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Abstract

Assessing larval dispersal is essential to understand the structure and dynamics

of marine populations. However, knowledge about early-life dispersal is sparse,

and so is our understanding of the spawning process, perhaps the most obscure

component of biphasic life cycles. Indeed, the poorly known species-specific

spawning modality and early-life traits, along with the high spatio-temporal

variability of the oceanic circulation experienced during larval drift, hamper

our ability to properly appraise the realized connectivity of coastal fishes. Here,

we propose an analytical framework which combines Lagrangian modeling, net-

work theory, otolith analyses and biogeographical information to pinpoint and

characterize larval sources which are then grouped into discrete spawning areas.

Such well-delineated sources and their pre-determined settlement sites allow im-

proving the quantitative evaluations of both dispersal scales and connectivity

patterns. To illustrate its added value, our approach is applied to two case-

studies focusing on D. sargus and D. vulgaris in the Adriatic sea. We evidence

robust correlations between otolith geochemistry and modelled spawning areas

to assess their relative importance for the larval replenishment of the Apulian
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coast. Our results show that, contrary to D. sargus, D. vulgaris larvae originate

from both eastern and western Adriatic shorelines. Our findings also suggest

that dispersal distances and dispersal surfaces scale differently with the pelagic

larval duration. Furthermore, almost 30 % of D. sargus larvae and 10 % of D.

vulgaris larvae of the Apulian populations come from Tremiti marine protected

area (MPA), exemplifying larval spill-over from MPAs to surrounding unpro-

tected areas. This flexible multidisciplinary framework, which can be adjusted

to other coastal fish and oceanic system, exploits the explanatory power of a

model tuned and backed-up by observations to provide more reliable scientific

basis for the management and conservation of marine ecosystems.

Keywords: Marine connectivity, Lagrangian Flow Network,

Conservation, Marine Protected Area, Fish natal origins, Coastal

fishes, Mediterranean Sea, Ecosystem Management, Population

Dynamics, Models-hydrodynamics

1. Introduction

Dispersal has been identified as a crucial ecological and evolutionary factor

which influences demography, population survival, gene flow and local adapta-

tion (Burgess et al., 2016; Lowe et al., 2017). The persistence and dynamics of

marine populations are controlled, in addition to local birth and death rates,5

by connectivity processes (Kool et al., 2013). Connectivity has been defined as

the exchange of individuals among geographically separated populations that

comprise a metapopulation (Cowen et al., 2006).

Studying dispersal, and more generally the closely-related concept of connec-

tivity, is thus essential to understand population structuring, a prerequisite for10

the management and conservation of marine ecosystems. Potential applications

of connectivity studies range from informing design of local Marine Protected

Areas (MPAs) to replenish fished neighboring areas (Di Franco et al., 2012a;

Pelc et al., 2010; Pujolar et al., 2013) and informing maritime spatial planning

(Bray et al., 2017; Henry et al., 2018) to improve the design of broad-scale MPAs15
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network and assess their efficiency (Dubois et al., 2016; Rossi et al., 2014).

For coastal fishes, connectivity is assumed to be primarily driven by the

dispersion of early-life stages ("propagules") which are transported by ocean

currents, a process called "larval dispersal" (Pineda et al., 2007). Indeed, most

coastal fishes are characterized by a bipartite life cycle, governing how fish pop-20

ulations structure in space and time. A first highly pelagic dispersive phase,

encompassing egg and larval stages, is followed by a second relatively seden-

tary phase as juveniles and adults (Thresher et al., 1989). The transition oc-

curs when individuals take up permanent residence in the demersal habitat,

a process named settlement (Levin, 1994), which usually coincides with the25

metamorphosis of larvae into juveniles (Kingsford, 1988). Then, after a short

period, juveniles recruit into the adult fraction of the population (Richards and

Lindeman, 1987), which generally constitutes the stages of exploitation and

managerial interests.

Even though spawning and subsequent larval dispersal constitute the corner-30

stones of the fish life cycle, spawning aggregations (areas where fishes gather in

high density for the purpose of spawning, Domeier and Colin, 1997) can be mas-

sively harvested by fisheries, sometimes inducing collapses in aggregating fish

stocks (Sadovy and Domeier, 2005) and ultimately leading to the risk of species

extinction (Mitcheson et al., 2013). Furthermore, spawning aggregations can be35

seen as productivity hotspots of ecological significance since they support both

coastal and offshore trophic chains (Fuiman et al., 2015; Heithaus et al., 2008).

As such, scientists and managers should emphasize the focus on spawning

areas since their protection leads globally to large benefits for fisheries, eco-

tourism stakeholders and biological conservation (Erisman et al., 2017). Nev-40

ertheless, the precise locations where eggs are spawned are actually one of the

main unknown of the fish life-cycle since studies are rarely dedicated entirely at

identifying spawning areas (e.g. Calò et al., 2018). The only few spawning sites

that have been well documented are situated mainly in tropical reef systems

(Domeier and Colin, 1997; Russell et al., 2014), perhaps where connectivity45

studies are facilitated by the relatively small-size and closeness of the seascape.
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It contrasts with the openness and continuous coastlines of temperate systems,

such as the Mediterranean Sea, where spawning areas are largely unknown. In

addition, while knowledge about fish home range exists (Di Franco et al., 2018),

the way it is usually defined disregards the reproductive movements, despite ob-50

servational evidence that many coastal fishes move offshore during the spawning

season (Aspillaga et al., 2016; Giacalone et al., 2018).

In a context of anthropogenic and environmental perturbations (Ciannelli

et al., 2013), a major challenge is thus to provide scientifically-based informa-

tion about spawning areas in all oceanic systems to achieve a sound spatial55

management and protection of coastal fishes. However, this objective has been

hampered by the complexity of fish life-cycles, the paucity and disparity of

observational records and the absence of a unifying methodology to do so.

In this context, a possible approach to investigate the location of fish spawn-

ing could be based on the scientific information on larval dispersal, coming60

from multiple methodologies. Many methods, each with its own strengths and

weaknesses, have been used to investigate the ins and outs of larval dispersal

(Calò et al., 2013). They are principally divided into four categories: surveys

of marine larvae, artificial tags, natural tags (genetics, otolith sclerochronology,

otolith geochemical analyses) and numerical modelling (physical or bio-physical,65

Nolasco et al., 2018). To increase the accuracy of larval dispersal analyses,

it seems fundamental to use a combination of complementary methodologies,

maximizing the strengths of each technique. However, while the proportion of

works that mixed different methodologies is currently growing, only few studies

have used at least two methods to characterize larval dispersal, with a preferen-70

tial combination of numerical biophysical models with genetic markers and/or

otoliths analysis (Nolasco et al., 2018).

