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A B S T R A C T   

The critically endangered endemic bivalve Pinna nobilis from the Mediterranean Sea suffered a sudden population 
decline after a mass mortality event in early autumn 2016. Conservation efforts aimed at preventing extinction 
included safeguarding resistant individuals and implementing a breeding plan to contribute to the repopulation 
of the species. This study utilized a model combining Lagrangian dispersion and connectivity analyses to pinpoint 
optimal restocking sites in the Western Mediterranean. Our approach allowed to identify locations capable of 
sustaining and generating larvae for broader repopulation in key areas of the Western Mediterranean Sea prior to 
the mass mortality event. Six important repopulation locations from Murcia, Valencia and Balearic Islands were 
selected for reintroduction efforts. The results obtained in this study show how the network could be self- 
sufficient and able to self-replenish itself of recruits. Overall, our work can be used to direct the reintro
duction of resistant animals in the Western Mediterranean Sea.   

1. Introduction 

Marine systems are currently confronting a crisis caused by anthro
pogenic activity, entailing a threat for marine biodiversity. Habitat loss 
or degradation are the main causes of loss of marine biodiversity (Gray, 
1997; Airoldi et al., 2008; McCauley et al., 2015). Therefore, it is 
mandatory to apply strategies to conserve marine ecosystems and their 
services, as a key tool to regenerate and maintain them. Historically 
logistical challenges associated with collecting information of marine 
ecosystems have resulted in sparse information for marine organisms 
and ecosystems conservation (Swearer et al., 2019). Although both 
terrestrial and marine environments have similar requirements (i.e. the 
need to protect genetic variability, particularly within dominant or 
keystone species, as stated by Whitham et al., 2003); they also exhibit 
important physical and biological differences (Avery, 2003) that are 
important to take into account when developing conservation strategies. 
Whereas terrestrial species tend to be less connected between each 
other; the marine environment is an open system, and the restriction of 
taxa to a geographical area is less common, as well as the occurrence of 
endemism (Avery, 2003). 

Population connectivity is defined as the “exchange of individuals 
among marine populations, diurnally, seasonally or during their life 
cycle” (Treml et al., 2008; Beger et al., 2010). The location of a popu
lation is the result of the interactions of abiotic factors with the biotic 
properties of the species. Dispersal of marine species serves different 
ecological purposes, from reproductive to colonization of new habitats, 
and can occur in different life stages. A large proportion of marine or
ganisms have an early pelagic phase during which propagules/larvae 
disperse, sometimes covering considerable distances depending on 
pelagic larval duration (Crisp and Spencer Davies, 1976; Abelson and 
Denny, 1997; Avery, 2003). 

Treml et al. (2015) described four stages of population connectivity, 
with three stages of dispersal; (1) Initiation of emigration, (2) Transport 
and Movement and (3) Settlement in natal or non-natal habitat; and a 
(4) stage of Recruitment. These stages are affected by biotic and abiotic 
factors that determine the success of recruitment and the evolution of 
populations. Biotic factors such as larvae quantity and quality, behavior, 
mortality, and pelagic larval duration are the most affecting throughout 
all stages. The last two parameters (PLD and larval mortality) are 
considered the most influential for population growth (Treml et al., 
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2015). Mortality rates affect settlement rates (Treml et al., 2015), but is 
not a parameter commonly used when assessing larval dispersal, due to 
the lack of empirical knowledge of mortality (Swearer et al., 2019). PLD, 
on the other hand, can be considered the most well studied biological 
trait influencing larval dispersal (Swearer et al., 2019), and provides 
information of the distance that larvae traverse (Treml et al., 2015), 
which helps to define pathways for population connectivity useful to 
assess the recovery of the networks. 

Propagule dispersal is highly influenced by the stochastic nature of 
the physical environment (Siegel et al., 2008; Ospina-Álvarez et al., 
2020). For benthic organisms with a pelagic phase, the dispersal and 
settlement of larvae depends mainly on oceanic (hydrodynamic) forces 
(i.e., direction and speed of ocean currents, eddies, salinity, tempera
ture) that limit the distribution and settlement of larvae (Scheltema, 
1986; Treml et al., 2008). Direct measurements to quantify larval 
dispersal are extremely difficult and therefore indirect approaches are 
mostly employed. Gaylord and Gaines (2000) proved that simple 
oceanographic features determine dispersal pathways, and showed how 
ocean currents induce the connectivity among benthic populations. 
Coupling biological parameters of larval dispersal (spread, supply, larval 
duration) with oceanic hydrodynamic data allows to create models that 
can describe and predict patterns for larval dispersal that can be applied 
for a variety of species (Treml et al., 2008; Bode et al., 2019). One of the 
main biotic factors that influence larval dispersal is the pelagic larval 
duration (PLD) (Treml et al., 2008), defined as the period of larval 
development of a species spent in the water column, where they are 
susceptible to physical mixing and advection (Sponaugle et al., 2002). 

Therefore, biophysical models and graph-theoretic approaches are 
valuable tools to explore patterns of connectivity in marine ecosystems 
(Rognstad et al., 2018; Pastor et al., 2023), identify areas that are 
optimal to focus management and conservation strategies efforts (Treml 
et al., 2015), and can be used to address species-specific restoration 
(King et al., 2023). One of the most used approaches to characterize 
larvae transport is Lagrangian modelling: a technique that incorporates 
passive and active drift in a two or three-dimensional flow model 
(McDonald and Nelson, 2021). 

