
INTRODUCTION

The spatial structure of marine populations is a funda-
mental pre-requisite to understand, manage and protect 
marine ecosystems (Botsford et al. 2009, Dubois et al. 
2016). At first order, the distribution of marine organisms 
is thought to be determined by the availability of habitats, 
which are heterogeneously distributed across the sea-
scape, and by the movements of organisms among favor-
able areas. The latter process, which is referred to as “con-
nectivity” (Rossi et al. 2016), influences key evolutionary 
(e.g., speciation, long-term persistence, genetic structure, 
local adaptation) and ecological (invasion, colonization, 
demography, resilience to external perturbations) pro-
cesses (Duputie & Massol 2013). Hence, population con-
nectivity has also been related to biodiversity (Jones et 
al. 2007). Finally yet importantly, habitat connectivity is 
a key feature to optimize when prioritizing specific areas 
for protection and conservation (Olds et al. 2012).

Here we evaluate the small-scale connectivity of one 
emblematic rocky habitat, the coralligenous, which are 
endemic of the Mediterranean Sea and highly fragmented 

at all scales (Martin et al. 2015). Our study particularly 
applies to benthic species (sessile and demersal): since 
their adult phases have no or very low motility, the inter-
relationships among separated coralligenous patches are 
essentially controlled by the dispersal of propagules. 
Historical research (e.g., ecological monitoring, popula-
tion genetics, artificial reefs, etc.) as well as numerous 
information about the physical environment (models 
and observations of hydrography and hydrodynamics) 
make the Mediterranean Sea an ideal “natural labora-
tory” to study fine-scale habitat connectivity. With more 
than 1500 species, sessile or associated (about 315 algae, 
1241 invertebrates and 110 fishes, according to Balles-
teros 2006), coralligenous habitats contribute greatly to 
the Mediterranean biodiversity hotspot (Costantini et al. 
2018), and are present along most Mediterranean shore-
lines (Martin et al. 2015). While some species inhabit-
ing coralligenous habitats can be found elsewhere, there 
is likely more diversity per unit surface in coralligenous 
than in any other marine habitats as space is saturated 
by species and epiobiosis is frequent (Ballesteros 2006, 
Çinar et al. 2020). Due to their great diversity and acces-
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sibility to coastal populations, coralligenous habitats 
provide ecosystem services of all types (Thierry de ville 
d’Avray et al. 2019). Species tightly depending on these 
habitats (e.g., red coral, spiny lobster, grouper, etc.) are 
of high patrimonial and commercial values. indeed, cor-
alligenous landscapes are appreciated by divers and 
scientists for the potential of new discoveries, as many 
species remain understudied. Moreover, the calcareous 
algae forming bio-concretions, the basis of coralligenous 
habitats, have potential for carbon sequestration (Martin 
et al. 2013a). last, the main ecosystem services provided 
by coralligenous (e.g., habitat, nursery, refugee, food) are 
crucial to sustain marine Mediterranean populations (Thi-
erry de ville d’Avray, 2018). 

Coralligenous reefs appear particularly vulnerable in 
the “Anthropocene”. The coralline algae builders as well 
as the main animal bio-constructors have slow growth 
(garrabou & Ballesteros 2000, Torrents et al. 2005, 
Rodriguez-prieto 2016) and narrow thermal tolerances 
(adapted to relatively stable temperatures found below 
the thermocline). Hence, coralligenous habitats are par-
ticularly sensitive to marine heat waves, which are likely 
to become stronger and more frequent with global warm-
ing (pairaud et al. 2014). it was shown by a few historical 
mortality events well documented in the north-Western 
Mediterranean (e.g., garrabou et al. 2009, Crisci et al. 
2011) that resulted in a loss of both habitat complexity 
and biodiversity (piazzi et al. 2012). As the unique lime-
stone formation of biogenic origin (Ballesteros 2006), 
coralligenous bio-constructions are also threatened by 
ocean acidification since calcareous algae use dissolved 
inorganic carbon for photosynthesis and calcification 
(Martin et al. 2013b). Other noticeable threats are sedi-
mentation, nutrient enrichment (from wastewater or river 
outflow) and biological invasions (mainly from the algae 
caulerpa cylindracea [Sonder] and Womersleyella seta-
cea [Hollenberg, norris], piazzi et al. 2012). When a cor-
alligenous patch is negatively affected by mortality out-
breaks, connectivity is the main process to ensure popula-
tion persistence, favoring recolonization and/or access to 
refugee (gerber et al. 2014). 

We investigate fine-scale connectivity of coralligenous 
habitats and its potential impacts on benthic populations 
focusing on the bay of Marseille, a semi-opened embay-
ment (about 40 km by 25 km, from the gulf of Fos to the 
Riou archipelago, Fig. 1A) located at the eastern entrance 
of the gulf of lion in the north-West Mediterranean Sea. 
The coastal circulation is influenced by various forcing 
conditions including complex bathymetry, strong surface 
winds, the Rhône River outflow and the large-scale cir-
culation (cyclonic northern Current nC) producing inter-
mittent hydrodynamic patterns (Millet et al. 2018). Both 
dominant wind regimes, that are north-westerlies (Mis-
tral) and South-easterlies, respectively induce upwelling 
and downwelling processes (pairaud et al. 2011, Fray-
sse et al. 2013). While Marseille bay can be affected by 

episodic arrival of eutrophic (cold, fresh and nutrient-
rich) waters from the Rhône River plume (Fraysse et al. 
2014), the southern sector is usually under the influence 
of oligotrophic waters brought by the nC (Fig. 1A). Oli-
gotrophic conditions may also reach the northern sector 
on rare occasions when, instead of its usual westward off-
shore flow, the northern current intrudes the continental 
shelf of the gulf of lion (Ross et al. 2016). Due to their 
high fragmentation (Fig. 1B) and the chaotic circulation 
of the bay, the connectivity of coralligenous habitat is dif-
ficult to apprehend and mostly unknown to-date.