Most of these multi-disciplinary studies aimed to locate the potential destina-

tions of propagules by means of forward-in-time advection from pre-determined

hypothesized sources, such as MPAs or sampling sites (Bray et al., 2017; Carl-75

son et al., 2016; Di Franco et al., 2012a; Melià et al., 2016; Pujolar et al., 2013).

Di Franco et al. (2012b, 2015) have investigated connectivity for two coastal fish
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species using otolith techniques; their results set the lower limits of dispersal and

distinguish several natal origins for both fishes, but there was little information

about regional connectivity patterns and no indication at all of the extension80

and localization of these natal regions.

In this paper, we propose a flexible analytical framework to delineate and

characterize fish spawning areas by integrating model simulations and informa-

tion from otolith studies. We test our framework by exploiting two data-rich

case-studies focusing on the coastal fishes Diplodus sargus sargus (Linnaeus,85

1758) and Diplodus vulgaris (Geoffrey Saint Hilaire, 1817) in the Adriatic sea.

2. Materials and Methods

2.1. General description

Our analytical framework consists of dissecting the main steps of dispersal,

namely the "origins", the "transport" process and the "destinations", backward-90

in-time. A Lagrangian bio-physical model, parameterized with adequate nu-

merical choices and early-life traits of the target species obtained from bio-

logical knowledge (including otolith schlerochronology data), is used to assess

"transport" ("Lagrangian Flow Network" box in Figure 1). "Destinations" are

pre-determined by the locations where juveniles were sampled for the otolith95

studies. One of the main novelty is to consider the whole oceanic domain of

interest as a mosaic of potential larval sources (putative "origins"). These are

refined stepwise by biological knowledge (including otolith geochemical data) of

our target species ("Filtering" box in Figure 1). It allows us to assess larval dis-

persal scales ("Scales of dispersion" box in Figure 1) in a robust manner thanks100

to millions of simulated larval trajectories. Adequate statistical normalizations

allow computing the proportion of each source to the total larval pool supplied

into pre-determined destinations ("Diagnosing" box in Figure 1). These proba-

bilities are then exploited to quantitatively assess the connectivity induced by

larval dispersal ("Patterns and magnitude of connectivity" box in Figure 1).105

Then, by incorporating additional ecological and connectivity knowledge, we fit
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simulated larval sources with otolith geochemistry to better locate and evaluate

the relative importance of discrete spawning areas ("Localization & characteri-

zation of spawning areas" box in Figure 1) for the replenishment of the sampled

settlement sites.110
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Figure 1: Schematic representation of our integrative framework which combines Lagrangian
modelling and expert knowledge (including otolith analyses) in order (i) to investigate the
scales of dispersion, (ii) to determine the patterns and magnitude of connectivity and (iii) to
locate and characterize spawning areas for conservation purposes. Our framework is structured
according to the color code: blue annotations refer to the numerical methodologies, green
annotations symbolize expert knowledge (from existing bibliography) and red boxes highlight
the key results. PLD stands for Pelagic Larval Duration and CFL for Courant-Friedrichs-Lewy
(see section 2.2) for a definition of all the terms used).
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2.2. Lagrangian Flow Network: tuning parameters and computing.

The Lagrangian Flow Network (LFN) methodology combines network the-

ory tools and particle-tracking modelling to investigate transport and dispersal

processes in oceanic flows. As any off-line particle tracking model, it can be cou-

pled to all gridded two- or three-dimensional velocity fields available, returning115

dispersal diagnostics as realistic as the input flow field. Full description can

be found in Rossi et al. (2014); Ser-Giacomi et al. (2015a,b) and Dubois et al.

(2016). Here, the LFN is used to simulate the dispersal of passively drifting

larvae as horizontal Lagrangian trajectories obtained through the integration of

a realistic regional flow field.120

The ad-hoc LFN configuration is obtained by selecting the most adequate

hydrodynamical model and thanks to the fine-tuning of seven LFN parameters

("Parameters tuning" box in Figure 1) in accord with both biological (includ-

ing the information derived from the otolith analyses) and numerical knowledge

from the scientific literature. Only the most relevant elements are summarized125

hereafter (see SI A-1.1 for further information). The starting date of each nu-

merical experiment e is simulating a single spawning event while the ensemble

of Lagrangian experiments E has to cover the full range of spawning dates ob-

tained from otolith sclerochronology. Tracking time is set to mimic the Pelagic

Larval Duration (PLD; i.e the time larvae spend in plankton), which is also es-130

timated from otoliths sclerochronology. The network of nodes (i.e. sub-areas of

the discretized oceanic domain) resolution is adjustable, compromising both the

level of analyses and the computation time. It must be at least twice larger than

the spatial resolution of the velocity field given by the hydrodynamical model.

Note that each node has the same area and contains the same initial number135

of particles. The number of particles per node should be larger or equal to

100 particles, as prescribed by Monroy et al. (2017) and the Runge-Kutta time

step should fulfill the Courant-Friedrichs-Lewy (CFL) condition imposed by the

velocity field itself (Courant et al., 1928). The vertical layer of the velocity

field (for z-coordinates model) must be chosen according to the most probable140

depth at which larvae of the target species are more likely to be found. Note
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that our Lagrangian trajectories are currently 2-dimensional, without consid-

ering any larval diel migration. For each settlement sites (i.e. where juveniles

were sampled for otolith studies), we attributed one or more location nodes in

the close vicinity of each sampled location.145

After computing hundred million Lagrangian trajectories and recording the

initial and final positions of each particle, a connectivity matrix of particles

is built similarly for each numerical experiment e ∈ [1; E] ("Computing" box

in Figure 1, see SI A-1.2 for further information). We saved an ensemble of

E connectivity matrices, which have as many rows and columns as the total150

number of nodes N in the network and which contain all information about

dispersal. Each matrix element i − j characterizes the connection between the

origin node i ∈ [1, N ] and the destination node j ∈ [1, N ] from a given starting

date and during a fixed tracking time.

The connection between any pairs of nodes can be characterized at two levels:155

the binary link (presence/absence of connection, Le matrices) and the weights of

the link (the number of transported particles associated to all existing link, Me

matrices Ser-Giacomi et al., 2017). The binary links, i.e Le matrices, are used

to successively filter-out the putative origin nodes in order to locate the effective

sources of larvae (see section 2.3). The associated weights, i.e Me matrices, are160

used to compute probabilities of larval emission from the effective sources to the

surveyed locations (see section 2.4).