Marine ecosystems are deteriorating globally due to several stressors 
with direct and indirect anthropogenic origin, causing the decline of 
biodiversity in marine communities globally. Coastal areas, even though 
highly diverse, are more exposed to habitat loss due to the high human 
activity they are exposed to (Gray, 1997). Consequently, species that 
inhabit shallow waters have suffered local and regional extinctions 
(Gray, 1997). One notable and recent example is highlighted by the 
noble pen shell Pinna nobilis (Linnaeus, 1758), an endemic bivalve from 
the Mediterranean Sea (García-March, 2005; Katsanevakis, 2005). In 
early autumn of 2016, an abnormally high mortality of P. nobilis in
dividuals was detected almost simultaneously at several points in the 
Spanish Mediterranean coastline, with the phenomenon recognized as a 
mass mortality event (MME) (Vázquez-Luis et al., 2017). This MME was 
caused by the parasite protozoa Haplosporidium pinnae (Catanese et al., 
2018), and from 2016/17 to 2018 it spread rapidly among populations 
from the Western Mediterranean Sea (Kersting et al., 2020; Cab
anellas-Reboredo et al., 2019; García-March et al., 2020), removing up 
to 100% of the P. nobilis populations along the Mediterranean Sea 
(Katsanevakis et al., 2022). Consequently, P. nobilis was changed from 
the “Vulnerable” category to “Critically Endangered” in the Spanish 
legislation, with a serious extinction risk (Orden TEC/1078/2018) and 
was included as a “Critically Endangered” species on the IUCN Red List 
in 2019 (Kersting et al., 2020). Monitoring of populations subsequent to 
the MME have allowed the identification of few individuals with specific 
gene expression signature showing no symptoms of the disease nor the 
proliferation of the parasite in them (Salis et al., 2022). Moreover, these 
individuals have survived several years after the arrival of the MME, so 
that they can be considered in some way resistant to the pathogen. 
Under these premises, the existence of disease-resistant individuals of P. 
nobilis can be considered. 

Noble pen shell is the largest bivalve of the Mediterranean, reaching 
up to 120 cm (García-March, 2005; Basso et al., 2015). It has a long-life 
span that can reach up to 45 years (Rouanet et al., 2015), and is one of 
the largest and long-living bivalves worldwide (Katsanevakis, 2005). 
The species inhabits mostly soft-bottom areas with seagrass meadows, 
mainly Posidonia oceanica and Cymodocea nodosa, macroalgae Caulerpa 
prolifera meadows or bare sand areas at depths between 0.5 and 60 m 
(Katsanevakis, 2005; Basso et al., 2015), where it is partially buried and 
fixed to the foundation. 

The life cycle of P. nobilis is an example of the classical bivalve 
development (Trigos et al., 2018). As described by García-March (2005), 
the fecundation processes occur between March and September. The pen 
shell is of hermaphrodite reproduction, with an asynchronous gamete 
differentiation and maturation, external fecundation, and a settlement 
time of 10 to up to 30 days (Basso et al., 2015; Deudero et al., 2017; 
Trigos et al., 2018; Kersting et al., 2020). P. nobilis has a dispersal phase 
with pelagic larvae followed by eventual settlement and metamorphosis 
(Vicente, 1986; Trigos et al., 2018; Acarli, 2021). However, the larval 
stages and the pelagic larval duration (PLD) are far from being fully 
described. The first published studies pointed at a duration of the larval 
phase of 10 days (Butler et al., 1993). However, more recent publica
tions suggest a PLD that could last at least up to one month (Trigos et al., 
2018; Deudero et al., 2017; Wesselmann et al., 2018; Kersting et al., 
2020). 

The ecological role of P. nobilis is key for the ecosystems it inhabits 
(Cabanellas-Reboredo et al., 2019), as a filter feeder (Acarli, 2021), it 
feeds on both organic and inorganic suspended particles. It has been 
estimated that a single P. nobilis individual can filter more than 2000 L 
per day (Hernandis et al., 2023); consequently, pen shells contribute to 
water clarity (Trigos et al., 2014; Acarli, 2021). In addition, due to its 
large size pen shells often host numerous benthic species on their outer 
shell increasing biodiversity and complexity (i.e bryozoans, other mol
lusks, sponges, etc) (García-March, 2005; Guallart and Templado, 2012; 
Banach-Esteve and Vázquez-Luis, 2015). 

In the current situation of pen shell, safeguarding resistant in
dividuals is crucial, as they can play a vital role in introducing new 
breeding stock. It is necessary to have an extensive breeding plan to be 
able to close the captive breeding cycle of Pinna nobilis; in parallel with 
the breeding plan, it is necessary to identify optimal sites for restocking. 
The use of larval dispersal models improves the selection of reintro
duction areas, reduce the amount of introduction sites for tests and in
crease settlement succession. Therefore, the main objective of the 
present work is the identification of the key repopulation locations in the 
Spanish Mediterranean coastline that provide optimal dispersal path
ways across populations by employing larval dispersal models and 
connectivity metrics creating a population network of P. nobilis able to 
function and sustain itself successfully. The identification of areas with 
high densities of P. nobilis in some places of the Mediterranean Sea 
(Basso et al., 2015; Wesselmann et al., 2018) before the MME could 
pinpoint habitat suitability. 