previous multi-specific studies of coralligenous in 
Marseille Bay suggested that genetic diversity differs 
among sites and that barriers to gene flows occur with-
in the bay. For instance, Cahill et al. (2017) highlighted 
the presence of genetic differentiation for many species 
between the Côte Bleue and the northern bay (Fig. 1) but 
the presence of a physical dispersal barrier has not been 
investigated yet. De Jode et al. (2019) also found commu-
nity differentiation between crustose algae (builder) com-
munities located apparently in the same area, somewhere 
between Côte Bleue and Calanques. Only few studies 
already investigated the hydrodynamic connectivity of 
Marseille Bay to compare against the genetic structures 
of seaweed, which is not a coralligenous dweller (Thiba-
ult et al. 2016), and to track the fate of wastewater among 
a few specific sites (Millet et al. 2018). An exhaustive 
evaluation of connectivity at small-scale and considering 
the precise distribution of such specific and emblematic 
habitats is, to our knowledge, still missing in this region. 

This paper presents a statistical description of fine-
scale habitat connectivity for several time scales and a 
range of parameters that should be relevant for some 
benthic species typical of coralligenous. We model the 
retention and exchange of propagules (e.g., eggs, larvae, 
spores, body fragments, rafts, etc.) driven by ocean cur-
rents among habitat patches in the bay of Marseille. We 
provide annually- and seasonally-averaged estimates of 
three complementary connectivity metrics, namely local 
Retention, Self-Recruitment and Source-Sink. Further-
more, to give a synthetic view of the interlinked network 
of coralligenous habitats, we cluster all individual patches 
into a set of “provinces” (e.g., ensemble of patches, pos-
sibly disconnected geographically, which are tightly con-
nected by ocean currents) and report mean statistics for 
each of them. By comparing observed spatial structure 
with the set of simulated spatial structures for a corre-
sponding set of dispersal traits, one may infer the most 
likely dispersal traits of a target species whose disper-
sal abilities are unknown. We finally discuss our results 
against the literature, highlighting that some dispersal 
predictions are plausible explanations for observed genet-
ic structures or biodiversity patterns.
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MATERIALS AND METHODS

Potential target species: Our ecosystem-based approach to 
dispersal consists in analyzing habitat connectivity for a range 
of “pelagic larval Durations” (plDs; i.e., the time during which 
propagules drift with ocean currents) and spawning periods, 
which are relevant for several species inhabiting coralligenous. 
By reviewing some information (often partial and uncertain) of 
their early-life traits, we intend to make a non-exhaustive list of 
benthic organisms to which our results could apply. The main 
builders of Mediterranean coralligenous habitats are calcare-
ous red algae belonging to two families: peyssonneliacae and 
Corallinaceae. in Marseille bay, species of genus mesophyllum 
and lithophyllum are the main builders of these habitats above 
20 m (below 20 m, respectively). The dispersal abilities of these 
calcareous red algae are thought to be very low (confirmed by 
population genetics results, De Jode et al. 2019) but are most-

ly unknown (norton 1992, Opazo & Otaiza 2007). myriapora 
truncata (pallas, 1766) dispersal propagule is a lecithotrophic 
larva that can survive only up to 24 hours in aquarium (Fer-
retti et al. 2007). The gorgonian Paramuricea clavata (Risso, 
1826), one of the most abundant structuring species of corallig-
enous habitats, also has lecithotrophic larvae suggesting low to 
moderate dispersal abilities, also supported by genetic structur-
ing at small scales (Mokhtar-Jamaï et al. 2011 and references 
therein). Despite the fact that supposed early-life traits would 
point toward high dispersal potential (e.g., Martínez-Quintana et 
al. 2015), other species typical of coralligenous present a clear 
genetic structure at small scales in the bay: the red coral coral-
lium rubrum (linnaeus, 1758) (ledoux et al. 2010, pratlong et 
al. 2018) and eunicella cavolini (Koch, 1887) (Cánovas-Molina 
et al. 2018). Finally, other coralligenous species whose dispersal 
traits are unknown but which could have low dispersal abilities 
both through sexual or asexual reproduction include: caryo-

Fig. 1. – Maps of the study area. panel (A) represents the domain covered by the RHOMA hydrodynamical model (black dots symbol-
ize the coastal mask at 20 m); annotations indicate the names of a few specific locations recalled in the main text; the red dotted rect-
angle highlights the core region of study (including, from west to east, “Côte Bleue”, “bay of Marseille”, “Calanques” and “la Ciotat”). 
panel (B) displays the CARTHAM map of coralligenous habitats (dark red dots) with the lFn grid superimposed (semi-transparent 
rectangles colored according to their land-ratio, reddish colors indicate full ocean nodes while yellowish colors stand for nodes partial-
ly covered by land). in both panels the grey-scaled lines represent the 40 m (clearest), 100 m and 200 m (darkest line) isobaths.
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phyllia inornata (Ducan, 1878) (goffredo et al. 2012), sponges 
such as oscarella lobularis (Schmidt, 1862) (ereskovsky 2010, 
ereskovsky et al. 2013). Animals like bivalves and polychaetes, 
which also contribute in building bioconcretions, may have 
high dispersal abilities but no information is available to con-
firm this (Costantini et al. 2018). note that some polychaetes 
brood larvae in their tubes suggesting very low dispersal, if any. 
Metazoan groups typical of coralligenous outcrops are bryozo-
ans, tunicates, cnidarians and sponges whose propagules would 
suggest lower dispersal as compared to planktotrophic and leci-
thotrophic larvae.