2.3. Filtering

We aim at determining the most relevant sources, among all the putative

origins, of the larvae whose trajectories ended in the pre-determined location165

nodes ("Filtering" box in Figure 1). The effective sources of larvae are inves-

tigated by applying successively restrictive filters over the full set of potential

origin sources, sequentially refining our characterization. The flexibility of our

framework allows us to add or skip any given filter depending on the level of

knowledge of the studied species and on the confidence to be attributed to each170

piece of information. It implies that the more information we have about the
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biological traits of the studied species ("Biological knowledge" and "otolith data"

boxes in Figure 1), the more precise and realistic are the final larval sources.

Different filtering layers are defined hereafter and subsequently applied to the

suite of connectivity matrices:175

• Among all potential sources (i.e. all nodes), the first filter selects those

which are connected, at least once over all experiments (i.e. over all spawn-

ing events) to at least one out of all sampling locations (i.e. one of all

location nodes). Note that this first filter, based only on the cumulative

binary matrix L, is a strong constraint imposed by the geographical ex-180

tent of the otoliths sampling area. When mapping those selected nodes,

it gives us the maximal and theoretical extent of all sources (see SI A-2

for further information).

• The second step filters in all putative sources that are favorable for spawn-

ing based on the best available knowledge concerning spawning behavior185

of the studied fish. This could be derived from any environmental crite-

ria triggering spawning (e.g. threshold of temperature, light, etc) or any

constraint restricting spawning (e.g. bathymetric limit, see section 2.6.3).

• The third step filters in all putative sources whose environmental charac-

teristics are suitable for adults (e.g. preferential habitats). Indeed, the190

overall contribution of adults to broad-scale dispersal can be reasonably

neglected since these stages are rather territorial, especially littoral fishes

that show strong site fidelity (Di Franco et al., 2018).

• One may add as many additional filters as possible to further refine the

characterization of the putative larval sources. These extra filters must be195

spatialized dataset derived from the finest biological knowledge of the tar-

get species. For instance, spatial information about fish density, sex-ratio

and size class structure, which, in combination with a female size/eggs

production relationship (Marshall et al., 2019), could further constrain

the initial larval production of each source node.200
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• The last filter selects those larval sources whose downstream connections

(e.g. forward-in-time dispersal) are concordant with the diversity of ori-

gins revealed by otolith geochemistry. In other words, larval sources must

send larvae to at least the minimal number of sampled location success-

fully replenished by the less-ubiquitous fish natal origins, as assessed from205

otolith geochemical analyses.

After the superposition of all filters, the remaining "origin" nodes are the

most likely larval sources in the domain.

2.4. Diagnosing

The filtered larval sources are analyzed from the weighted connectivity ma-210

trices Me to quantitatively characterize, as explained hereafter, the probabilities

of connection with all sampling locations ("Diagnosing" box in Figure 1, see SI

A-3 for further information).

First, to take heed of the temporal heterogeneity of spawning, our ensemble

of experiments E must simulate the observed spawning variability. This is215

achieved by defining a new matrix M̄e for each experiment which modulates

each original connectivity matrix Me, representing one spawning event, with a

weight pe prescribed by its corresponding spawning dates frequency obtained

from the otolith analyses.

To be interpreted as probabilities, connectivity matrices of particles must220

be normalized. When looking for the probabilities of connection from loca-

tion node j to filtered source node i, we approximate backward-in-time dynam-

ics by a column-normalization of each connectivity matrix, even though it has

been originally computed forward-in-time (Ser-Giacomi et al., 2015a,b). These

backward-in-time "upstream" probabilities are interpreted as follows: if we ran-225

domly select a particle settled in any location node j after the tracking time

(PLD), this particle has a probability ∈ [0, 1] to originate from node i. There-

fore, this probability measures the relative contribution of that source node i

to the total pool of larvae sent by all sources which successfully settled in loca-

tion node j. The numerical experiments are merged together by averaging all230
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E connectivity matrices into one final probabilistic matrix denoted as K which

summarizes all the relevant connectivity information. By selecting in this final

matrix K the row i, corresponding to the index of any filtered sources, and the

column j, corresponding to the indices of all location nodes, one can investigate

the probability of connection for all existing pairs of source node and location235

node. In addition, one can consider all location nodes together by averaging the

probabilities of their corresponding nodes (column indexed j) into one vector

called A. Here we mainly exploit this configuration as it allows to take a global

perspective of the surveyed area, which is compatible with the next clustering

step.240

2.5. Clustering

Besides the characterization of larval sources described in previous section

2.4, our final objective is to pinpoint spawning areas in our simulations as con-

strained by the results of otolith geochemistry. As such, once the most relevant

source have been selected through the successive filters and their transport prob-245

abilities characterized ("Mapping" box in Figure 1), we aim here at grouping

these source into several regional clusters whose relative contributions for sup-

plying larvae to the surveyed locations would match the natal origins revealed

by otolith geochemistry ("Clustering" box in Figure 1). Determining pertinent

criteria and numerical algorithm for clustering is not a trivial issue (e.g. Fortu-250

nato, 2010; Rossi et al., 2014; Ser-Giacomi et al., 2015a). We retain here five

criteria which are based on empirical and published knowledge that are used to

gather the full set of source nodes into several clusters as follows:

• The number of cluster must be equal to the number of natal origins de-

duced from otolith geochemical analyses.255

• Each cluster must be composed of geographically contiguous or almost

contiguous source nodes, fulfilling the assumption that seawater geochem-

istry is homogeneous at small-scale (e.g. within a given water mass).
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• Each cluster should have a maximal extension of about 400 km since it is

the typical length-scale at which the geochemical composition of seawater260

is supposed to vary substantially, hence conferring distinct geochemical

signatures in otoliths (Gibb et al., 2017).

• Any relevant connectivity information about the spatial differentiation

of fish population must be considered in the cluster delimitation (e.g.

through genetics, tagging and tracking techniques; Calò et al., 2013).265

• The precise delimitation of each simulated cluster can be further refined by

considering the observed proportions of natal origins derived from otolith

geochemistry. In other words, the fine-tuning of the clusters’ boundaries

must be done while maximizing the correlation between natal origin pro-

portions and the aggregated probabilities of larval sources.270

2.6. Case-studies

We exploit two data-rich case-studies to test our framework and its effec-

tiveness for locating spawning areas and for evaluating connectivity patterns of

both Diplodus sargus and Diplodus vulgaris in the Adriatic Sea (Figure 2).

