shelf is strongly reduced in summer. In autumn (Fig. 4d), Spanish shelf particles are again strongly 230 

confined, with only a narrow northward pathway onto the French shelf, and the northern French shelf is once more supplied 

by particles from the northern boundary. Across the 30-year dataset and all monthly seedings, slope regions do not appear as 

a dominant origin in any season, and the southern boundary only appears as a primary origin in winter.  

 

Considering the second-most frequent origin (Fig. 4e-h), the smaller slope regions with less particles remain absent for the 235 

90-day integration time, reflecting the strong dispersal and weak coherent imprint of these pathways. However, in this mode, 

particles from the southern boundary are more prominent and their northward pathway along the Spanish coast reach as far 
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as 6° W, while particles originating on the Spanish shelf are transported northward along the entire French coast up to about 

48° N. A detailed analysis of the northward transport of Spanish shelf waters along the coast will be presented later. The 

deep basin is primarily supplied by particles from the western boundary and from shelf regions.  240 

 

Particles originating from the slope regions only become prominent as a second-most frequent origin (Fig. 4i-l), where 

particles from the French slope travel westward into the northern part of the basin, while the Spanish slope particles 

accumulate in clusters over the Spanish slope that move seasonally. With decreasing integration time, the contribution of 

slope-origin particles increases. At 30 years, they cover most of the deep basin as the most or second-most frequent origin 245 

(Fig. A4), whereas at 7 years they dominate the regions surrounding the slope (Fig. A5). Notably, at the 7-year integration 

time, an alternating pattern emerges off the Spanish shelf, with both shelf- and slope-origin waters appearing as the third-

most frequent origin. The northward extension of Spanish shelf waters along the French coast is mainly expressed as a 

second-most frequent origin at all integration times.  
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 250 

Figure 4: Most frequent (a–d), second-most frequent (e–h), and third-most frequent (i–l) particle origins at each seeding position 

for particles released in February (representative of winter; a, e, i), May (spring; b, f, j), August (summer; c, g, k), and November 

(autumn; d, h, l). Colours indicate the origin subarea after 90-day backward simulations, based on the subareas defined in Fig. 1. 

Light grey contours show the 200 and 1000 m isobaths. 

 255 

3.2 Transit times and mixing of particle origin  

In this section, we characterize particle connectivity using two metrics: the mean transit time between seeding positions and 

origin subareas, and the ODI, which quantifies the mixing of distinct particle origins. The transit times provide insight into 

the efficiency of transport between origin subareas and seeding positions. In general, seeding positions are reached more 

rapidly when they are located close to the origin subarea or connected to it by strong and persistent currents (Fig. 5). Within 260 
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seven days (blue colours), particles remain within their origin subarea when averaged over the full period. After 30 days 

(green colours), particles typically disperse by approximately 1° in longitude and latitude from their origin subarea, with 

larger distances travelled in specific regions. Notably, particles originating from the Spanish shelf and slope reach farther 

north over the French shelf than elsewhere along the Spanish coast, while particles originating from the northern boundary 

extend farther south over the central French shelf than over deeper offshore regions. Within 90 days (orange colours), 265 

particles can traverse more than half of the BoB. This includes trajectories extending from the southern boundary beyond 47º 

N (Fig. 5a), as well as particles originating from the western boundary crossing the French slope and reaching onto the shelf 

(Fig. 5b). However, such far transport is limited to a small fraction of the ensemble: 90 % of all particles remain within 2–5° 

of their subarea of origin over the 90-day period. For example, 90 % of particles originating from the southern boundary 

remain south of 44.5° N (Fig. 5a), while 90 % of those originating from the northern boundary remain north of 47.5° N after 270 

90 days (Fig. 5c). Note that there is a strong variability in transit times, with a standard deviation of up to 35 days, especially 

in regions that are prone to eddies, such as offshore the shelf regions and where the Spanish shelf water is transported 

northward (Supplementary Material, Fig. 16). Some locations are not reached at all within 90 days in any of the simulations; 

in particular, parts of the French coastline do not receive particles originating from the southern, western, or northern 

boundaries. 275 

 