cartography of coralligenous habitats: The cartogra-
phy of coralligenous habitats was extracted from the dataset 
CARTHAM 2010-2012 by aggregating the sub-dataset #12 
(Astruch et al. 2011) and #13 (Astruch et al. 2012), while 
some pixels were completed later by Andromède Océanologie 
(2014). This dataset is available online on the Medtrix platform 
(www.plateforme.medtrix.fr, accessed in Sep. 2015) hold by the 
“Agence de l’eau” and “Andromède Océanologie”. it is a fine 
mapping (resolution of about 20 m²) of marine habitats carried 
out using side scan sonar, a multibeam sounder, including con-
firmation in the field by divers. High-resolution habitat maps 
were interpolated on our model grid and then transformed into 
presence/absence data, resulting in 423 discrete patches wide-
spread across the study area (Fig. 1B).

hydrodynamic model: The ocean model MARS3D (lazure 
& Dumas 2008) was implemented in the RHOMA (RHOne-
MArseille) configuration extending westward from the Rhône 
River mouth till the Cap Sicié, eastward of Marseille bay. This 
configuration was set up, validated and exploited by numer-
ous previous studies (pairaud et al. 2011, Fraysse et al. 2013, 
2014, Ross et al. 2016, Millet et al. 2018). The horizontal grid 
mesh resolution was of 400 m with 30 vertical sigma levels. 
The model run used in this study covers the period of the years 
2009 to 2011 with the same model setup (forcing, parameter-
ization, and boundary conditions) described in pairaud et al. 
(2011). in particular, the model was forced by the outputs from 
a high-resolution (3 km; 3 hours) atmospheric model allowing 
the simulation of short-lived wind-forced upwelling and down-
welling events. To take into account the influence of the large-
scale general circulation, and especially the northern Current 
intrusions in the bay, the model was forced at the western and 
southern boundaries by the 3-hourly results of a regional hydro-
dynamic model under its MenOR configuration (nicolle et al. 
2009). Hourly current outputs of the RHOMA model are pro-
vided on sigma vertical levels and Arakawa-C horizontal grid. 
Hourly flow fields on an Arakawa-A grid at a given 
depth (20 m) were obtained by vertical interpolation 
followed by horizontal interpolation to feed in the 
offline dispersal model.

off-line dispersal model: The lagrangian Flow 
network (lFn) methodology combines network 
theory tools and particle-tracking model to investi-

gate transport and dispersal induced by ocean currents. As most 
off-line lagrangian models, it may be coupled to any gridded 
velocity fields, returning dispersal diagnostics as realistic as 
is the input flow field. extensive description can be found in 
Rossi et al. (2014), Ser-giacomi et al. (2015) and Monroy et 
al. (2017). Here lFn simulates the dispersal of passively drift-
ing propagules as horizontal lagrangian trajectories obtained 
after integration of the high-resolution 2-dimensional flow field 
generated by the RHOMA configuration. parameters are tuned 
in accord with both biological and numerical knowledge from 
the literature. Only the most relevant elements are summarized 
hereafter while the design of our numerical experiments are 
reported in Table i. 

To encompass all possible circulation schemes affecting dis-
persal, we simulate about 1090 starting dates representing suc-
cessive spawning events occurring every day at midnight over 
years 2009-2011. Despite undetectable influence on our results 
(not shown), we retained this release time instead of midday as 
numerous benthic organisms spawn at dusk to limit mortality 
of their propagules by predation (Rasmuson et al. 2014). While 
the daily periodicity of spawning is higher than the prescriptions 
of Monroy et al. (2017), it provides large statistics to compute 
annual and seasonal means (see below). The tracking times 
mimic three different plDs: 6, 24 and 48 hours. These plDs 
would correspond to the dispersal traits of low-dispersing spe-
cies inhabiting coralligenous grounds (see above). Despite the 
fact that some benthic species have planktotrophic larvae, sup-
posedly surviving several days to a few weeks in the water col-
umn, the short time-scales of our study could still be relevant 
for these organisms as Cahill et al. (2017) reported genetic dis-
continuities in the bay for several species, including those dis-
persing via planktotrophic larvae. note that plDs longer than 
48 hours are technically out-of-reach with this flow field as the 
mean residence time of water masses within the bay are usually 
of the same order of magnitude (ranging 1 to 5 days). in other 
words, tracking dispersal for durations longer than 48 hours with 
RHOMA would return biased results due to the limited extent 
of the domain (preventing the consideration of the influences of 
more distant patches). 

The resolution of each quasi-squared node, representing a 
patch of coralligenous, is about 600 m (0.005°). each node has 
the same area and contains approximately the same initial num-
ber of particles (proportional to the land-ratio); as prescribed by 
Monroy et al. (2017), 100 particles are seeded per full-ocean 
node. The time step of the Runge-Kutta algorithm is 10 min, ful-
filling the Courant-Friedrichs-lewy condition. We retained the 
vertical layer at 20 m, as it compromises the depth at which lar-
vae of the target species are more likely to be released while it 

Table i. – Design of the numerical experiments performed with the lFn.

PLD
Depth of  

dispersion
Time period Spawning periodicity

6 h 20 m Jan. 1st 2009 to Dec. 31st 2011 24 h, at midnight

24 h 20 m Jan. 1st 2009 to Dec. 31st 2011 24 h, at midnight

48 h 20 m Jan. 1st 2009 to Dec. 31st 2011 24 h, at midnight
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gives a good spatial overlap between the lFn grid and the cor-
alligenous map. More specifically, the coastal mask of RHOMA 
is not consistent with the delimitation of coralligenous habitats 
of CARTHAM; as such, selecting a deeper layer of the model 
would force us to exclude many of the near coastal patches. 