2.6.1. Oceanic domain and hydrodynamical model275

The Eulerian gridded velocity field comes from the high-resolution ( 1
45 °)

Adriatic-Ionian REGional configuration (AIREG, Ciliberti et al., 2015; Oddo

et al., 2006), which is based on the NEMO kernel (Madec and others, 2015) and

has been developed by the CMCC Ocean Lab (Figure 2a, see SI B-1 for further

information).280

2.6.2. Otolith data

Post-settlers (i.e. 1-1.5 cm body length) of D. sargus and D. vulgaris were

collected at seven distinct sampled locations separated by 10 to 30 km, corre-

sponding to about 180 km stretch of the Apulian coast (Figure 2b; Di Franco

and Guidetti, 2011; Di Franco et al., 2013, 2012b, 2015). Data gathered from285

otolith sclerochronology (Di Franco and Guidetti, 2011; Di Franco et al., 2013)
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Figure 2: Geographical location, topography and schematic circulation of the study area.
Panel a) displays the network domain (36 °- 46 °N, 12 °E - 22 °E ). Panel b) discloses a
zoom over the Apulian coast and indicates the seven locations (colored dots) named, from
north to south: Bari (BA), Monopoli (M), Hotel La Darsena (HLD), Torre Guaceto Marine
Protected Area (TGMPA), Punta Penna (PP), Casalabate (CAS) and San Andrea (SA).
Location nodes, associated with each sampling location, are colored according to their land
ratio (see SI A-1.1). The red triangle corresponds to the barycenter of all location nodes
centers. Panel c) presents a schematized view of the mean surface circulation of the Adriatic
Sea (red arrows). The system is dominated by the Western South Adriatic (W-SAd) current,
the Eastern South Adriatic (E-SAd) current, the Western Middle Adriatic (W-MAd) current,
the Northern Adriatic (NAd) current, the South Adriatic (SAd) gyre, the Middle Adriatic
(MAd) gyre and the North Adriatic (NAd) gyre (adapted from Artegiani et al., 1997b; Millot
and Taupier-Letage, 2005). The thin grey lines in panel c) corresponds to isobaths 80 m, 100
m, 200 m and 1000 m, respectively.

and geochemical analysis (Di Franco et al., 2012b, 2015) are reported in Table

1 (see SI B-3.1).

2.6.3. Biological traits

Knowledge of biological traits is generally sparse and uncertain for most fish290

species. Concerning our case-studies, quite reliable information is however avail-

able for both studied species. Recent reports of the depths at which D. sargus

and D. vulgaris commonly spawn range between 0 to 80 m deep (Aspillaga et al.,

2016; Giacalone et al., 2018). Moreover, larvae of D. sargus in the field have
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Table 1: Summarized information and early-life traits gathered for D. sargus (Di Franco and
Guidetti, 2011; Di Franco et al., 2012b) and D. vulgaris (Di Franco et al., 2013, 2015), as
obtained from sclerochronology and geochemical analyses of their otoliths.

Early-life traits Species
D. sargus D. vulgaris

Number of samples 140 160
Spawning duration 04/05/2009 - 24/05/2009 20/10/2009 - 14/02/2010
Median PLD (days) 17±1 47±8
Number of natal origins 3 7

been mainly observed at around 10 m depth (Olivar and Sabatés, 1997). Both295

species have similar adult sedentary behavior, with individuals home ranges that

are typically smaller or equal to 1 km2 (Alós et al., 2012; Di Lorenzo et al., 2014;

Di Franco et al., 2018). Concerning the preferential habitat of adults, D. sargus

and D. vulgaris inhabit coastal rocky reefs, Posidonia oceanica meadows and

coralligenous formations (Guidetti, 2000; Harmelin-Vivien et al., 1995; Lenfant300

and Planes, 1996).

High-resolution maps of these fish preferential habitats over the whole Adri-

atic were obtained from seabed habitat maps downloaded on the EMODnet

portal. They were then hand-corrected using 2-steps procedures (see SI B-3.2).

To our knowledge, this improved map represents perhaps the best and most305

updated geo-referenced seafloor cartography for the Adriatic Sea.

2.6.4. Tuning model parameters from published knowledge

Biological information derived from otolith analyses and literature review

on biological traits for D. sargus and D. vulgaris are used to fine-tune the LFN

parameters introduced in section 2.2 (see SI B-4). The parameters retained310

for this case-study are reported in Table 2. For each connectivity matrix, the

LFN model builds a network of around 10000 quasi-rectangular oceanic nodes

of 1
16 ° side (that is about 7 km) and computes around 9 million trajectories. In

total, about 380 million of particles trajectories were calculated to produce 43

high-resolution connectivity matrices for both species.315
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Table 2: Summary of specie-specific numerical parameters (and their corresponding early-life
traits) for D. sargus and D. vulgaris. The common parameters are a node size of 1/16 °, the
selected vertical layer of the flow at 10 m deep, a Runge-Kutta time step of 20 min and an
initialization of 900 particles per node.

Numerical parameters Species
D. sargus D. vulgaris

Range of starting dates 04/05/2009 -24/05/2009 05/11/2009 -28/01/2010(spawning duration)
Starting dates subsampling (days) 1 4(spawning periodicity)
Tracking time (days) 17 47(PLD)
Number of experiments 21 22(spawning events)

3. Results

3.1. Scales of dispersion

Figure 3: Spatial scales of dispersion as given by the characterization of larval sources by
successive filtering procedure for D. sargus (panel a) and D. vulgaris (panel b).

The first filter returns the maximal and theoretical extent of all the lar-

val sources, as constrained by the oceanic circulation experienced during larval

drift. For D. sargus, filter-1 larval sources spread from 43.2°N to 40.2 °N along320

the Italian coast (Figure 3a). Median dispersal distance is 175 km, maximal dis-

persal distance is 355 km and the "backward" dispersal plume surface is 35662
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km2 (see Table 3 and SI B-5). For D. vulgaris, putative larval sources extend

from 44.2 °N to 36 °N in almost all the Adriatic Sea and the northern Ionian Sea

(Figure 3b). The maximal dispersal distance median is 1.7 times higher than325

D. sargus’s one whereas the median distance is quite similar (ratio of 1.0). The

dispersal plume surface is 233199 km2, around 6.5 times larger than D. sargus’s

one (Table 3).

The second filter selects all larval sources whose environmental characteris-

tics fulfill the favorable conditions for spawning to occur. Here it is a "coarse"330

bathymetric filter selecting all nodes whose depths range 0-80 m, that is the

depths at which D. sargus and D. vulgaris commonly spawn (see section 2.6.3).