2. Materials & Methods 

2.1. Study area and data collection 

The dispersal of noble pen shell larvae was studied as a passive 
process using a biophysical model to estimate the connectivity between 
sites across the Spanish Mediterranean coast. The populations of Pinna 
nobilis on the Spanish coasts before the MME were well known at many 
places (Basso et al., 2015; Rodríguez et al., 2017). The repopulation 
locations for the present study were selected based on the knowledge of 
abundance of individuals of noble pen shell before 2016 (before the 
MME), and the level of protection of the area, given the demonstrated 
and observed evidence of anthropogenic impacts on pen shell pop
ulations. In total, 13 locations were selected (Fig. 1; Table 1). 
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2.2. Larval dispersal model 

After the potential repopulation locations were selected, larval 
dispersal patterns along the Spanish Mediterranean coast were studied 
using a biophysical model that simulated the dispersal of Lagrangian 
particles emitted from each potential repopulation point. This technique 
incorporates passive and active drift in a three-dimensional or two- 
dimensional flow (McDonald and Nelson, 2021) to establish the trans
fer and dispersal of larvae along nodes, which correspond to the previ
ously selected repopulation locations. The present study simulated 
larval dispersal using surface currents obtained from a high-resolution 
interannual simulation of the Western Mediterranean Operational 
forecasting system (WMOP; Juza et al., 2016; Mourre et al., 2018). The 
hydrodynamic simulation, which provided daily average currents with a 
2 km spatial resolution over the Western Mediterranean Sea, was eval
uated in Mourre et al. (2018); Aguiar et al. (2020), showing a realistic 
representation of the mean currents and eddy kinetic energy associated 
with the mesoscale activity. Moreover, the daily-averaged wave-induced 
currents estimated from the Copernicus Marine Service Mediterranean 

Sea wave model (Korres et al., 2019) were added to the WMOP wind- 
and density-driven currents to also include the contribution of the 
wave-induced surface drift. The resulting oceanic currents were com
bined with the PLD of the larvae of P. nobilis. The model tracked the 
movement of 1000 passive particles (larvae) emitted from every repo
pulation location every 24 h from May 2nd to September 30th of 
2009–2017, with both years included. The initial positions were 
adjusted to the closest model ocean grid points. The trajectories were 
computed using the TRACMASS Lagrangian code (Jönsson et al., 2015), 
including a diffusion term (coefficient of 50 m2/s) to represent the effect 
of small unresolved scales. This approach has been used successfully for 
the study of larvae or marine litter dispersion (e.g., Kersting et al., 2020; 
Compa et al., 2020; Torrado et al., 2021). Here, we defined a larval 
duration of 25 days, since most recent studies reported PLDs between 20 
and 30 days (Deudero et al., 2017; Wesselmann et al., 2018; Trigos et al., 
2018). However, since the understanding of the pelagic larval duration 
of Pinna nobilis is still vague, additional PLD scenarios (10, 15, 20 and 30 
days) were evaluated in order to account for such uncertainty. 

2.3. Connectivity analysis 

Subsequent to dispersal simulations, the percentage of particles that 
arrive to a suitable habitat was calculated for each PLD scenario (settling 
particles). This ratio of particles was considered as larvae susceptible to 
successfully settle in the repopulation locations. The connectivity matrix 
was established to fix the distance measured in days between repopu
lation locations. The connections were generated based on the number 
of larvae exchanged from a node i to a node j divided by the initial 
number of larvae in node i, and weak connections were omitted if the 
dispersal probability was below a threshold of 0.05%. This matrix allows 
to obtain connectivity metrics that describe the role of the repopulation 
location in the network (Table 2). 

Network analysis was carried out using the methodology described 
by Ognyanova (2016), using Rstudio (version 4.2.2) to establish a 
network with the potential repopulation locations and representing each 
connectivity metric individually. 

Network analysis was studied at three different levels: with (i) 
metrics that give information about each individual repopulation loca
tion (they report the characteristics of the repopulation location itself), 
(ii) metrics that give information about the role of the repopulation 
location with respect to the rest of the repopulation locations; and (iii) 
properties of the whole network. Therefore, the functioning of individ
ual repopulation locations was first described using: (1) Self-recruitment 
(proportion of locally produced larvae settling in a repopulation location 
compared to larvae originating from other repopulation locations) and 
(2) Local retention (settlement success in a repopulation location rela
tive to larval production). 

The next stage was to determine the dynamics of a network through 
the properties the repopulation locations present for the community and 
to analyze how the repopulation locations connect between them: (3) 
Normalized Edge Strength (connection between repopulation locations, 
their directionality and how these pathways are used in terms of larval 
transport), (4) Betweenness centrality (metric that allows to identify 
repopulation locations that are crucial to the network in terms of con
nections with other repopulation locations, that is, repopulation loca
tions acting as bridges between others); and (5) Eigenvector centrality, 
(metric that measures the influence of a repopulation location in the 
network, identifying repopulation locations with a high production and 
recruitment connected to other repopulation locations with similar 
properties). 

Lastly, two metrics were used to describe the functioning of the 
repopulation locations as a network: (6) Cut-point (repopulation loca
tions that when depleted divide the network in sub-communities); and 
(7) Community detection (clustering repopulation locations that pre
sented high strength edges into sub networks. 

Fig. 1. Map of the Western Mediterranean Sea with the location of selected 
repopulation locations (further information is provided in Table 1). 

Table 1 
Repopulation locations selected, their location, average abundance of P. nobilis 
prior to the MME and their protection level. ID: refers to repopulation location in 
number, CCAA: Autonomous community, Repopulation location name: name of 
repopulation point, Protection level: Marine Reserve, National Park, Natural 
Park, ZEPA (Special protection areas for birds) & LIC (places of community 
Importance).  

ID CCAA Repopulation location name Protection level 

1 Andalusia El Calón Marine Reserve 
2 Murcia Region Isla Grosa ZEPA 
3 Valencia Community Tabarca Marine Reserve 
4 Valencia Community Calpe ZEPA 
5 Valencia Community Columbretes Marine Reserve 
6 Balearic Islands Formentera, Espalmador Llevant Marine Reserve 
7 Balearic Islands Ibiza, Talamanca – 
8 Balearic Islands Cabrera, Santa María National Park 
9 Balearic Islands Pollensa – 
10 Balearic Islands Menorca, Mahón – 
11 Balearic Islands Menorca, Addaia LIC 
12 Catalonia Alfacs Natural Park 
13 Catalonia Medas Natural Park  
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3. Results 

The highest density of particles concentrates in the geographical 
center of the network on a whole network scale (Fig. 2). The percentage 
settling particles provides information for success of arrival of larvae to 
the repopulation locations and can be related to settlement. The results 
for settling particles showed increasing as larval duration prolongs 
(Tables S1, S2, S3 and S4). When PLD was 25 days, most of the repo
pulation locations showed values higher than 50% for percent of settling 
particles (Table 3). Repopulation location 2 (Isla Grosa) showed a 
maximum value of settling particles with 82.57% (Table 3), which is the 
highest value of settling particles in the network, whereas the lowest 
value of 28.44% was found in repopulation location 10 (Mahón). 