connectivity metrics and statistical analyses: For each 
experiment, lFn builds a connectivity matrix that encodes 
the movements of particles resulting from dispersal among all 
habitat patches. The diagonal elements represent the number 
of particles, which stayed or returned to the same location after 
dispersal; the non-diagonal elements represent the particles 
exchanged between each pair of nodes, after dispersal during a 
given plD, considering the origin (destination) node as a row 
(column, respectively) of the matrix. Thanks to various compu-
tations, including normalization procedure to get probabilities 
ranging from 0 to 1, we compute three connectivity diagnos-
tics for each coralligenous patch following the formulation of 
Dubois et al. (2016). More specifically, local Retention (lR) is 
computed as the ratio of particles retained in their origin node to 
all particles released from that node. Self-Recruitment (SR) is 
the ratio of particles retained in their origin node to all incom-
ing particles (those that were released from this node as well as 
from the surrounding ones). it measures the proportion of local 
recruits that originated from the source population. SR differs 
from lR, as it is a function of the number of propagules arriving 
from elsewhere while lR depends on the number of those leav-
ing. Finally, we evaluate the relative importance of propagules 
export versus import by calculating the Source-Sink (SS) metric. 
it is the ratio of the ingoing number of propagules to the sum of 
both ingoing and outgoing propagules. To read more about the 
interpretation of such connectivity metrics and their robustness, 
the readers are referred to Dubois et al. (2016) and Monroy et 
al. (2017). The lFn methodology provides robust estimations 
of dispersal also for open fluid domains, as we study here (Ser-
giacomi et al. 2017).

Following Rossi et al. (2014) and Ser-giacomi et al. (2015), 
we finally identify clusters of coralligenous patches as several 
groups of tightly connected nodes. So-called “coralligenous 
provinces” are obtained by applying a state-of-art commu-
nity detection algorithm called infomap (Rosvall & Berg-
strom 2008). The partition is based on random walkers moving 
through the network with transition probabilities encoded in the 
connectivity matrix, an equivalent of network adjacency matrix. 
By exploiting the properties of information compression when 
describing such probability flow, infomap finds the optimal 
network partition when minimizing the mean size of the code-
word that describes inter- and intra-community transitions. This 
methodology is especially suited to partition dispersal networks 
analyzed here as (i) it takes into account both “direction” and 
“fluxes” of all links, (ii) it does not constrain a-priori the num-
ber of communities, and (iii) it detects communities of differ-
ent sizes, relieving the usual “resolution limit” typical of other 
clustering algorithms (Fortunato & Barthelemy 2007). All in 
all, infomap decomposes the network of coralligenous patches 
into an optimal number of communities, defining “coralligenous 

provinces” that are well connected internally but weakly con-
nected among them. it allows us to analyze statistics of retention 
and exchanges of particles among synthetic provinces (Fig. 5 
and Table ii). 

We compute multi-annual means of connectivity diagnostics 
(lR, Fig. 2; SR, Fig. 3; SS, Fig. 4) and coralligenous provinces 
(Fig. 5) by averaging about 1090 daily experiments over 2009-
2011, encompassing a total of more than 40 million lagrangian 
trajectories. Seasonal means of lR and SS are obtained by aver-
aging about 280 daily experiments (aggregating all experiments 
occurring during a given season across 3 years), encompassing 
more than 10 million lagrangian trajectories. Annual means 
could be seen as relevant for modes of asexual (e.g., colony/
algal fragmentation, sponge budding) or sexual reproduction 
that would occur all year long. Seasonal means is more relevant 
when the release of sexual or asexual propagules occurs dur-
ing a specific season. note that large statistics allow consider-
ing other manners to aggregate experiments in the future, for 
instance for species that have well-defined spawning period or 
whose spawning is triggered by predictable physical clues.

RESULTS

values of local Retention (lR) are highly dependent 
on the tracking time, with retention rates decreasing as the 
plD increases (not shown). Total means (i.e., spatial aver-
age for 423 patches considering the multi-annual means) 
of lR are 10.2 % for plD = 6 hours, 2.3 % for plD = 24 
hours and 1.5 % for plD = 48 hours. When mapping 
annual mean of lR for a plD of 6 hours (Fig. 2A), it 
reveals contrasting spatial patterns. Most coralligenous 
patches situated in the vicinity of the shoreline, i.e., with-
in the 40 m isobaths, are usually characterized by reten-
tion rates ranging from 30 to 100 %. Conversely, the most 
offshore patches (e.g., around planier island and off Cas-
sis) are characterized by low retention, spanning 0-10 %. 
note that retention around planier islands is higher in its 
northwestern side. lR exhibits substantial seasonal vari-
ability (Fig. 2B-e) with highest total means simulated in 
spring (lR = 12.6 %) as compared to other seasons (rang-
ing 8.8 % to 9.6 %). Minimum values are obtained for 
autumn and winter, suggesting more efficient and homog-
enous dispersion during these seasons. A few noticeable 
seasonal changes can be highlighted in Marseille bay: 
the retention along “Côte Bleue” is maximized in spring 
while showing local minima in summer; offshore patches 
(around planier islands and off Cassis) are more retentive 
in winter and spring than in summer and autumn. 

Self-Recruitment (SR) also weakens when the plD 
increases (Fig. 3) but to a lesser extent than lR: total 
means of SR are 17.5 % for plD = 6 hours, 5.2 % for 
plD = 24 hours and 3.3 % for plD = 48 hours. Spatial 
patterns also reveal relatively high SR in shallower patch-
es (ranging from 10 to 80 %) as compared to most off-
shore locations where SR spans 0-10 %. Conversely to 
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lR, mean SR values along the Côte Bleue (from 5.05° to 
5.2°e) and, to a lesser extent along the Calanques (from 
5.4° to 5.5°e), tend to be weaker than along other coast-
lines for all plDs. While lR values of all individual 
patches decrease when plD increases, this does not hold 
for SR: shallower nodes tend to maintain moderate levels 
of SR even when the plD increases (Fig. 3C). 