For D. sargus, filter-2 larval sources extend from 43.2°N to 40.2 along the Italian

coastline (Figure 3a). The dispersal plume surface is 12918 km2, which corre-

sponds to a reduction of the filter-1 plume by about 64 % (Table 3). For D.335

vulgaris, sources spread from 44.2 °N to 37.2 °N (Figure 3b). The dispersal

plume surface is 41606 km2, indicating a reduction by 82 % from filter-1 plume

(Table 3). Median and maximal dispersal distances as well as dispersal plume

surface are higher for D. vulgaris than for D. sargus, with a ratio of 1.1, 1.5 and

3.2, respectively (Table 3).340

The third filter display all larval sources which house adults preferential

habitats, that is rocky reefs, Posidonia oceanica meadows and coralligenous

formations in our case-studies (see section 2.6.3). For D. sargus, filter-3 larval

sources extend from from 42.2 °N to 40.2 °N (Figure 3a). The dispersal plume

surface is 3700 km2, corresponding to a reduction by 71 % of the filter-2 surface345

(Table 3). For D. vulgaris, larval sources expand from 43.6 °N to 38.5 °N (Figure

3b). The dispersal plume surface is 11160 km2, implying a reduction by 73 % of

the filter-2 surface (Table 3). The maximal dispersal distance and the dispersal

plume of D. vulgaris are respectively 1.9 and 3.0 times higher than those of D.

sargus. The median dispersal distance for D. sargus is 1.5 higher than for D.350

vulgaris (Table 3).

The fourth filter selects the larval sources which are connected to the mini-

mum number of sampled locations successfully replenished by the less-ubiquitous
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fish natal origins, as assessed from otolith geochemical analyses. In other words,

the fourth filter selects the larval sources which send larvae to at least "x" differ-355

ent sampled locations, "x" being determined by the minimum number of sampled

locations in which the rarest fish natal origins was found. Here, "x" is four for

D. sargus and three for D. vulgaris (see SI B-3.1). In our case-studies, this last

filter provides the most refined sources which take into account all constraints

imposed by realistic oceanic dispersal as well as observation-based biological360

knowledge. For D. sargus, filter-4 larval sources expand from 42.2 °N to 40.8 °N

(Figure 3a), located especially along the Apulian coast and around the Tremiti

archipelago (composed of the main island and the isolated Pianosa islet; see

Figure 2a). The dispersal plume surface is now 2183 km2, that is a reduction by

41 % of the filter-3 plume (Table 3). For D. vulgaris sources spread from 43.6 °N365

to 39.6 °N on both Adriatic shores. Note that some sources are located within

the gulf of Taranto and one noticeable larval source remains in the middle of

the Adriatic Sea, next to the Palegruza island at 42, 5 °N, 16.4 °E (Figure 3b).

The dispersal plume surface is 7884 km2, corresponding to a reduction by 29 %

of the filter-3 plume. The maximal dispersal distance and the dispersal plume370

of D. vulgaris are higher than those of D. sargus, with a ratio of 1.9 and 3.6,

respectively. The median dispersal distance for D. sargus is 1.5 higher than for

D. vulgaris.

Altogether, the superposition of the four filters has reduced the dispersal

plume surface by 94 % for D. sargus and by 97 % for D. vulgaris. When375

comparing three quantitative dispersal diagnostics between both species, the

mean ratios of D. vulgaris to D. sargus are 0.9 ± 0.2 for median distances, 1.7

± 0.2 for maximum distances and 4.1 ± 1.6 for dispersal surfaces (Table 3).

3.2. Patterns and magnitude of connectivity

The flexibility of our approach allows us to map and analyze the probabilities380

of all source nodes, i.e. the probability that larvae whose dispersal ended up in

one of the seven sampled locations originated from that source node, for each

levels of filtering. We chose here to exploit mainly the most constrained larval
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Table 3: Quantitative evaluation of the dispersal scales of D. sargus and D. vulgaris for each
filter successively applied. Median/maximal dispersal distance corresponds, respectively, to
the median/longest distance measured between all source nodes and the barycenter of the
seven sampled locations (see SI B-5). The dispersal plume surface corresponds to the total
surface of all nodes acting as putative larval sources.

Species Quantitative diagnostics Filter-1 Filter-2 Filter-3 Filter-4
Median dispersal distance (km) 175 185 135 135

D. sargus Maximal dispersal distance (km) 355 355 245 245
dispersal plume surface (km2) 35662 12918 3700 2183
Median dispersal distance (km) 170 210 90 90

D. vulgaris Maximal dispersal distance (km) 590 550 470 470
dispersal plume surface (km2) 233199 41606 11160 7884

sources returned by the superposition of the four filters (Figure 4, see SI B-6 for

the other filters). Note that this larval source probability are integrated here as385

the larval source’s spawning potential. For D. sargus, the core larval sources are

located along the Apulian coast and around the Tremiti archipelago. Sources

situated next to the main islands of the Tremiti archipelago are characterized

by high probabilities, i.e. spawning potential (0.1). The other isolated source

located next to the isolated Pianosa island has moderate spawning potential (∼390

0.01). Sources along the Apulian coast are characterized by a wide range of

spawning potential spanning 0.001-0.1. Three locals maximal, with spawning

potential ranging from 0.01 to 0.1, can be distinguished at around 41.5 °N, 41.1

°N and 40.7 °N. The other sources have moderate to low spawning potential of

the order of 0.001 to 0.01. For D. vulgaris, the core larval sources are located395

from 43.6 °N to 39.6 °N on both Adriatic shores (see section 3.1). Most probable

sources (spawning potential of 0.1) are around the Tremiti archipelago and the

Palagruẑa island (42 °N, 17 °E). Sources of intermediate spawning potential

(∼ 0.01) are found along the Apulian coast (from 41.2 °N to 40.2 °N), on the

eastern part of the gulf of Taranto (around 18 °E), next to the Croatian islands400

(from 43 °N to 42.5 °N), along the southern Croatian coastlines (42.3 °N), and

along both northern (41.5 °N) and southern Albanian coastlines (40.2 °N). The

remaining sources, i.e. near Ancona cape (43.5 °N, 13.8 °E) and along the

northern Apulian coast, are associated to low spawning potential (∼ 0.001).
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Figure 4: Quantitative patterns of connectivity for D. sargus (panel a) and for D. vulgaris
(panel b): maps of the most constrained larval sources (after applying the superposition of
the four filters), along with their associated probabilities (the probability of that node to
supply larvae to the surveyed stretch of Apulian coastline) which are integrated here as the
larval source’s spawning potential. Red circles represent the current Marine Protected Areas
(MPAs) which have connection with the sampled locations: (1) Tremiti islands, (2) Torre
Guaceto, (3) Porto Cesaro, (4) Pantana, (5) Lastovo archipelago, (6) Mljet, (7) Mali Ston
Bay, (8) Lumi Buna-Velipoje and (9) Karaburun-Sazani Island (see SI B-7).

