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Abstract
The blackspot seabream (Pagellus bogaraveo) is a benthopelagic fish species highly
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appreciated by consumers and an important target of the Spanish and Moroccan fisheries in the transcontinental waters of the Strait of Gibraltar area. It is also one of the
most exploited resources of the region, which has led to a situation of overexploitation and a notable drop of catches. To gain insight into the sustainability of this
resource and certain patterns of the spatial adaptation of the species, a highresolution circulation model coupled to a Lagrangian tracking module has been
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employed to investigate the dispersal pathways of blackspot seabream, using eggs
and larvae (early-life-stages, ELS) as purely passive particles advected by currents.
Several spawning scenarios consisting of different spatial (depths and sites) and temporal (tidal phase and strength) initial conditions have been analyzed to identify the
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most likely pathways of ELS dispersion. Eastward transport by the Atlantic Jet exiting
the Strait of Gibraltar is the most influencing process in that dispersion. Regarding
temporal fluctuations, fortnightly tidal modulation is the prevailing factor to determine the horizontal paths of the ELS, spring tides being the cause of the greatest
scattering of propagules. Spawning depth in the Strait of Gibraltar is a critical condition, as revealed by the model sensitivity tests. Potential implications of the results of
the study to improve the assessment and management of this species are discussed.
KEYWORDS

Alboran Sea, blackspot seabream, early-life-stages (ELS), hydrodynamic connectivity, pelagic
larval duration (PLD), Strait of Gibraltar, transboundary stock

1

|

I N T RO DU CT I O N

particularly tight in highly energetic areas influenced by tides, winddriven currents and small-scale turbulence (Cowen et al., 2006;

Oceanographic features largely control the dispersal of fish eggs and

Sakina-Dorothée et al., 2010). Dynamic connectivity concerns to

larvae and thereby the dynamic connectivity of geographically sepa-

those interactions between the life cycle of the fish species in ques-

rated fish subpopulations (Cowen & Sponaugle, 2009). Such control is

tion and the physical processes that drive the dispersal of early life
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stage individuals (ELS, hereinafter) at different spatial and temporal

crucial to determine the populations structure and to optimize the

scales. Understanding the processes and scales controlling ELS dis-

fisheries functioning (Pineda et al., 2007; Virtanen et al., 2020).

persal and how connectivity influences the dynamics of the affected

From a hydrodynamic point of view, ELS dispersal is usually

populations is a major challenge of special interest for vulnerable spe-

investigated by means of tracking algorithms fed by hydrodynamic

cies (Cowen et al., 2006; Pineda et al., 2007), particularly relevant for

numerical models (e.g., Dubois et al., 2016; Rossi et al., 2014). Some

species inhabiting across jurisdictional waters of different countries

studies suggest that ELS information concerning larval behavior, egg

(Hidalgo et al., 2019; Palacios-Abrantes et al., 2020; Pinsky

buoyancy or diel vertical cycles is critical (Fiksen et al., 2007;

et al., 2018). Resolving the mechanisms controlling ELS dispersal

Sundelöf & Jonsson, 2012), whereas others show that active

entails the understanding of the relevant physical processes and how

swimming during ELS is negligible when compared with the effect of

the species mediate the physical outcome (García-Lafuente, Sánchez-

the drifting by the ocean currents (Hidalgo et al., 2019). This biological

Garrido, et al., 2021). Currently, studies of dispersal dynamics and lar-

aspect has not been elucidated yet for the blackspot seabream.

val connectivity are being used to provide an approach to improve

Nevertheless, the high dynamics of the area strongly supports the

fisheries management and assessment (Fogarty & Botsford, 2007;

second hypothesis. Consequently, the present study considers the

Hidalgo et al., 2019). Focusing on fisheries health in the Strait of

ELS as passive tracers advected by the currents and investigates their

Gibraltar (SoG hereinafter, see Figure 1), the blackspot seabream

dispersion and connectivity patterns using a high-resolution (≈1 km)

[Pagellus bogaraveo (Brünnich, 1768)] is one of the most affected

circulation model of the SoG, the spawning area of the species

stocks (Gil, 2006, 2010). It is targeted by local fishermen from Spain

(Gil, 2006, 2010), and the AS. Different scenarios have been consid-

and Morocco using a special longline gear, known as voracera.

ered in order to assess the sensitivity of the resulting patterns against

Landings from this shared fishery exhibit a clear decreasing trend

the initial conditions. The scenarios include diverse spawning grounds

since 2009, which shows up a vulnerability that is raising serious con-

and depths in the SoG as well as distinct hydrodynamic initial condi-

cerns at local and international levels in a socioeconomic context

tions associated to the tidal phase and strength (spring-neap tidal

(Báez et al., 2014). In 1998, the Spanish Government introduced tech-

cycle) of the currents at the moment of the spawning.