Source-Sink (SS) is less sensitive to the plD than lR 
and SR (Fig. 4A, B). For all plDs, patches off the west-
ern shorelines of Côte Bleue (from 5.05° to 5.18°e) are 
consistently characterized as sinks. Those located to the 
east and within the southern bay (from 5.18° to 5.3°e) are 
instead identified as sources. Most patches on the eastern 
side of the domain (Riou archipelago, Calanques, off Cas-
sis and la Ciotat) are also mainly categorized as sources. 
Coralligenous patches around planier islands show a 

bimodal pattern: sinks are identified on the offshore flank 
(e.g., south-westward) of the island while sources are 
found on its inshore side (north-eastward). A few seasonal 
patterns can be distinguished (Fig. 4C, D): the marked 
sources and sinks previously described along Côte Bleue 
are emphasized during summer while the upstream sourc-
es (Riou archipelago, off Cassis) are weak in summer but 
maximized during winter. 

Clustered patches are highly dependent on the track-
ing duration: 24 coralligenous provinces are captured 
for a plD of 6 hours while only 9 and 8 provinces 
were obtained for plD of 24 and 48 hours, respectively 
(Fig. 5). The mean areas of these provinces scale with the 
plD (Table ii): it is about 3.4 km2 for 6 hours, 9.1 km2 for 
24 hours and 10.2 km2 for 48 hours. Regional local reten-
tion (i.e., similar to lR but computed at the “province” 

Fig. 2. – Maps of local Retention (lR, in % using log-scale) for a plD of 6 hours. panel (A) represents the multi-annual mean (over 
2009-2011); lower panels are seasonal averages: (B) spring, (C) summer, (D) autumn, (E) winter. The grey-colored nodes have been 
disregarded as they are partially- or fully-covered by land, resulting in a poor reliability of lR values in these nodes. The grey-scaled 
lines represent the 40 m (clearest), 100 m and 200 m (darkest line) isobaths.
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scale) is maximized by infomap, reaching 90 % or more 
for most provinces. Their exchanges with other provinc-
es range several orders of magnitude (Table ii): for each 
province, a couple of links with neighboring provinces 
make up to 99 % of the exchanges (plotted on the inserts 
of Fig. 5), while a few other links are weak and rare but 
do occur sometimes to time with more distant provinces 
(reported in Table ii). Focusing on the prominent links 
only, we find several subgroups of provinces, which are 
disconnected for plD of 6h. When the plD increases, the 
provinces are less numerous and become larger; the net-
work of coralligenous patches is more and more connect-
ed. longer tracking times allow the development of bridg-
ing links among these provinces that were disconnected at 
short time-scales. For instance, the province around pla-
nier island is connected with the Côte Bleue province for 
plD of 24 hours, while they were isolated at 6 h. For 48 h 
hours, the planier/Côte Bleue connection remains while 
both Frioul and Riou archipelago act as intermediate hubs 
connecting relatively well the most distant patches locat-
ed at both western (Côte Bleue) and eastern (Calanques, 
Cassis, la Ciotat) limits of the domain. 

GENERAL DISCUSSION & CONCLUSIONS

Relating mean patterns of habitat connectivity to 
hydrodynamics

Our results suggest that retention processes are highly 
dependent on the bathymetry, e.g., elevated retention at 

Fig. 3. – Maps of Self-Recruitment (SR, in % using log-scale). 
Multi-annual mean (over 2009-2011) are displayed for various 
plDs: panel (A) is 6 hours, panel (B) is 24 hours and panel (C) 
is 48 hours. The grey-colored nodes have been disregarded as 
they are partially- or fully-covered by land, resulting in a poor 
reliability of SR values in these nodes. The grey-scaled lines 
represent the 40 m (clearest), 100 m and 200 m (darkest line) 
isobaths.

Fig. 4. – Maps of Source-Sink (SS, near-zero values indicate “sources”; values approaching 1 represent “sinks”). Multi-annual mean 
(over 2009-2011) are displayed for plD = 24 hours in panel (A) and for plD = 48 hours in panel (B). Seasonal averages for plD = 24 
hours are displayed for summer in panel (C) and for winter in panel (D). The grey-colored nodes have been disregarded as they are 
partially- or fully-covered by land, resulting in a poor reliability of SS values in these nodes. The grey-scaled lines represent the 40 m 
(clearest), 100 m and 200 m (darkest line) isobaths.
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sites where water depth is less than 20-40 m, due to weak-
er currents as compared to the more offshore locations 
(coastal currents tend to weaken by dissipative processes 
such as bottom friction). intuitively, the longer dispersal 
time, the less retention of propagules (Dubois et al. 2016, 
Monroy et al. 2017). While this interpretation for lR is 
straightforward, it is not so valid for SR which combines 
together retained particles (numerator) and ingoing fluxes 
(denominator): so high values of SR can be caused by 
both high retention and/or low incoming fluxes, highlight-
ing the counter-intuitive effect of recirculation processes 
in this semi-opened bay (which would not be prominent 
along straight coastlines). indeed, lR and SR scale dif-
ferently with the plD probably because longer dispersal 
may allow some particles to leave a given patch and even-
tually return to it later on, emphasizing the importance of 
recirculation processes, especially in the southern bay.

Wind-induced circulation may be associated with the 
seasonal variations of lR off Côte Bleue: maxima occur 
in spring when Se/SW winds prevail, favoring coastal 
convergence explaining the coastal sinks, while minima 
are simulated during summer when nW winds and asso-
ciated sporadic upwelling (i.e., coastal divergence, favor-
ing coastal sources, as shown by Dubois et al. 2016) are 
prominent. The SS patterns described off Côte Bleue are 
emphasized during summer, probably due to the more 
frequent occurrence of wind-forced events during this 
season. More generally, sources are overall located at the 
eastern side of our domain and sinks at the western side 
(Fig. 4) due to the westward (cyclonic) basin-scale circu-
lation.