We next analyze, for both species, the strengths of the existing connections405

between MPAs and the sampled locations. It is equivalent to assess the pro-

portions of larvae supplied by the local MPA network to the sampled locations

(Figure 4, see SI B-7). Our model simulations suggest that two MPAs for D.

sargus (Figure 4a) and nine MPAs for D. vulgaris (Figure 4b) are supplying

larvae to the sampled locations. The spawning potential associated to each410

MPA, interpreted here as proportions of the total pool of larvae supplied to

the sampled locations, are documented in Table 4. Tremiti MPA emerges as

the most important larval supplier, providing 26,4% of all D. sargus larvae and

7,5% of all D. vulgaris larvae settled along this stretch of Apulian coastline. By

summing up probabilities, the total contribution of the local network of MPAs415

to the total pool of larvae settled in the sampled locations is about 30% for D.

sargus and 24% for D. vulgaris.

3.3. Localization and characterization of spawning areas

To pinpoint the most robust and realistic spawning areas, we exploit the flex-

ibility and statistical power of the LFN model while we constrain the grouping420
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Table 4: MPAs associated proportions for D. sargus and D. vulgaris, indicative of their relative
contribution in the total larval pool supplied to the sampled stretch of Apulian coastline. Note
that the proportions of larvae supplied by each MPA into each location is given in SI B-7.

MPAS Species (%)
Index Name D. sargus D. vulgaris
1 Tremiti islands 26.4 7.5
2 Torre Guaceto 4.4 7.5
3 Porto Cesaro - 0.1
4 Pantana - 0.9
5 Lastovo archipelago - 5.6
6 Mljet - 0.5
7 Mali Ston Bay - 0.4
8 Lumi Buna-Velipoje - 0.5
9 Karaburun-Sazani Island - 0.6
- All 30.8 23.6

procedure to match the natal origins revealed by otolith geochemistry. Using

criteria defined in section 2.5, filter-4 larval sources are grouped into three and

seven clusters (e.g. "coherent spawning regions") for D. sargus and for D. vul-

garis, respectively ((Figure 5a,b). For both species, one cluster embraces the

larval sources around the Tremiti archipelago while the sources located along the425

Apulian coast are separated into two clusters by a boundary that we imposed to

both species. Indeed, this boundary was fixed for D. sargus by following the last

clustering criterion (that is to maximize the fit between model estimations and

otolith geochemical analyses, see SI B-8); the same boundary is then used for D.

vulgaris assuming water geochemistry background is the same for both species.430

Concerning the four other spawning areas of D. vulgaris, one cluster corresponds

to the northernmost source located next to Ancona cap and three other clusters

represent subgroups of all the source nodes spread along the eastern shores.

We report the relative larval supply proportions attributed to each cluster

by summing up the probabilities, i.e. spawning potential, of all the source nodes435

pertaining to a given cluster. For D. sargus, cluster 2 is characterized by the

highest spawning potential (0.61), cluster 3 has intermediate spawning potential

of 0.29 and cluster 1 exhibits the lowest contribution (0.1; Figure 5a,c). For D.

vulgaris, cluster 1 has the highest spawning potential (0.4) whereas clusters 4,

6 and 7 are characterized by the lowest spawning potential (> 0.01, 0.05, 0.03,440
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respectively). Clusters 2, 3 and 5 have moderate contributions of 0.23, 0.12 and

0.17, respectively (Figure 5b,d).

We analyze the correlations between these cluster spawning potential and

the natal origin proportions derived from the otolith geochemical analyses across

all sampled locations. Pearson’s coefficient r is 0.9912 with a p-value of 8.4664445

x 10−2 for D. sargus and r is 0.9555 with a p-value of 7.8507 x 10−4 for D.

vulgaris (Figure 5c, d). Note that the largest number of natal origins for D.

vulgaris provides a more robust correlation for D. vulgaris (indicated by its

smaller p-value of 7.8507 x 10−4) than for D. sargus (p-value of 8.4664 x 10−2).

When considering each sampling location independently, it is worth noting that450

the correlations still hold for both species, despite slightly larger spread (see SI

B-8).

Figure 5: Spawning areas geographically-delimited thanks to criteria delimited thanks to
criteria defined in section 2.5 and characterization of their relative contributions to the total
pool of larvae settled in the Apulian coast. Clusters of the most constrained larval sources
(panels a, b) and correlations between simulated larval contributions and observed natal origin
proportions (panels c, d) for D. sargus (panels a, c) and D. vulgaris (panels b, d).
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4. Discussion

4.1. Fitting modelled larval sources with otolith geochemistry to delineate and

evaluate spawning areas455

We delineate and evaluate the relative larval supplies of several discrete

spawning areas by correlating simulated cluster spawning potential and observed

natal origin proportions. By doing so, we confront a probabilistic model using

millions of particle trajectories and an observational approach relying only on

hundreds of otolith samples. The regression coefficients (i.e. the slope of the460

regression curve) are around 0,7 for both species, indicating that the model tends

to overestimate the poorly represented natal origins and to underestimate the

dominant ones (or the other way around, from the observational point-of-view).

It suggests that the probabilistic approach is able to capture the larval sources

of low probabilities, whereas the observational approach may have missed, or465

underrepresented, those weak sources since the corresponding post-settlers are

rare and scattered in the field. Similarly, the dominant larval sources simulated

by our model are one to two orders of magnitude more probable than the rare

ones, indicating that the post-settlers sampled in the field have high probability

to originate from these prominent sources and that the rare ones are likely470

to be missed. Ideally, and despite the arduous financial costs and efforts, field

surveys should consider increasing the number of samples to apprehend properly

those rare, yet ecologically important, sources. Our integrative approach shows

great promises for the "a-priori" testing of different sampling strategies in order

to provide scientifically-based guidance for the adequate spacing, sizing and475

sampling efforts of future field surveys. Despite difficulties owing to the large

surfaces involved, further investigations could consist in surveying the discrete

spawning areas revealed here to observe, and eventually subsample, spawning

aggregations of mature adults to validate our framework.

Notwithstanding the good agreement between cluster spawning potential and480

natal origin proportions, our empirical clustering procedure, which is based on

expert knowledge, could be further generalized by using automatic and objective
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community detection algorithms (e.g. Rossi et al., 2014; Ser-Giacomi et al.,

2015a). However, this is beyond the scope of the present manuscript due to the

species- and sites-specific characteristics, the lack of information about seawater485

geochemistry (Di Franco et al., 2012b, 2015), along with the general opacity and

inflexibility of most automatic clustering algorithms. Nonetheless, more precise

and realistic characterization of spawning areas could be obtained through our

empiric clustering methodology by incorporating additional information such

as a geochemical atlas of seawater or supplementary connectivity knowledge490

inferred from genetic or tracking studies.