Fig. 5: Maps of mean transit times (days) to the seeding positions for particles originating in the subareas (a) south, (b) west, (c) 

north, (d) fr_shelf, (e) es_shelf, (f) fr_slope, (g) es_slope, and (h) deep. Blue shades indicate transit times of up to 7 days, green 

shades up to 30 days, and orange shades up to 90 days. Grey areas indicate locations not reached by particles from the 

corresponding origin subarea within 90 days. Thick black contours indicate the percentage of particles reaching each location 280 
from the corresponding origin subarea within 90 days. Light grey contours denote the 200 and 1000 m isobaths. 
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The ODI reveals the regions of stronger isolation versus regions with particles of multiple origin or stronger mixing, under 

the assumption that stronger mixing is associated with a greater diversity of origins (Fig. 6). For an integration time of seven 

days (Fig. 6a, d, g, j), the ODI is highest near the boundaries between subareas, as expected, with ODI=5 in the southeastern 

BoB, where particles originating from five different subareas converge. While this pattern is constrained by the definition of 285 

the subareas, a clear seasonal variability emerges. The region of largest origin diversity extends farther onto the French shelf 

during autumn and winter, whereas in spring and summer it shifts westward along the Spanish slope. This seasonal signal 

becomes more pronounced for a 30-day integration time (Fig. 5b, e, h, k). In this case, regions with ODI=5 near the French 

Spanish border migrate from the southern French slope in winter, to the southeastern corner of the BoB in spring, to the 

northeastern Spanish slope in summer, and the southern French shelf in winter. Larger origin diversity is also observed along 290 

the western Spanish slope during winter and autumn. In contrast, regions of weak mixing, indicated by a single origin and, 

thus, strong isolation, are found over the central French shelf from winter to summer, and within the central basin during 

summer and autumn. For a 90-day integration time (Fig. 5c, f, i, l), particles throughout the basin and over the slopes show 

ODI=5, with up to ODI=6 in the central basin. The location of this maximum varies seasonally, following the seasonal cycle 

of the regional ocean circulation. Note that, while eight subareas of origin are defined within the BoB, the maximum ODI 295 

observed at any location and for any integration time is six. This reduction results from the diminished contribution of slope 

regions in the long-term averages (Fig. 4).  
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Figure 6: Heat maps of the origin diversity index (ODI, number of unique origins) for gridded bins of approximately 0.12° × 0.12°. 

Panels show integration times of 7 days (a, d, g, j), 30 days (b, e, h, k), and 90 days (c, f, i, l) for particles seeded in February 300 
(representative of winter; a–c), May (spring; d–f), August (summer; g–i), and November (autumn; j–l). Light grey contours denote 

the 200 and 1000 m isobaths. 
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3.3 Physical connectivity and its seasonal cycle  

To compile the connectivity between all origin and seeding subareas, we present the full connectivity matrix averaged over 

the entire time period (Fig. 7). After 7 days of integration time (Fig. 7a), strong retention is observed on the shelf regions and 305 

in the deep basin, with 89 %, 78 %, and 88 % of particles remaining in the French shelf, Spanish shelf, and deep basin, 

respectively. In contrast, retention within the slope subareas is much weaker: only 22–23 % of particles remain there, while 

the majority are transported to adjacent shelf subareas or into the basin. As the integration time increases, particle dispersion 

intensifies and connectivity between distinct subareas increases. After 30 days (Fig. 7b), retention remains relatively high on 

the shelves (72 %) and in the deep basin (69 %), whereas the remaining particles predominantly originate from the deep 310 

basin and neighbouring subareas or boundaries. After 90 days (Fig. 7c), mixing is substantially enhanced and particle origins 

become more diverse in agreement with the ODI (Fig. 6). The highest retention rates remain on the shelves, with 69 % and 

56 % of particles remaining in the Spanish shelf, and French shelf, respectively. The French shelf and slope receive particles 

originating from the northern boundary, the deep basin, and the Spanish shelf. The Spanish shelf is connected to particles 

from the southern boundary, the deep basin, and the French shelf, while the Spanish slope receives particles from the 315 

Spanish shelf, deep basin, French shelf, and southern boundary. In particular, the French shelf receives 19 % of particles 

through the northern and western boundaries and the Spanish shelf receives 17 % of particles from the southern and western 

boundaries. The deep basin is primarily connected to particles originating from the deep basin itself, the western boundary, 

and the shelves.  