The relationship between the nC and our connectiv-
ity diagnostics is more puzzling. earlier research sug-
gested that the maximum transport of the nC, associated 

Fig. 5. – Maps of clustered corallige-
nous patches. Synthetic provinces are 
derived from the multi-annual mean 
connectivity matrices for plD = 6 h in 
panel (A), for plD = 24 h in panel (B) 
and for plD = 48 h in panel (C). in all 
panels, each province is identified 
with a specific color (randomly cho-
sen) and a number (consistent with 
those reported in Table ii). upper right 
inserts symbolize the averaged net-
work of provinces (colored dots) and 
their main directed links (reddish 
arrows; width is proportional to the 
fluxes of particles). it excludes both 
the exchanges lower than 1 % and the 
regional local retention (reported in 
Table ii). The grey-scaled lines repre-
sent the 40 m (clearest), 100 m and 
200 m (darkest line) isobaths.
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to a narrower jet flowing closer-to-shore, occur in winter 
(Alberola et al. 1995). The nC becomes baroclinically 
unstable especially in winter, producing large mesoscale 
meanders, which may penetrate into the gulf of lion (Bar-
rier et al. 2016) and Marseille Bay (pairaud et al. 2011; 

Ross et al. 2016). This knowledge 
is consistent with the sinks located 
to the southeast flank of planier 
island and the weak sources associ-
ated with relatively high retention 
in the wake of the island (north-
west side). The southeast sinks are 
likely receiving propagules from 
the identified upstream sources, 
e.g., Riou archipelago and patches 
off Cassis, which are weak in sum-
mer but maximized during winter. 
it is however contradictory with 
the seasonal minimum of lR sim-
ulated in summer/autumn for the 
coralligenous habitats off Cassis, 
suggesting that nC intrusions may 
not impinge on these patches. 

As the plD increases,  the 
provinces become larger. This is 
consistent with the monotonic 
increase of provinces areas with 
advection time already document-
ed by Ser-giacomi et al. (2015). 
The northern sector of Marseille 
Bay is weakly connected to Côte 
Bleue due to higher residence time 
(pairaud et al. 2011). Currents at 
20 m depth are globally westwards 
along the Côte Bleue coastline 
(Fig. 4 and Fig. 5A). For plD of 
24 h and 48 h, planier is connected 
with all the other provinces. under 
the influence of all the above-
mentioned major hydrodynamical 
processes (i.e., up/downwelling, 
nC meanders and intrusions and 
mesoscale eddies), planier island 
acts as a major “connecting hub”. 
The transit times and pathways 
reported by Thibault et al. (2016), 
derived from the same RHOMA 
model using another methodology, 
are consistent with our analyses. 
For instance, they found that the 
connections between planier and 
the Côte Bleue need a minimum 
of 12 h-18 h to be realized, which 
explains why the corresponding 
provinces are disconnected for 
plD = 6 h but become connected 

for 24 and 48 h. note that our synthetic coralligenous 
provinces could also help identifying community simi-
larities. lagrangian particles could equally represent pas-
sive propagules or small water parcels; as such, pair of 
sites that connected at short time-scales (sufficiently short 

Table ii. – Statistics of exchange and retention among the synthetic coralligenous prov-
inces (the numbers identifying each province are consistent with those reported on 
Fig. 5).

PLD  
(hours)

Province  
identity

Area  
(km2)

Regional Local  
Retention (%)

Identity of connected provinces

< 0.1 % 0.1 ≤ x < 1 %
≥ 1%

(inserts Fig. 6)

6 1 15.6 95 5 – 2

2 9 88.8 – 19 1; 5

3 5.8 95.4 – – 4

4 5.4 87.8 1; 18 7; 17 3

5 4.4 94 – 1 2; 23

6 2.8 94.6 8 10; 21 9

7 4.8 94.8 4; 24 17 12; 20

8 3.6 92.7 – – 15; 21

9 3 89.2 21 – 6

10 4.2 98.5 – 6; 16 –

11 2.2 95.6 – – 14; 17; 18

12 1.6 98.8 – 7; 17 –

13 2.8 93.3 2 – 19

14 2.8 89.1 4; 8; 15; 17 22 11; 18

15 1.8 97.8 – 8 22

16 1.4 96.4 – – 10

17 2 94.3 12 11; 18 4; 7

18 0.8 82.1 – 3; 17 4; 11; 14

19 1.2 76.8 – – 2; 13; 19

20 1.4 86.7 – – 7; 24

21 1.6 74.5 – 6 8

22 1.4 96.2 – 15 14

23 1.2 83.2 – – 5

24 0.8 95.5 – – 20

24 1 30.4 96.7 5; 9 3 2; 8

2 11.2 76.9 8 9 1; 3; 5

3 7.8 90.6 4; 8 1 2; 5; 9

4 7.2 92.5 2; 6 – 5; 7

5 6.4 79.9 1; 9 7 2; 3; 4

6 5.6 93.6 – 4; 5 7

7 7.2 56.7 – 2 4; 5; 6

8 4.4 64.7 2; 3; 9 – 1

9 2 74.5 8 1; 2 3

48 1 31.6 92.8 2; 5 8 3; 4; 7

2 15.8 84.6 7; 8 1; 3 4; 5; 6

3 8 78.4 – 2; 7 1; 4; 5; 8

4 10.8 41.5 – 2; 7 1; 3; 4; 5; 8

5 5.2 65.6 6; 7 8 1; 2; 3; 4

6 5.6 82.1 1; 3 4; 5 2

7 3.2 59.9 4 3; 8 1

8 2 68.4 5 4 1; 3; 7
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so that hydrographic conditions can be assumed to remain 
relatively constant) would also experience relatively sim-
ilar abiotic conditions. Both processes could homogenize 
species diversity among local communities. 