Despite these future developments, we present a general approach which

allows to locate spawning areas and to better quantify larval connectivity pat-

terns from pre-determined origins and destinations (Nolasco et al., 2018). In a

context of sparse knowledge about fish spawning aggregations (Erisman et al.,495

2017), this information is critical for the management and conservation of marine

ecosystems (see section 4.4). Furthermore, the existent published knowledge is

rather biased toward tropical reef fishes (Russell et al., 2014). In this view, the

present study complements recent research efforts (Calò et al., 2018) to improve

our ability to locate spawning areas for temperate fish species inhabiting large500

and opened seascape.

4.2. Biological controls of connectivity

Our results evidence distinct scales of dispersion for both species, which are

primarily due to specie-specific biological traits, namely the Pelagic Larval Du-

ration (PLD, i.e. the time that larvae spend drifting in the ocean circulation).505

Indeed, D. vulgaris’s PLD is almost three time longer than D. sargus’s one, giv-

ing a ratio of ∼ 2.8 which resemble most the mean ratio of their dispersal plume

which reaches 4.1±1.6. In contrast, the mean ratio of D. vulgaris to D. sar-

gus’s median dispersal distances is 0.9±0.2, while it is 1.7±0.2 for the maximal

distances. It suggests that dispersal distances and surfaces have very different re-510

lationship with the PLD, challenging the commonly accepted concept that PLD

is a good predictor of dispersal (Shanks et al., 2003). We consider here only the
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median PLDs of both species to design our numerical experiments whereas the

range of PLDs derived from otolith sclerochronology is indeed more extended

(Di Franco and Guidetti, 2011; Di Franco et al., 2013). Previous findings sug-515

gest that considering more appropriately the full ranges of observed PLDs could

return slightly different dispersal distances and surfaces. More specifically, the

exact dispersal scales would theoretically be individual-specific since each larva

(or each meter-scale larval patch) would follow a unique trajectory crossing var-

ious environmental conditions which can affect biological traits, including the520

PLD due to slower or faster development than average (Cowen and Sponaugle,

2009). However, since Monroy et al. (2017) showed that connectivity estimates

for long PLDs are more robust against PLD uncertainties than for short PLDs,

we expect some substantial influences of the extreme PLDs on the quantitative

patterns of connectivity mainly for D. sargus.525

From spawning to recruitment, the key factors controlling the connectiv-

ity of early-life stages are: (i) physically-driven larval transport processes, (ii)

larval behavior potentially influencing the drift, (iii) substrate availability for

settlement, and (iv) local biotic interactions among the post settlers (Pineda,

2000). The fine-tuning of the Lagrangian model parameters by data derived530

from otoliths of post-settled juveniles, which settled successfully and survived

to local biotic interactions, allows to take factors (i), (iii) and (iv) into account

in our framework. Factor (ii) has not been explicitly accounted for here, while

Sparidae larvae reared in the lab showed some swimming abilities toward the

end of their ontogeny (Clark et al., 2005) and possibly orientating themselves via535

the position of the sun (Faillettaz et al., 2018). The assumption of passive larval

drift was retained here because knowledge about species-specific larval behavior

in the field are sparse and very uncertain. In addition, Nolasco et al. (2018)

recently documented better correlations between connectivity observations and

dispersal models simulating passive rather than active drift. Indeed, the diffu-540

sion applied to trajectories when adding random components to simulate active

movements, as is commonly done, is of the same order of the numerical diffu-

sion induced by the spatial discretization of the oceanic domain, including over
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the nearshore regions where swimming potential would be more probable (Rossi

et al., 2014). Moreover, the sequential filtering reduces successively the dispersal545

distances that the passive assumption could have overestimated (Shanks, 2009).

Although the early-life stages of most marine organisms, including coastal fishes,

are thought to be the main drivers of dispersal, the active movements of adults

and juveniles may also affect connectivity (Di Franco et al., 2015). Neverthe-

less, because juveniles have been sampled few days after settlement (Di Franco550

and Guidetti, 2011; Di Franco et al., 2013), that is before any significant post-

settlement movements would occur, these processes do not affect our results.

Last but not least, the overall contribution of adults to broad-scale dispersal

can be reasonably neglected since these stages are rather territorial, especially

littoral fishes that show strong site fidelity (Di Franco et al., 2018).555

4.3. Hydrodynamical control of connectivity

Besides the biological control exerted on dispersal distances and surfaces dis-

cussed above, finer discrepancies of connectivity pathways and magnitudes are

rather well-explained by the spatio-temporal variability of ocean currents. Lar-

val sources found along Italian shorelines for both species are linked to the sur-560

face circulation of the Adriatic Sea (Artegiani et al., 1997a; Millot and Taupier-

Letage, 2005). Most sources are located north-westward (i.e. upstream) of the

sampled locations, which is in agreement with the dominant south-eastward

alongshore transport related with the W-NAd, W-MAd and W-SAd currents

(Carlson et al., 2016). Along the Apulian coast, source nodes with high proba-565

bilities are found close to the sampled locations, in line with Dubois et al. (2016)

and Bray et al. (2017) who have already shown that the Apulian coast tends to

act as a sink of larvae. Despite the presence of the W-SAd current transporting

efficiently larvae south-eastward, prominent nearshore sources can be related to

wind-induced coastal downwelling which prevails in this region during winter570

throughout to early spring (Artegiani et al., 1997b; Bakun and Agostini, 2001).

Downwelling, and its associated coastal convergence, pushes larvae toward the

coastline and increases retention there, leading to these high probabilities. This
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is consistent with Dubois et al. (2016) who showed that wind-driven convergent

oceanic systems are usually characterized by larval sinks.575

The coast-to-coast connections, linking both coastlines of the Adriatic Sea,

is related to the sub-gyres cyclonic circulation (Carlson et al., 2016), namely

the SAd and MAd gyres. While this finding has ecological and managerial

implications (see section 4.4), these inter-coastal connections have a marginal

contribution as compared to the sources spread along the Apulian shores, as580

suggested by Melià et al. (2016). Since the southern branch of the S-Ad gyre

induces west-to-east connection (Carlson et al., 2016), the presence of larval

sources on both sides of the Otranto strait for D. vulgaris would be rather

due to the turbulent character of the local circulation, as evidenced by high

eddy kinetic energy values (EKE, see SI B-2). Chaotic surface circulation could585

create intermittent but repeated pathways which allows inter-coastal connec-

tivity against the main direction of the current. In the same way, filaments

of high EKE stretch out until the gulf of Taranto, allowing larval sources to

be found there (Figure 4b). Conversely, the narrower and intensified W-SAd

jet-like current associated with low EKE off the Apulian coast in spring imply590

a directional connectivity with little cross-shore exchanges, explaining why only

upstream well-aligned sources were captured for D. sargus, contrasting the more

diffused and latitudinally-extended sources found for D. vulgaris in winter. In

fact, while Lagrangian particles are here simulating passive larvae, they can also

be seen as a finite fluid parcel. In this view, Ser-Giacomi et al. (2015a) found595

analytical relationships between diagnostics derived from the LFN connectivity

matrices and finite-time Lyapunov exponent, which is a measure of local stretch-

ing properties in the ocean, as is EKE (Waugh et al., 2006), hence supporting

the link between purely physical variables and our connectivity diagnostics.