Betweenness values obtained for the repopulation locations were all 
below 0.10, with an average value of 0.02 ± 0.03. The highest value of 
betweenness appeared in repopulation location 5 (Columbretes), with of 
0.09, which is located in the geographic center of the network (Fig. 4). 

The lowest values of betweenness were found in repopulation locations 
with scarce edges connecting them with the rest of the network (Fig. 4). 
For the rest of the scenarios, betweenness values remained below 0.10 
except when PLD is 30 days (Fig. S4), where it reached a maximum value 
of 0.19 in repopulation location 13 (Medas), which presented 
betweenness values of 0 for the rest of the larval durations. 

Eigenvector values for repopulation locations were close to 0 but 
increase with larval duration (Tables S1, S2, S3 and S4) with an average 
value of 0.10 ± 0.30 when PLD is 25 days. The only repopulation 
location without an eigenvector value close to 0 was repopulation 
location 2 (Isla Grosa), where the eigenvector value was of 1 (maximum) 
for all PLDs scenarios. Also, for all PLDs, highest values of Eigenvector 
were found in repopulation locations found in the Valencian Commu
nity, Murcia and Andalusia, and lowest values were found in the repo
pulation locations from Mallorca and Menorca, implying low influence 
in the network dynamics (Tables S1, S2, S3 and S4). When PLD was of 25 
days, eigenvector centrality did not surpass 0.001 value for most repo
pulation locations excepting 1, 2 3, 4 and 5 (El Calón, Isla Grosa, Tab
arca, Calpe and Columbretes, respectively; Fig. 5). Out of these, Isla 
Grosa presented an eigenvector centrality value of 1 (maximum to this 
metric), the highest value for the whole network, whereas repopulation 
location 10 (Mahón) showed the lowest value, of 1.04⋅10− 9. Therefore, 
Isla Grosa was the repopulation location with higher productivity and 
successful connections, which can also be observed looking at the edge 
strengths that Isla Grosa presents (Figs. 3–5). 

Edge strengths for the repopulation locations, that give information 
about the characteristics of the repopulation location in comparison to 
the rest of repopulation locations; had increased path numbers with 
larval duration, but also the importance of the edges is increased when 
PLD was longer (Tables S1, S2, S3 and S4). When a PLD of 25 days was 
used (Fig. 6) Columbretes presents In-Strengths coming from southern 
repopulation locations (El Calón, Tabarca, Calpe) and from Alfacs and a 
strong edge from Talamanca, acting as a sink repopulation location for 
the larvae from the mentioned points. In terms of Out-Strength, it also 
presented a strong path for larvae that arrive to Medas, acting as a source 
(Pulliam, 1988), repopulation location for it. Furthermore, several edges 
connected the eastern repopulation locations (repopulation locations in 
Mallorca and Menorca), and stronger repopulation locations connected 
them with the repopulation locations located in Formentera and Ibiza. 
At a network level, the study of connectivity metrics in the 13 

Table 2 
Connectivity metrics, definition and interpretation including references.  

Metric Definition Interpretation References 

Local 
Retention 
(LR) 

Ratio of larval recruitment in a node to local egg 
production (Lett et al., 2015). 

Does not depend on egg production, and therefore it is 
independent of temporal changes in adult population size. 

Ospina-Álvarez et al., 2020; Lett et al., 
2015; Botsford et al., 2009. 

Self- 
recruitment 
(SR) 

Ratio of locally produced larvae settlement to 
settlement of all origins at a site 

Dependent on egg production in the different nodes. Therefore, 
it is affected by temporal variations in population size. It also 
depends on connectivity among patches. 

Hogan et al., 2012; Lett et al., 2015;  
Ospina-Alvarez, et al., 2020. 

Out-degree Number of connections linking to downstream 
neighbors. It refers to the number of edges (larval 
dispersal vectors) that arise from a given node. 

Nodes with high Out-degree value are source areas. They supply 
the metapopulation with larvae and juveniles. 

Pulliam, 1988; Treml, et al., 2008;  
Ospina-Álvarez, et al., 2020 

In-Degree Number of edges from upstream sources that get 
to a given node. 

Nodes with high In-degree value are nursery nodes and 
important for conservation. These nodes are sink habitats. 

Bonacich, 1987; Pulliam, 1988; Lipcius 
et al., 2008; Treml et al., 2008;  
Ospina-Álvarez, et al., 2020 

Betweenness Proportion of shortest paths between all node 
pairs that pass through the node of interest. 

Betweenness highlights the most used routes and represent 
important dispersal pathways in a metapopulation. Values range 
from 0 to 1, where 0 means the centrality of all nodes is equal, 
and 1 that a node is key for the network in terms of dispersal of 
information. 

Freeman, 1977; Barrat et al., 2004;  
Treml et al., 2008; Ospina-Álvarez 
et al., 2020 

Eigenvector 
centrality 

Parameter of centrality in which the centrality of a 
node is the result of the sum of its connections to 
others, weighted by their centralities. 

It measures the influence of a node in a network. The values 
range from 0 to 1. Nodes with high eigenvector centralities mean 
high-productivity and high-recruitment nodes connected to 
other high-productivity and high-recruitment nodes. 