in fact, all hydrodynamical processes contribute alto-
gether to the patterns of connectivity reported here; it is 
thus difficult to link a specific pattern with a given pro-
cess. For instance, SR values along the Côte Bleue (from 
5.05° to 5.2°e) and, to a lesser extent along the Calanques 
(from 5.4° to 5.5°e), tend to be weaker than other coast-
lines. it may be because local propagules spread offshore 
due to upwelling events while recirculation processes 
related to nC intrusions on one hand, and to the occur-
rence of the “Marseille eddy” on the other hand, would 
bring particles from elsewhere into Calanques and Côte 
Bleue, respectively (Schaeffer et al. 2011, Fraysse et al. 
2014). Moreover, as hydrodynamics exhibit high spatio-
temporal variability, large statistics are required to get 
robust diagnostics of connectivity encompassing all pro-
cesses. The good ability of RHOMA to reproduce real-
istically the complex circulation of Marseille Bay over 
2009-2011 reported by Fraysse et al. (2013) suggest that 
our average patterns are robust while taking into account 
environmental variability. note however that inter-annual 
variability is important in the nW Mediterranean (Hidal-
go et al. 2019). indeed year 2009 was characterized by 
unusual conditions: a long-lasting summer warming event 
occurs down to 40 m, inducing mortality for P. clavata 
populations (pairaud et al. 2014) and possibly exception-
al circulation patterns. nevertheless, the exact dispersal 
pathways of water parcels originating from the Calan-
ques studied by Millet et al. (2018) for two very distinct 
nC intrusion events (in June 2008 and October 2011) are 
consistent with our mean patterns. As the circulation of 
the bay depends on short wind-forced events (dominated 
by north-west and south-east winds, Millet et al. 2018) 
occurring episodically at all time of the year, future work 
could aim at producing climatology of “wind-forced 
events”. By categorizing all events characterized by simi-
lar wind-forcing conditions across the 3-year period and 
by aggregating matrices accordingly (independently of 
the season and the year), one could describe extreme con-
nectivity. it would contrast the mean patterns analyzed 
here and could be relevant for species whose spawning is 
triggered by specific physical clues such as wind-forced 
upwelling and associated coastal cooling. note however 
that wind-driven currents are often associated with strong 
vertical velocities that are neglected in our “horizontal” 
assumption. Other perspectives could be to analyze other 
dispersal depth and to perform 3-dimensional simula-
tions. 

Discussing the biological implications of our simulated 
results

According to Dubois et al. (2016), the integrated anal-
yses of our metrics inform on the connectivity of coral-
ligenous provinces. When both lR and SR are high, as 
in both northern and southern sectors of Marseille Bay, 
it symbolizes mostly “closed” populations for which one 
could expect high differentiation with external sites and 
low diversity. The Côte Bleue also displays consistent 
patterns of retention: both lR and SR are large along both 
eastern and western domains (from 5° to 5.05°e and from 
5.2° to 5.3°e) and moderate in-between (5.05-5.2°e). SS 
shows a discontinuity at about 5.2°e, with sinks westward 
and sources eastward. Altogether, spatial patterns of lR, 
SR and SS suggest (i) low diversity along Côte Bleue and 
(ii) a sharp change of connectivity at about 5.2°e, which 
was also the presumed north-west limit of the Calanques 
influence (Millet et al. 2018). 

interestingly, a multi-specific population genetics 
study along French Mediterranean shorelines (especially 
detailed in Marseille Bay) confirms the prediction of a 
low genetic diversity for Côte Bleue: for most species, it 
has a significant negative contribution to global genetic 
diversity (Cahill et al. 2017). While they invoked anthro-
pogenic activities, such as habitat degradation or pollu-
tion, to explain variations in local genetic diversity, the 
present study suggests that physical connectivity among 
patches could alone explain their observations. For the 
builder algae lithophyllum stictiforme, the Côte Bleue 
population (Carry-le-Rouet and Couronne) actually 
exhibits the lowest genetic diversity as compared to the 
populations sampled around Frioul and Riou archipelago 
as well as Cassis (De Jode 2018). Monospecific popula-
tion genetic studies comparing sites across the ~5.2°e 
discontinuity tend to support its effect as a barrier to gene 
flow. For cystoseira amentacea, an algae of the shallow-
est infralittoral not restricted to coralligenous habitats, 
Thibaut et al. (2016) reported genetic structuring con-
cordant with our results: among the Côte Bleue samples, 
niolon population (5.25°e) appear well differentiated 
from the most western sampling sites (Carro and pon-
teau). For the red coral c. rubrum, ledoux et al. (2010) 
found significant differentiation between the population 
situated at about 5.2°e and the other populations sampled 
at Carro (5.04°e) and ponteau (~5°e). 

Conversely, when both lR and SR are low, as for 
planier island and Cassis provinces, it suggests largely 
“open” population with high genetic diversity. Further-
more, the offshore flank of planier province is a sink (i.e., 
net importer of external propagules with little retention 
of its own propagules), suggesting it could house higher 
diversity than Cassis, which behaves as a source (i.e., net 
exporter). While these conclusions seem robust for pla-
nier island, the behavior of Cassis could change if the 
model domain was larger, hence allowing us to consider 
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larval influences from upstream patches located eastward 
(i.e., from “côte varoise”). The high diversity expected at 
planier island, also supported by its central position in the 
network (Fig. 5), is consistent with Thibault et al. (2016) 
who found that planier island is a mix of all origins with 
high genetic diversity. This central hub ensures the links 
between the most western and eastern patches at 24 h and 
48 h; it could also ensure such connection at 6 h thanks to 
stepping-stone processes. 