 320 

Figure 7: Connectivity matrix showing the percentage of particles seeded in each seeding subarea (y-axis) that originated from 

each source subarea (x-axis) for integration times of (a) 7 days, (b) 30 days, and (c) 90 days. Values are averaged across all 

seedings between 1993 and 2024. Grey boxes denote the matrix diagonal, representing particle retention within the same subarea. 
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Monthly climatological averages of the connectivity (Fig. 8) show that retention on the French and the Spanish shelf is 

strongest during May and June, while retention in the basin or on the slopes does not show any seasonality. Connectivity 325 

from the basin to the French slope and shelf is smallest during July and August, when also the transport from the Spanish 

shelf to the French coast weakens, while the transport from the northern boundary onto the French shelf and slope peaks one 

month later (August to September). Accordingly, the transport from the French slope and shelf onto the Spanish slope and 

shelf is also strongest during summer, while the connectivity from the southern boundary towards the Spanish shelf and 

slope is weakest during summer. Off-shelf transport from the Spanish shelf to the Spanish slope and the basin is largest 330 

during early summer (63 % connectivity from Spanish shelf to slope in June), while the off-shelf transport from the French 

shelf towards the basin is the largest during September (24 %).  

 

Figure 8: Seasonal cycle of connectivity between subareas for integration times of 7 days (a, d, g, j), 30 days (b, e, h, k), and 90 days 

(c, f, i, l). Solid lines show the climatological monthly mean connectivity, while shaded areas indicate ±1 standard deviation. For 335 
clarity, connections are grouped into retention within subareas (a–c), connectivity with the French shelf and slope (d–f), 

connectivity with the Spanish shelf and slope (g–i), and connectivity with the deep basin (j–l). Only connections exceeding 3% in 

the 90-day connectivity matrix (Fig. 7) are included here. 
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3.4 Long-term trend in connectivity and along-shelf transport 

We present the long-term trend in connectivity to reflect changes that have occurred in the BoB over the last 30 years (Fig. 340 

9). For an integration time of seven days (Fig. 9a), trends are small, but they already reveal emerging spatial patterns. 

Positive trends are detected in the connectivity from the deep basin towards the Spanish shelf and slope, as well as between 

the French shelf and the French slope. Retention slightly increases over the French shelf and slope and decreases over the 

Spanish shelf and slope. For longer integration times, the trend patterns become more pronounced. The strongest statistically 

significant trends correspond to increased connectivity from the basin to the Spanish slope and shelf for the 90-day 345 

integration time (Fig. 9c), with rates of 0.013 % month-1 and 0.008 % month-1, respectively. Although these monthly trends 

are small, they to total increases of approximately 4.7 % and 2.9 % in connectivity accumulate over the full 30-year period. 

In addition, there is a significant negative trend in connectivity from the Spanish shelf to the French shelf and slope (0.006 

and 0.007 % month-1, respectively) and from the southern boundary to the Spanish slope and the deep basin (0.007 and 0.002 

% month-1, respectively). 350 

 

Figure 9: Long-term trend over the entire time period of the deseasoned connectivity in % month-1 between each for integration 

times of (a) 7 days, (b) 30 days, and (c) 90 days. In italic are the trends that are statistically significant on a 95 % confidence level 

and in italic bold are the trends that are statistically significant on a 99 % confidence level. Grey boxes denote the matrix diagonal, 

representing particle retention within the same subarea. 355 

With the aim of assessing whether there have been any interannual changes or trend in the northward transport of waters 

along the coast, we present the variability in the northward extent of the Spanish shelf water. The latitudinal extent of 

Spanish shelf water exhibits a pronounced seasonal signal (Fig. 10a). On average, the northward extent reaches its minimum 

value of 46.5° N in August and its maximum value of 47.8° N in November. After removal of the seasonal cycle, the 

deseasoned monthly anomalies reveal a monthly variability of approximately ±1° latitude (Fig. 10b). Over the full 30-year 360 
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period, a statistically significant negative linear trend of −0.0006° N month⁻¹ is detected (p = 0.015, 95 % confidence level), 

indicating a long-term reduction in the northward penetration of Spanish shelf waters. In addition to the overall negative 

trend, the time series of yearly anomalies reveals a marked change in behaviour around 2012/13 (Fig. 10c). The year 2012 

corresponds to the strongest negative anomaly in the entire record, after which the northward extent of the Spanish shelf 

shows a partial recovery.  365 

 

Figure 10: Maximum latitude (99.9th percentile of latitude) of Spanish shelf (es_shelf) waters after 90 days of integration. (a) 

Climatological seasonal cycle of the maximum latitude, with ±1 standard deviation (grey shading); (b) Hovmöller diagram of 

anomalies relative to the seasonal cycle, organized by seasonal year (July–June); and (c) seasonal-year mean anomalies, with ±1 

standard deviation (grey shading) calculated from the monthly anomalies within each July–June period. Seasonal years are 370 
labeled by their starting year (e.g., 94/95 denotes July 1994–June 1995). Months and seasonal years correspond to the particle 

seeding time. 