Bonacich, 1987; Ospina-Álvarez, et al., 
2020 

Cut-point Nodes that, when eliminated, break the network 
in subsections. 

Cut nodes are considered important for the network’s 
functioning and have relevance in conservation efforts 

Treml, et al. (2008) 

Community 
detection 

Group of nodes with similar properties. Nodes that form communities have common properties among 
them or display a similar role for the network. 

Brandes, et al., 2008; Ospina-Álvarez, 
et al., 2020  

Fig. 2. Density map of larval dispersal for PLD of 25 days; and percentage of 
larvae that arrive to each repopulation location (% Settling). The different 
colors represent the density of particles (Log[particles]). 
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repopulation locations in the western Mediterranean Sea showed that 
abundance of cut-nodes decreases as PLD enlarges and disappearing this 
property for any repopulation location when larval duration is 30 days 
(Tables S1, S2, S3 and S4). When PLD is 25 days, the only cut-node that 
exist in the network is Columbretes (Fig. 6). 

Finally, the network is divided into sub-networks using community 
detection, showing fewer yet larger communities as larval duration 
lengthens (Fig. 5). The communities formed at the PLD of 20 days sce
nario remain fixed for the rest of scenarios with higher PLDs. Finally, 
Repopulation location 13 (Medas) does not form communities with the 
rest of repopulation locations in any PLD (Tables S1, S2, S3 and S4). At a 
PLD of 25 days (Fig. 6), the repopulation locations of El Calon, Isla 

Grosa, Tabarca and Columbretes form a southern community; Calpe and 
Alfacs another one and Medas remains separated. In the Balearic ar
chipelago, Menorca, Mallorca, and Cabrera (Mahón, Addaia, Pollensa 
and Cabrera) form a cluster and Ibiza and Formentera (Talamanca and 
Espalmador-Llevant) another one. 

Table 3 
Summary table for the metrics and properties employed to select the fittest repopulation locations for PLD 25 
days. 

Fig. 3. Self-recruitment (SR, light blue) and Local-retention (LR, dark blue) 
represented as crown-charts above every repopulation location in a PLD of 25. 
Scenario of connectivity network is symbolized as arrows representing the 
normalized edge strength: the wider the arrow, the stronger the edge between 
repopulation locations, meaning higher amount of larvae transfer. 

Fig. 4. Betweenness of each repopulation locations and normalized edge 
strength of the connection of each repopulation location in the network when 
PLD is of 25 days. Betweenness values are represented with assorted colors and 
size of the repopulation locations classified in terciles: light pink corresponds to 
the repopulation locations with lowest betweenness values; pink groups repo
pulation locations with intermediate betweenness values and deep pink repo
pulation locations present the highest betweenness values of the network. The 
size of the repopulation location also is related to betweenness values: wider 
repopulation locations correspond to higher betweenness values. 
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4. Discussion 

This study addresses the restoration of P. nobilis using a biophysical 
model based on Lagrangian particle tracking to describe the connectivity 
among repopulation locations with a high density of P. nobilis prior to 
the MME to characterize optimal repopulation locations. The model 
used different larval durations and showed that all the pathways 

between repopulation locations successfully connect every repopulation 
location from the network. Under the criteria of the connectivity metrics 
and the level of protection of the locations, six repopulation locations 
were selected to begin with repopulation efforts and promote the set
tlement of individuals in the rest of locations in the Western Mediter
ranean Sea. 

Jahnke and Jonsson (2022) asserted that predictions from biophys
ical models expound genetic patterns. However, the present results serve 
as the first stage to prioritize optimal areas for repopulation. Though, 
this study focusses on the restocking of previously known populations, 
rather than detect new or unknown repopulation locations, and they 
need to undergo validation through studies that allow to adjust the 
model to reality more precisely, and to assure that the assumptions that 
are made adjust to the real framework of the species populations. 

Connectivity outcomes are influenced by both the geographical 
location of repopulation sites and the surrounding hydrodynamic envi
ronment (Treml et al., 2015). When studying larval dispersal and the 
percentage of larvae reaching the repopulation locations, those with the 
highest percentage of settling particles are affected by the main current 
along the northern Mediterranean Spanish coast, which flows southward 
(Northern Current), resulting in a greater influx of particles to the 
southern coasts of the peninsula. The area between the Northern Current 
and the northeastward current branch forming the Balearic Current 
(Millot, 1999), could then also lead to a local accumulation of particles. 
This enables the identification of repopulation locations with the highest 
number of larvae arriving to them. LR is an estimate of the demographic 
independence of populations permitting to evaluate self-persistence 
(Hogan et al., 2012; Burgess et al., 2014; Lett et al., 2015). SR does 
provide additional information for LR, and its empirical validation has 
lower requirements than LR. These two metrics allowed us to estimate 
settlement in the different repopulation locations and select those that 
showed higher values in a “best case scenario”, in which all larvae 
reaching a repopulation location settle. Interestingly, low values of LR 
combined with high values of SR could indicate that a repopulation 
location presents a high settlement of locally produced larvae, acting as 
sink areas. This is the case of repopulation location 13 (Medas). 

The present study supports the conclusion that there are repopula
tion locations that possess optimal characteristics to start P. nobilis 
repopulation efforts. The results obtained support the criteria applied to 
select potential repopulation locations as those selected present high 
densities of noble pen shell, and also contribute to understand the 
mechanisms of population formation in said sites. Highest densities of 
P. nobilis prior to the MME were found in sites that according to the 
results obtained in the present study show highest values for the con
nectivity metrics applied. 