The networks of coralligenous provinces obtained 
at different time-scales provide insights about the kind 
of biological clusters one should expect if habitat con-
nectivity is the main factor structuring population. Thi-
baut et al. (2016) found a strong and significant genetic 
structure within Marseille Bay for c. amentacea, whose 
dispersal is ensured by a zygote with survival time span-
ning 4-18 h. pairs of sites characterized by low genetic 
differentiation are those tightly connected by ocean cur-
rents, as indicated by the synthetic provinces obtained 
for 6 h (Fig. 5A). Cahill et al. (2017) also found that the 
most important barriers of genetic differentiation separate 
Côte Bleue from the rest of the Bay. The crustose coral-
line algae of the genus lithophyllum (De Jode et al. 2019) 
or the bryozoan m. truncata (De Jode, 2018), which are 
both engineering species of coralligenous, exhibited 
genetic differentiation in accord with our results. These 
species have propagules dispersing from a few hours to 
a day, explaining why their genetic structures match well 
our model results for 6 h and 24 h (Fig. 5A, B). Observed 
structures of the red coral documented significant genetic 
differentiations between Côte Bleue, Marseille Bay and 
Calanques (ledoux et al. 2010, pratlong et al. 2018), sug-
gesting effective dispersal closer to 6 h than to 24 h. note 
also that our provinces and their typical spatial-scales 
could be used to guide future sampling efforts (Dubois et 
al. 2016), e.g., by targeting disconnected provinces while 
avoiding duplicate sampling in each province.

An important aspect of the present approach is that it 
constrains current-driven dispersal by considering habi-
tat patchiness in order to estimate biological connectiv-
ity. Although population genetics stipulate that gene flow 
is proportional to the product of ‘migration rate’ and 
‘effective population size’ (genetic drift), most studies 
interpreting genetic structures invoke the duration of dis-
persal solely, without discussing the effective population 
size. The latter should be, at first order, proportional to 
the overall extent of the preferential habitat of the spe-
cies. Although gorgonians have similar dispersal traits, 
genetic differentiation in the bay was lower in eunicella 
cavolini than in P. clavata, and lower in P. clavata than 
in the red coral c. rubrum (Cánovas-Molina et al. 2018). 
The respective spatial extension of their actual habitats 
may explain the different levels of genetic differentia-
tion: e. cavolini is widespread over various habitats (not 
restricted to coralligenous) while c. rubrum displays the 
less extended populations, exclusively developing on 

coralligenous patches. So even if the species of interest 
is restricted, or not, to coralligenous habitats, our syn-
thetic provinces incorporating both habitat patchiness and 
current-driven connectivity may bring interesting insights 
into population structure.

Species community differentiation (e.g., beta-diver-
sity) could be affected by connectivity in a similar way 
as genetics: well-connected communities would show 
more similarities. in Marseille bay, species diversity var-
ies from site-to-site but, contrary to intra-specific studies, 
there is no clear spatial structuring within the bay (Doxa 
et al. 2016, De Jode 2018, Çinar et al. 2020). local abi-
otic factors seem to control community composition at 
small scales more likely through natural selection (De 
Jode 2018), reflecting favorable ecological niches rather 
than dispersal limitations (conversely to “within-species” 
structuring). nevertheless, the present study could help 
explaining community composition under certain cir-
cumstances, such as when mortality events affect a popu-
lation. in such cases, their transient spatial distributions 
would follow recolonization routes, which result from 
both ocean currents and favorable conditions for settle-
ment. After the P. clavata mortality outbreak in summer 
2009, Mokhtar-Jamaï et al. (2011) observed significant 
genetic structure in Marseille bay, including a genetic 
break around Cap Croisette. it matches best with our 
coralligenous provinces defined for 6 hours, despite its 
lecithotrophic larvae potentially dispersing longer. inves-
tigating population structures of genus echinocardium 
(sand-dweller sea urchins that have planktotrophic larva 
dispersing for about 3 weeks), egea (2011) observed that 
e. cordatum is prominent within Marseille bay till the 
western flanks of Riou archipelago (~5.4°e); it is then 
replaced by e. mediterraneum in “Calanques” and along 
eastern coastlines. Only the 6-hour synthetic provinces 
reveal a connectivity break at 5.4°e, while it vanishes for 
longer dispersal. it might indicate that the biogeography 
of echinocardium is primarily controlled by abiotic fac-
tors instead of dispersal. Overall, it suggests that short 
connectivity (< 12 h) in this region tend to be associated 
with relatively constant abiotic conditions whereas longer 
connectivity (≥ 24-48 h) would overcome stronger envi-
ronmental gradients, potentially preventing propagules 
to survive along dispersal routes and/or to settle at final 
destination.

General conclusions

We investigated fine-scale connectivity of corallig-
enous habitats in Marseille bay for a range of parameters 
relevant for many benthic species using dispersal model-
ing and high-resolution cartography. We analyzed annual 
and seasonal averages of three connectivity metrics mea-
suring the retention and exchange of propagules driven 
by ocean currents within and among habitat patches. Our 
synthetic coralligenous provinces and associated statis-
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tics for several time-scales provide broader views of the 
ecological clusters structuring benthic populations. By 
discussing our results against genetic and ecological stud-
ies, we emphasized previous findings that are well sup-
ported by our simulated habitat connectivity. Altogether, 
it suggests that current-driven dispersal of propagules 
and habitat patchiness control to a certain degree the spa-
tial structure of benthic populations. 

it illustrates the potential of such interdisciplinary 
studies to reveal counter-intuitive and non-straightfor-
ward relationships among hydrodynamics and population 
structures that could worth further investigations. More-
over, our simulated connectivity patterns could be used 
by other researchers to design future sampling and to help 
explaining observed population structures. last but not 
least, model outputs are available upon request and can be 
aggregated at other levels, such as monthly/weekly time-
scales or as climatology of wind-forced events.

Among the conclusions backed up by both modeling 
and observations, our study suggests that low diversity is 
expected along Côte Bleue whereas planier island, which 
acts as a key connecting hub for all surrounding corallig-
enous patches, would be characterized by high diversity. 
in combination with an index evaluating the conserva-
tion state of coralligenous habitats (e.g., Sartoretto et al. 
2017), these areas could be considered as good candidates 
for constant monitoring and protection (Ods et al. 2012). 
Future work may focus on how habitat connectivity will 
evolve with climate change (gerber et al. 2014) and 
with the constant development of anthropogenic struc-
tures such as harbors, wind farms and offshore platforms 
(Henry et al. 2018). 
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