4. Discussion 

The availability of a 30-year time series of marine current velocities enables the assessment of short-term, monthly, seasonal 

and interannual variability, as well as the calculation of climate trends. Thus, this unique set of long-term Lagrangian 375 

simulations with different integration times provides a robust framework for investigating mean patterns, seasonal 

variability, and long-term changes in transport, mixing, and connectivity within the BoB.  

The simulations used in this work are constrained to surface velocities for a twofold reason. First, surface currents are 

available at hourly resolution, whereas subsurface velocity fields are only available at daily resolution, reducing the ability of 

the Lagrangian simulations to resolve short-term variability. Moreover, extending the simulations to fully three-dimensional 380 
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velocity fields would substantially increase computational costs while introducing additional uncertainties associated with 

vertical mixing and poorly constrained subsurface flows. Second, surface velocities are the most representative of the 

horizontal transport of many passive tracers, such as floating marine litter, biomass, planktonic organisms, and eDNA, 

whose dispersal is largely governed by near-surface advection and Lagrangian transport processes (Andruszkiewicz et al., 

2019; Bjorkstedt and Roughgarden, 1997; Prants, 2025; van Sebille, 2020). Nevertheless, there is growing interest in 385 

resolving subsurface connectivity for processes in which transport is not restricted to the surface layer, such as the dispersal 

of early life stages of some pelagic fish and other organisms with more complex behaviors in the water column. This is 

particularly relevant for species such as European anchovy, whose early life stages may occur below the surface layer, for 

instance around 20–30 m depth, and whose dispersal can therefore be affected by currents that differ from those at the 

surface. Previous studies have shown that transport regimes in the BoB can be vertically structured, with surface and 390 

subsurface circulation potentially becoming decorrelated across different layers and time scales (Akpınar et al., 2020). 

Addressing these processes will require continued efforts to improve the spatial and temporal resolution of ocean simulations 

and available velocity products, together with a better representation of subsurface currents and the vertical component of 

transport. This implies advancing both numerical models and observing systems capable of constraining subsurface and 

vertical circulation more accurately. 395 

Overall, our results highlight the complexity and variability of transport and connectivity patterns in the BoB across multiple 

temporal scales. At seasonal scales, connectivity is strongly modulated by the regional circulation, with alternating periods 

of enhanced retention, along-shelf transport, cross-shelf exchange, and mixing between shelves, slope and deep-basin waters. 

At longer time scales, the 30-year simulations reveal that these recurrent seasonal patterns are superimposed on marked 

interannual variability and on weaker but detectable long-term changes. This multi-scale behavior emphasizes that 400 

connectivity in the BoB cannot be described by a single dominant pathway but rather results from the combined influence of 

persistent circulation features, episodic mesoscale processes, and long-term changes in transport regimes. Overall, the 

obtained patterns are consistent with the main circulation features and variability previously described for the BoB, including 

the seasonal modulation of along-shelf transport, shelf retention, cross-shelf exchange and mesoscale activity. However, the 

patterns depend on the velocity fields used to drive the Lagrangian simulations and should therefore be interpreted in the 405 

context of the selected ocean circulation product. Here, we use the most recent Copernicus Marine surface velocity product 

available at the time of the analysis (1/36° horizontal resolution; released in November 2025), which combines high spatial 

resolution with data assimilation and currently provides the best available description of surface circulation in the BoB. This 

product is expected to improve the representation of mesoscale circulation and cross-shelf exchanges relative to the previous 

1/12° product, primarily through its finer resolution and enhanced assimilation of altimetric observations. Nevertheless, for 410 

smaller-scale applications, such as the analysis of frontal structures or specific transport events, closer validation against 

local observations remains essential, as illustrated by recent studies combining high-frequency radar and satellite data in the 

southeastern BoB (Bertin et al., 2024). 
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The simulations also show that increasing integration time reveals larger origin diversity and connectivity, linked to a larger 

exchange of particles between subareas. Nevertheless, the French and Spanish shelf subareas consistently show the lowest 415 

origin diversity and highest retention rates, likely linked to the IPC, which acts as a dynamical boundary limiting cross-shelf 

exchanges. In fact, the lowest transport from the shelves to the deep ocean coincides with increased transport from the 

southern boundary northward along the coast in winter (Fig. 8), agreeing with the strongest IPC period (Charria et al., 2013; 