Isla Grosa (Murcia) and Tabarca (Valencian C.) both present some of 
the highest values found for all metrics studied and show strong con
nections with other repopulation locations (Table 3). 
González-Wangüemert et al. (2004) asserted larval dispersal of Diplodus 
sargus from Murcia, describing the pathways that larvae followed using a 
genetic approach. The results of the study showed how larvae travelled 
from Cabo the Palos to Almería and Tabarca. These pathways do coin
cide with the edges obtained in the present study, as Isla Grosa presents 
larval dispersal pathways that connects the repopulation locations with 
the repopulation locations located in El Calón (Almería) and Tabarca 
(Valencian C.). In addition, the edges obtained showed Tabarca as a 
location where larvae from south and northern repopulation locations 
settle. These results are consistent with previous genetic studies that 
showed allelic diversity in the mentioned repopulation point, corre
sponding to alleles from individuals of nearby locations (Wesselmann 
et al., 2018). 

Columbretes (Valencian C.) showed pathways that indicate it serves 
as a sink location for larvae coming from surrounding locations, both 
from the Peninsula and the Balearic Archipelago. These results could 
indicate that Columbretes serves as a reservoir of larvae that could favor 
genetic diversity. Similar results were obtained when modeling larval 

Fig. 5. Eigenvector of each repopulation location and normalized edge strength 
of the connection of each repopulation location in the network when PLD is of 
25 days. Eigenvector values are represented with distinct colors and size of the 
repopulation locations classified in terciles: light blue corresponds to the 
repopulation locations with lowest eigenvector values; blue groups repopula
tion locations with intermediate eigenvector values, and deep blue repopulation 
locations present the highest eigenvalues values of the network. The width of 
the repopulation location also is related to eigenvector values: wider repopu
lation locations correspond to higher eigenvector values. 

Fig. 6. Sub-communities of repopulation locations that exist when PLD is of 25 
days. Repopulation locations are represented in different colors symbolizing the 
sub-communities formed by strong connections. Arrows represent normalized 
edge strength. 
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dispersal using larval collectors to describe the movements of larvae 
throughout the years (Kersting, et al., 2020). 

These repopulation locations present high settlement both from 
locally and outer produced larvae, but also act as sources of larvae for 
surrounding repopulation locations, making them essential for the 
repopulation of both their subcommunity and the network. In the 
Balearic archipelago, the repopulation locations present lower values for 
the metrics when compared to the repopulation locations from the 
peninsula (Table 3). Still, repopulation efforts must be done on the is
land to maintain the network that existed prior to the MME. Cabrera 
(Mallorca) acts as a sink area but also emits larvae to other repopulation 
locations, located in the north. Nebot-Colomer et al. (2022)studied the 
genetic structure of the populations of P. nobilis before the MME. The 
study indicated that the replenishment of the population in Cabrera was 
not solely dependent on SR, but it was possible thanks to the supply of 
larvae from other populations. These results are consistent with the re
sults obtained in the present study, which indicated that pathways 
transport larvae from the rest of the islands. These results suggest that 
Cabrera would act as a bank for genetic diversity. These characteristics 
along with the high level of protection of this repopulation location 
(categorized as a no-take area), makes Cabrera a key repopulation 
location for the restoration of P. nobilis in the Spanish Mediterranean Sea 
(Vázquez-Luis et al., 2014). 

The repopulation location in Espalmador-Llevant (Formentera) also 
presents a commonly used pathway that transports larvae to Colum
bretes, along the repopulation locations in Mallorca and Menorca 
(Table 3). These pathways were previously described by Gonza
lez-Wangüemert et al. (2019) for P. nobilis using a genetic approach. In 
Menorca, both repopulation locations act as sink habitats for larvae 
coming from Mallorca, and as source of larvae for Cabrera, making them 
equally important for the network. However, Addaia presents higher 
settlement rates than Mahón, and is included in a protected area as a LIC. 
Finally, Addaia receives larvae from Medas (Cataluña), Cabrera and 
Pollensa (Mallorca), which was confirmed by genetic modelling by 
Kersting et al. (2020), making it a better suitor for repopulation. 
Quantifying connectivity patterns using connectivity metrics is impor
tant to establish repopulation locations with the aim to recover a met
apopulation. In a population network, edges represent the probability of 
connection or flow of larvae between repopulation locations (Dale and 
Fortin, 2010). Therefore, when considering repopulation efforts these 
pathways must be considered, as they are successful and commonly used 
routes for larvae dispersal in the community. Betweenness values 
highlight “stepping-stones” that are key for the functioning of the 
network (Treml et al., 2008; Gamoyo et al., 2019) and its conservation. 
The results for betweenness seem to indicate that the repopulation lo
cations are central given the low values obtained for the metric. How
ever, the SD obtained also implies that there is variation for the values of 
betweenness of each repopulation location, which makes sense since six 
of the locations present a betweenness value of zero. This could mean 
that, for the network, pathways between repopulation locations do not 
necessarily require the presence of intermediate repopulation locations 
to successfully transport larvae among them. Still, since in a real sce
nario, various pathways could be used for larval dispersal (Newman, 
2005); the highest values must be considered when establishing the 
repopulation locations to begin reintroduction of resistant individuals. 
Repopulation locations located centrally seem to present certain 
importance in terms of potentially connecting repopulation locations 
when the diffusion of particles from repopulation locations is reduced 
(Ross et al., 2017). These repopulation locations also present numerous 
and/or strong edges with other repopulation locations. In these terms, 
repopulation locations 3, 5 & 8 (Tabarca, Columbretes & Cabrera, 
respectively) present the highest values of betweenness of the network 
and are located centrally in the network. In the scenario of a PLD of 30 
days, highest betweenness value goes over to the repopulation location 
13 (Medas), located in the north of the network, which could be 
explained by the pathways that form in that scenario, connecting 

Menorca and Pitiusas Islands (Ibiza & Formentera) with Medas. These 
results could indicate that the before mentioned points have a subtle 
influence on the transport of larvae from different areas of the network. 
However, considering other metrics with more informative values for 
restocking purposes is recommended. The eigenvector values show that 
most repopulation locations present equal influence for the network, 
excepting repopulation location 2 (Isla Grosa), with maximum eigen
vector value. Therefore, under the criteria of this metric, Isla Grosa, acts 
as a critical repopulation location for the studied network. 