While a climatological description of the surface circulation explains well the600

differential connectivity of both species, it is evident that ocean currents exhibit

in nature high levels of variability, including for longer time-scales such as inter-

annual and inter-decadal ones. The oceanographic properties of the Adriatic

Sea have been shown to respond to the Bimodal Oscillating system (BiOS) at
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decadal or shorter timespans, which induces substantial inter-annual variability605

of its circulation (Mihanović et al., 2015). The dispersal patterns reported here

would surely be impacted by such low-frequency variability, similarly to the

strong inter-annuality of connectivity demonstrated in the north-west Mediter-

ranean (Hidalgo et al., 2019). Note however that the BiOS has been related to

large changes not only of hydrodynamics, which affect directly dispersal (Civ-610

itarese et al., 2010), but also of other abiotic factors such as temperature, which

indirectly influences larval dispersal by modifying spawning behavior and lar-

val traits (Green and Fisher, 2004). Analyzing inter-annuality of spawning is

thus a complex task in which non-linear effects between several counter-acting

processes may drive non-predictable results.615

4.4. Exploiting connectivity information for conservation purposes

By delineating spawning areas and quantifying connectivity patterns which

account for the spatio-temporal variability of ocean circulation and the spawning

phenology, our framework provides information about when and where spawning

aggregations could occur. Considering that many coastal fishes, including those620

of our case-studies, are exploited by small-scale (professional and recreational)

fisheries, this is essential information for managers that is currently lacking (see

section 4.1). It could constitute a sound scientific basis to improve fisheries man-

agement, for instance thanks to conservation plans that would specially target

the discrete spawning areas, that is where putative spawning aggregations take625

place. The more abilities we have in appraising when and where spawning aggre-

gation events occur, the more appropriate will be the dynamical and adaptative

management measures (Heyman, 2014), hence favoring healthier local ecosys-

tem and larval spillover into neighboring exploited areas (Erisman et al., 2017;

Pelc et al., 2010). Indeed, small investments on well-placed and well-timed630

managerial constraints (e.g. seasonal closures, restricted no-take zone, etc) tar-

geting spawning areas could lead to large benefits for fisheries, ecotourism and

biodiversity conservation (Erisman et al., 2017).

In our case-studies, we showed that D. vulgaris Apulian subpopulation likely
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originate from several spawning areas located on both Adriatic shorelines. It635

suggests the need of a tight international collaboration between adjacent coun-

tries, e.g. Italy, Greece, Croatia and Albania, to ensure efficient fishery spatial

management in the Adriatic Sea (Hidalgo et al., 2019; Ramesh et al., 2019).

Among the total pool of larvae supplied to the Apulian coast, where profes-

sional and recreational fishing occurs, almost 1
3 of D. sargus larvae and 1

4 of D.640

vulgaris larvae originated from the surrounding MPAs. Tremiti MPA emerges

as the most important larval supplier of the studied stretch of coast: almost 1
4 of

D. sargus larvae and 1
10 of D. vulgaris larvae settled in the Apulian coast likely

originated from this MPA. Our model result, backed up by observation, clearly

support the fact that an upgrade of Tremiti MPA enforcement level, currently645

under low enforcement (Guidetti et al., 2008), could cause significant benefit to

D. sargus and D. vulgaris Apulian’s populations. Then, using our findings to

inform management (Erisman et al., 2017), we would recommend to strengthen

conservation policies of Tremiti MPA.

Moreover, MPAs have positive effects on biomass and size distribution of650

larger fish (Lester et al., 2009), leading to an increase of their reproductive

outputs. Indeed, MPAs could produce at least five times more offspring than

same size unprotected areas (Marshall et al., 2019). Thanks to the flexibility

of our model results, MPAs associated proportion (Figure 4) could be scale up

accordingly. Thus, all the MPAs (Tremiti MPA) would send almost 7
10 ( 6

10 ) of655

D. sargus larvae and 6
10 ( 2

10 ) of D. vulgaris larvae settled in the Apulian coast,

highlighting dramatically the benefit of MPAs in the replenishment of Apu-

lian coast. Providing such useful information is well aligned with the necessity

to incorporate connectivity knowledge in conservation plans and MPAs design

(Dubois et al., 2016; Balbar and Metaxas, 2019).660

We also provide spatially-explicit and quantitative information to potentially

implement new protection measures for the other non-yet protected regions iden-

tified here during the spawning seasons of each species. Indeed, our framework

not only appraises the efficiency of the local MPAs network but also inform

where and when additional measures could be implemented for the protection665
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of spawning aggregations.

For both target fishes, our results evidence well-defined spawning areas, en-

compassing several spawning events occurring during a given year (e.g. spring

2009 for D. sargus and winter 2009-2010 for D. vulgaris), that are directly usable

by stakeholders for that given year. What remain to be investigated however is670

how the geographical delimitation and relative contributions of these spawning

regions vary from one year to another. As said in section 4.3, this non-trivial

task is kept for future work since investigating properly the inter-annual variabil-

ity of spawning areas requires the considerations of all biotic and abiotic factors

(e.g. in addition of the ocean circulation) displaying inter-annual variations.675

5. Conclusion

We proposed an integrative framework which combines Lagrangian parti-

cle modeling, network theory and published knowledge (encompassing otolith

analyses, ecological and biogeographical information). It allows to locate pre-

cisely and assess fish spawning areas through an improved quantitative charac-680

terization of dispersal scales and connectivity patterns. Our multidisciplinary

methodology is flexible as it can be readily adapted to any other case-study, pro-

viding a certain degree of knowledge about the fish species of interest. Biological

traits such as the PLD and the spawning phenology (derived from otolith anal-

yses), along with larval dispersal pathways imposed by the turbulent oceanic685

circulation (simulated by state-of-the-art Lagrangian modelling), shape together

connectivity patterns and allow us to identify spawning areas, that are critical

for adequate spatial conservation planning. We showed that our analytical ap-

proach is a powerful tool providing unprecedented information about spawning

areas, which can be further refined as ocean circulation models gain in reliability690

and as connectivity knowledge from complementary observations increases. Fur-

thermore, if the environmental (e.g. temperature, plankton) controls of spawn-

ing are well-known and considering the current development of forecasts by

operational ocean models, our approach could even anticipate some days ahead
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when and where spawning events are likely to occur, hence providing near-real695

time information for adaptive management and conservation plans.
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