Solabarrieta et al., 2014). During summer, when the IPC weakens, this northward transport weakens and transport from the 

northern boundary towards the French shelf becomes more important. These patterns are consistent with the seasonal cycle 420 

of the IPC and previous observations of marine litter patterns in the southeastern BoB (Declerck et al., 2019). The relaxation 

of the IPC and the subsequent development of mesoscale eddies along the slope in winter (Caballero et al., 2008, 2014, 

2016; Pingree and Le Cann, 1992a; Rubio et al., 2018; Teles-Machado et al., 2016) may further enhance exchanges between 

shelves, slope, and deep-basin waters. However, these kinds of processes deserve specific analyses (e.g. Akpınar et al., 2020) 

which are out of the scope of our present paper.  425 

It should also be noted that the connectivity patterns reported here partly depend on the choice of subareas used in the 

analysis. Although expressing connectivities as percentages relative to the number of particles released in each subarea 

reduces biases associated with unequal numbers of seeded particles (Table 1), it does not account for differences in the size 

and geometry of the subareas themselves. This is particularly relevant for the slope regions, which are relatively narrow and 

therefore allow particles to leave the subarea more rapidly than in broader shelves or the deep basin. We nevertheless 430 

adopted physically meaningful subareas based on the major hydrographic domains of the Bay of Biscay rather than 

subdivisions of equal area, as our objective was to investigate connectivity between oceanographically distinct environments. 

Likewise, we deliberately avoided defining subareas from community maps in order to keep the framework applicable to a 

broad range of tracers and management questions. Future studies could complement this approach by defining regions based 

on connectivity communities and comparing the resulting connectivity patterns with those obtained from the physically 435 

based subdivision used here. 

In addition to the pronounced interannual variability in the northward penetration of Spanish shelf waters, this northward 

transport shows a long-term decline (Fig. 9). At the same time, transport from the deep basin towards shelf subareas 

increases (Fig. 8), suggesting that the reduced northward transport may be linked to a weakening of IPC, which in turn 

reduces the dynamical barrier along the slope and enhances exchange between shelf and deep-basin waters. However, this 440 

hypothesis requires further analysis. The reversal of this declining trend around 2012 may be consistent with the large-scale 

circulation changes in the eastern North Atlantic. In particular, González-Pola et al. (2025) reported a decade-long flow 

reversal in the intergyre region starting in 2013–2014 that modified density structures and slope circulation in the BoB, 

weakened upwelling, and altered regional transport pathways, before a gradual return toward the classical circulation regime. 

This transition may have contributed to the observed partial recovery of northward transport along the shelf. Additional 445 

anomalous events were also identified from drifter observations over the Armorican shelf between October 2007 and March 

2008, during which cross-shore circulation dominated in place of the typically observed poleward flow (Charria et al., 2013). 
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The strong retention and limited connectivity simulated over the French and Spanish shelves suggest that these regions may 

function as relatively isolated hydrographic and ecological compartments. Such isolation can influence both the distribution 

of water masses and their associated properties (e.g., temperature and salinity) and the transport of drifting particles. 450 

Regarding floating marine litter, there is clear evidence that the southeastern BoB acts as an accumulation zone, influenced 

by regional circulation patterns and riverine inputs (Alfaro-Ortega et al., 2025; Ruiz et al., 2022b). For early life stages of 

pelagic species, this retention is particularly relevant during and shortly after the spawning season. Species such as the 

European anchovy spawn mainly along these shelves, especially in areas influenced by major river mouths, during spring 

and summer (Motos et al., 1996). The early life stages of this species remain pelagic for approximately 20 days (Aldanondo 455 

et al., 2008, 2010; Cotano et al., 2008), during which they are transported by near-surface currents and subsequently can be 

aggregated (Manso-Narvarte et al., 2024). Recruitment success strongly depends on survival during this phase, which is 

closely linked to environmental conditions and their variability. According to the results of this study, on average, around 50 

% of shelf particles remain within this region after one month, except for the southeastern corner of the BoB (Fig. 5). 