Network properties allowed us to identify communities and cut- 
points repopulation locations. Cut-node analysis identified Colum
bretes as the only repopulation location that would split the network 
into sub-networks if it would disappear when PLD is 25 days, this may be 
due to its geographically central position with regard to the rest of 
repopulation locations. The number of repopulations locations that 
present this property reduces as larval duration lengthens, until a PLD of 
30 days, in which scenario, there are no locations with the cut-point 
property. In this scenario, the repopulation points are strongly con
nected. For conservation and reintroduction purposes, identifying 
repopulation locations with this property is crucial since they are critical 
to populations connectivity (Treml et al., 2008). Moreover, when 
analyzing the communities formed by strong edges in addition to con
nectivity metrics, it becomes possible to identify repopulation locations 
that are critical to maintain sub-communities and that also connect them 
(Ospina-Álvarez et al., 2020). This information could be of interest to 
study in scenarios were the network gets severed, as it allows to define 
sub-networks that may be auto sufficient even when the network suffers 
degradation. 

The present work assumed equal larval production in every repo
pulation point, which is unlikely to be realistic. Moreover, the study 
overlooks several aspects such as biological barriers (i.e health, larvae 
abundance, resilience, swimming behavior; Scheltema 1986; Treml 
et al., 2008) and environmental factors (i.e effects of temperature, food 
availability, acidification) that are of interest to assess the rate of suc
cessful recruitment and settlement of larvae (Philippart et al., 2014). In 
addition, for P. nobilis the lack of certainty regarding the duration of the 
PLD made mandatory to study connectivity in different scenarios. The 
quantity and structure of habitats exert the most significant influence on 
larval emission, settlement, and subsequent recruitment processes. 
Future studies in this species could be oriented on the duration of the 
larval phase to fit the models to the real-world scenario. However, re
sults obtained for all of them fix the same repopulation locations to 
begin with reintroduction efforts. Abiotic factors affecting connectivity 
vary in the different stages, during dispersal stage; being currents and 
matrix affect the most (Swearer et al., 2019). 

Successfully describing larval stages and both biotic and environ
mental factors affecting such is highly difficult given the similarities 
found in larval stages of bivalve species (Hendriks et al., 2005). Still, 
addressing them is desirable in order to adjust the model to the re
quirements and traits of the species. In future studies, it is highly rec
ommended to delve into biological and environmental traits to assess 
the settlement and dispersal of larvae. 

For Pinna nobilis, restoration strategies must consider the disease 
caused by H. pinnae. The extreme virulence of the pathogen, alongside 
with the slow growth rate of the pen shell, and the scarce number of 
surviving individuals in their natural habitat (Cabanellas-Reboredo 
et al., 2019) makes highly difficult to establish successful conservation 
efforts. However, the current scenario faced by the species may be 
discouraging. The virulence of the pathogen and the high mortality rate 
caused by the disease gravely compromises the recovery of the species. 
For that reason, it is crucial to ensure effective restocking efforts using 
resistant individuals to obtain generations able to survive the pathogen 
and sustain the populations (Acarli, 2021). 

Immunity of mollusk has been a subject of interest for researchers 
due to their health and financial importance. For these animals, the 
innate immunity system represents the only line of host defense against 
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pathogens with anti-microbial peptides and hemocyte phagocytosis 
constitute key for mollusk survival to different pathogens (Zannella 
et al., 2017). Hence, the genetic basis underlying disease tolerance can 
be crucial for assessing the recovery of the species. For other bivalves, 
such as Crassostrea gigas, disease-resistance for specific pathogens was 
found associated with single nucleotide polymorphism affecting in 
several genes underlying traits related to the immune response (Yang 
et al., 2022). For P. nobilis, Salis et al. (2022) identified innate immune 
receptors overexpressed in surviving individuals, implying the existence 
of disease-resistance in the species, and some toll-like receptors seems to 
be involved in the immune response against the pathogen (Coupé et al., 
2023). However, few disease-resistant individuals have been identified 
to date, limiting the ability to understand the mechanisms of tolerance 
or resistance of the pathogen. 

Few is known of the pathogenicity of H. pinnae in terms of infection 
at early or larval stages of noble pen shell. This matter ads up to the 
recently described co-infection phenomena of pen shell individuals by 
H. pinnae, Mycobacterium spp., and opportunistic Vibrio spp. Mycobac
terium spp. have been demonstrated to present cumulative negative ef
fects for infected by H. pinnae individuals causing acute immune 
responses (Lattos et al., 2021) that could aggravate the mortality events 
observed in the last years. Vibrio spp. was also detected in individuals of 
P. nobilis affected by the parasite (Lattos et al., 2021). This issue entails 
difficulty to ensure effective restocking efforts, which is why the present 
study encourages to look into infection during larval stages in the future. 

We propose Isla Grosa, Tabarca, Columbretes, Espalmador-Llevant, 
Cabrera and Addaia as a starting point for the reintroduction efforts 
for P. nobilis populations. These repopulation locations include different 
levels and categories of protected areas, which assure protection of the 
introduced resistant individuals. Moreover, repopulation locations 
located in the geographic periphery of the network: El Calon (Andalusia) 
and Medas (Catalunya) are interesting to study in a broader scenario 
where population areas in Algeria and France, respectively, are 
considered as they might present connections with networks connecting 
the Spanish littoral with the rest of the Mediterranean basin. 

5. Conclusions 

To conclude, this study shows how important repopulation locations 
remain crucial in different PLD scenarios and highlight the importance 
of dispersal pathways to maintain a self-sufficient network. Next steps to 
assess the repopulation of noble pen shell in the Spanish coast should 
consider the genetic variability prior to the MME, larval behavior and 
mortality rates of larvae, habitat quality and availability in order to be 
added to the model obtained in this work. Isla Grosa, Tabarca, Colum
bretes, Espalmador-Llevant, Cabrera and Addaia are proposed as the 
starting Repopulation locations to begin the reintroduction of resistant 
individuals of P nobilis, as we consider these locations facilitate the later 
rehabilitation of other populations, creating a self-sufficient and resis
tant network. 
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Tintoré, J., 2020. Multi-platform model assessment in the Western Mediterranean 
Sea: impact of downscaling on the surface circulation and mesoscale activity. Ocean 
Dynamics 70, 273–288. 

Airoldi, L., Balata, D., Beck, M.W., 2008. The gray zone: relationships between habitat 
loss and marine diversity and their applications in conservation. J. Exp. Mar. Biol. 
Ecol. 366 (1–2), 8–15. 

Avery, R.P., 2003. Marine and Terrestrial Conservation Planning-How Different Are 
They? Royal Zoological Society of New South Wales. 

Banach-Esteve, G., Vázquez-Luis, M., 2015. Temporal trends in sessile epibionts of the 
endemic bivalve Pinna nobilis: variability in Lophocladia lallemandii colonization. 
Thalassas: An International Journal of Marine Sciences 31 (2), 19–29. 

Barrat, A., Barthelemy, M., Pastor-Satorras, R., Vespignani, A., 2004. The architecture of 
complex weighted networks. Proc. Natl. Acad. Sci. USA 101 (11), 3747–3752. 

Basso, L., Vázquez-Luis, M., García-March, J.R., Deudero, S., Alvarez, E., Vicente, N., 
Duarte, C.M., Hendriks, I.E., 2015. The pen shell, Pinna nobilis: a review of 
population status and recommended research priorities in the Mediterranean Sea. 
Adv. Mar. Biol. 71, 109–160. 

Beger, M., Grantham, H.S., Pressey, R.L., Wilson, K.A., Peterson, E.L., Dorfman, D., 
Mumby, P.J., Lourival, R., Brumbaugh, D.R., Possingham, H.P., 2010. Conservation 
planning for connectivity across marine, freshwater, and terrestrial realms. Biol. 
Conserv. 143 (3), 565–575. 

Bode, M., Leis, J.M., Mason, L.B., Williamson, D.H., Harrison, H.B., Choukroun, S., et al., 
2019. Successful validation of a larval dispersal model using genetic parentage data. 
PLoS Biol. 17 (7), e3000380 https://doi.org/10.1371/journal.pbio.3000380. 

Bonacich, P., 1987. Power and centrality: a family of measures. Am. J. Sociol. 92, 
1170–1182. 

Botsford, L.W., White, J.W., Coffroth, M.A., Paris, C.B., Planes, S., Shearer, T.L., 
Thorrold, S.R., Jones, G., 2009. Connectivity and resilience of coral reef networks in 
marine protected areas: matching empirical efforts to predictive needs. Coral Reefs 
28, 327–337. 

Brandes, U., Delling, D., Gaertler, M., Gorke, R., Hoefer, M., Nikoloski, Z., Wagner, D., 
2007. On modularity clustering. IEEE Trans. Knowl. Data Eng. 20 (2), 172–188. 

Burgess, Scott C., Nickols, Kerry J., Griesemer, Chris D., Barnett, Lewis A.K., 
Dedrick, Allison G., Satterthwaite, Erin V., Yamane, Lauren, Morgan, Steven G., 
White, J. Wilson, Botsford, Louis W., 2014. Beyond connectivity: how empirical 
methods can quantify population persistence to improve marine protected-area 
design. Ecol. Appl. 24 (2), 257–270. 

Butler, A., Vicente, N., de Gaulejac, B., 1993. Ecology of the pterioid bivalves Pinna 
bicolor Gmelin. Mar Life 3 (1–2), 37–45. 

Cabanellas-Reboredo, M., Vázquez-Luis, M., Mourre, B., Álvarez, E., Deudero, S., 
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Sánchez, J., Tena-Meidaldea, J., De Vaugelas, J., Vicente, N., Zohra, F., Zupan, I., 
Hendriks, I.E., 2019. Tracking a mass mortality outbreak of pen shell Pinna nobilis 
populations: a collaborative effort of scientists and citizens. Sci. Rep. 9 (1), 13355. 

Catanese, G., Grau, A., Valencia, J.M., Garcia-March, J.R., Vázquez-Luis, M., Alvarez, E., 
Deudero, S., Darriba, S., Carballal, M.J., Villalba, A., 2018. Haplosporidium pinnae 
sp. nov., a haplosporidan parasite associated with mass mortalities of the fan mussel, 
Pinna nobilis, in the Western Mediterranean Sea. Journal of invertebrate pathology 
157, 9–24. 

Compa, M., Alomar, C., Mourre, B., March, D., Tintoré, J., Deudero, S., 2020. Nearshore 
spatio-temporal sea surface trawls of plastic debris in the Balearic Islands. Mar. 
Environ. Res. 158, 104945. 
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González-Wangüemert, M., Pérez-Ruzafa, Á., Marcos, C., García-Charton, J.A., 2004. 
Genetic differentiation of Diplodus sargus (Pisces: Sparidae) populations in the 
south-west mediterranean. Biol. J. Linn. Soc. 82 (2), 249–261. 
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