Nevertheless, at a seasonal scale, and compared to other seasons, there is a greater dispersion of shelf surface waters during 460 

spring and summer toward the deep basin (Fig. 4), which could induce an offshore transport of these species, thus affecting 

their early life stages (Irigoien et al., 2007). 

To emphasize robust and transferable information, we primarily present climatological and annual or seasonal mean 

connectivity patterns. These provide a first-order view of typical pathways, retention zones, and exchange regions. As 

averaging smoothens episodic and mesoscale variability, all the plots for every monthly simulation, the three integration 465 

times, including monthly or yearly averages, have been made available through a web application to allow the reader to 

explore the variability of the Lagrangian metrics in more detail beyond what is shown in this paper. 

 

5. Conclusions 

This study delivers a long‑term, spatially explicit assessment of physical connectivity for the BoB derived from 30 years of 470 

Lagrangian simulations. By resolving connectivity across multiple integration times, the results provide a coherent 

framework to characterize how transport pathways, retention zones, and exchange regions organize surface‑driven 

connectivity from weekly to seasonal scales. The resulting patterns highlight contrasts between strong dispersion over the 

Spanish and French slopes and persistent retention on the shelves, including pronounced isolation of the central French shelf. 

In addition to connectivity matrices, the results offer quantitative transit time information from key subareas, enabling direct 475 

application to ecosystem-based management. These metrics provide scientifically based guidance for assessing a wide range 

of processes, such as potential replenishment pathways of fish stocks, interpreting spatial signals from eDNA observations, 

and contextualizing biological and environmental connectivity within the regional circulation. The analysis further reveals a 
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clear seasonal cycle of connectivity and a slight long‑term weakening of the northward transport over the shelf combined 

with increased off-shelf transport.  480 

Overall, this overview of Lagrangian connectivity within the BoB, together with the associated web application, provides a 

flexible and accessible resource for ecosystem research and management in the BoB. This tool enables scientists, fisheries 

managers, and other stakeholders to access and visualize connectivity information at spatial and temporal scales relevant to 

ecosystem management and conservation planning, as well as the interpretation of emerging observation techniques such as 

eDNA. Beyond its immediate applications, the connectivity framework constitutes a robust, long-term reference for 485 

advancing our understanding of physical connectivity under a highly dynamic circulation regime and provides a quantitative 

basis for supporting sustainable management of marine ecosystems in the BoB. 

 

Appendix A 

 490 

 

Figure A1: 90 days of backward trajectories of numerical particles seeded throughout February (upper row), May (second row), 

August (third row) and November (last row) for 1994 – 2003 (left to right). The trajectories are color-coded with their subareas of 

origin (as defined in Fig. 1) considering 90-days integration time. Contours show the 200 m and 1000 m isobaths. 
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 495 

Figure A2: 90 days of backward trajectories of numerical particles seeded throughout February (upper row), May (second row), 

August (third row) and November (last row) for 2004 – 2013 (left to right). The trajectories are color-coded with their subareas of 

origin (as defined in Fig. 1) considering 90-days integration time. Contours show the 200 m and 1000 m isobaths. 
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Figure A3: 90 days of backward trajectories of numerical particles seeded throughout February (upper row), May (second row), 500 
August (third row) and November (last row) for 2014 – 2023 (left to right). The trajectories are color-coded with their subareas of 

origin (as defined in Fig. 1) considering 90-days integration time. Contours show the 200 m and 1000 m isobaths. 
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Figure A4: Origin of particles at each seeding position for the first mode (a-d), second mode (e-h) and third mode (i-l) across the 505 
seven seedings per month and all simulated years for seedings in February (a,e,i), May (b,f,j), August (c,g,k) and November (d,h,l). 

Colours correspond to the origin of particles after 30-day backward simulations, according to the subareas as defined in Fig. 1. 

Light grey contours show the 200 and 1000 m isobaths. 
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 510 

Figure A5: Origin of particles at each seeding position for the first mode (a-d), second mode (e-h) and third mode (i-l) across the 

seven seedings per month and all simulated years for seedings in February (a,e,i), May (b,f,j), August (c,g,k) and November (d,h,l). 

Colours correspond to the origin of particles after 7-day backward simulations, according to the subareas as defined in Fig. 1. 

Light grey contours show the 200 and 1000 m isobaths. 

 515 
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Code and data availability 
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