nical measures to manage this fishery, and few years later, the Andalu-

The paper is organized as follows: next subsections present the

sian Regional Government developed a specific fishing plan that

main traits of the biology of the blackspot seabream and of the hydro-

included a biological rest period and the limitation of the number of

dynamic features of the area of study. Section 2 describes the numeri-

hooks per voracera (Burgos et al., 2013). Transitional measures for the

cal model and the Lagrangian approach and provides details about the

management of blackspot seabream in the Alboran Sea (AS, hereinaf-

experimental procedure. Section 3 reviews and discusses the results

ter) were primarily set out by the General Fisheries Commission for

of the numerical experiments. It has been organized into seven sub-

the

2017

(Recommendation

sections addressing different aspects of the dependency of the spe-

the

Recommendation

cific spatial and temporal initial conditions on the ELS dispersal paths

GFCM/43/2019/2 establishes an adaptive multiannual management

and the potential implications for fishery management of the species.

plan for its sustainable exploitation in the AS. Last GFCM stock

Section 4 includes a summary of the results and conclusions of

assessment indicated that the SoG and population (geographical sub-

this work.

Mediterranean

GFCM/41/2017/2).

(GFCM)
Later

in
on,

areas, hereafter GSAs, 1 and 3; see Figure 1) is overexploited and in
overexploited status and, consequently, a reduction of fishing mortality towards sustainability levels was recommended (GFCM, 2021).

1.1
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Life cycle of blackspot seabream

Even so, the sustainability of blackspot seabream fisheries requires
more efforts (Gil-Herrera et al., 2021).
The optimization of the fishery stock and the curbing of the over-

As other Sparidae species, the blackspot seabream is a sequential
protandric hermaphrodite, starting as males and then changing into

exploitation of the resource require further studies of population

females at 30–35 cm length and around 4 to 6 years age (Alcaraz

dynamics and hydrodynamic and demographic connectivity, especially

et al., 1987; Gil, 2006; Krug, 1994). It grows relatively slow to a maxi-

during larval stages. They should address the consequences of the

mum size of 70 cm, weight of 4 kg and about 15 years age (Gil, 2006;

connectivity on the production of the stocks and other characteristics

Krug, 1994; Sánchez, 1983). Juveniles inhabit inshore areas while

at interannual time-scales. Trying to fill these gaps, the Regional

adults have deeper distribution (Desbrosses, 1932). Olivier (1928) and

Cooperation Project for Fisheries in Western Mediterranean

Desbrosses (1932) report species vertical movements during the night

(CopeMed) and the GFCM of the Food and Agriculture Organization

and in certain seasons, related to daylight and spawning. However,

(FAO) developed the EU-funded project “Transboundary population

this has not been already demonstrated for the case of the SoG popu-

structure of Sardine, European hake and blackspot seabream in the

lation. Fish populations are potentially able to adapt to the mean hori-

Alboran Sea and adjacent waters: a multidisciplinary approach”

zontal transport and dispersion pattern of its ELS by influencing the

(TRANSBORAN; CopeMed, 2017, 2019), which focused on the man-

vertical position of their planktonic offspring either by its spawning

agement of the fishery stocks of these species in the AS and adjacent

behavior (fish selection of spawning area and depth) or by producing

waters. One of the main objectives of the project was to understand

eggs of certain specific gravity (Sundby & Kristiansen, 2015). The

and identify the mechanisms of larval dispersal in the area, which is

ontogeny of the species ELS is only available from aquaculture
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experiments estimating a pelagic larval duration (PLD) from 40 to

forced barotropic flow through the SoG driven by the changing atmo-

60 days (Peleteiro et al., 1997).

spheric pressure field over the Mediterranean basin modifies the bar-

The AS might be considered as a hatchery and nursery area of the
species (Gil et al., 2001): Juveniles are mostly caught close to the

oclinic exchange by significant fractions of their average values at
few-days' timescale (García-Lafuente et al., 2002).

shore by recreational angling fishery, following similar patterns seen in

The general circulation of the AS is determined by the mentioned

other places like the Bay of Biscay (Lorance, 2011), the Azores Islands

AJ (see the pioneer paper by Lanoix, 1974, or the extensive review by

(Pinho et al., 2014), and the Mediterranean Sea (Biagi et al., 1998).

Parrilla and Kinder, 1987, for details). The AJ sets up two anticyclonic

Adults, targeted by the Spain and Morocco voracera fishing fleets,

structures: the Western and the Eastern Alboran Gyre (WAG and

spawn during the first quarter of the year in the SoG (Gil, 2006,

EAG, respectively; see sketch of Figure 1), which exhibit seasonal and

2010). Interconnected cycles of recruitment in both sides of the

shorter time-scale variability. In winter, the WAG tends to be replaced

nearby coastal areas of the SoG followed by juveniles returning to the

by a coastal jet attached to the African coast (Flexas et al., 2006;

grounds where the fishery takes place were suggested by Gil

Vargas-Yáñez et al., 2002). Surface variability is reduced during sum-

et al. (2001).

mer, when the atmospheric forcing is less variable (Sánchez-Garrido
et al., 2013). Smaller scale processes such as tidally driven relative vorticity imported from the SoG, westerly winds and occasional AJ drifts,

1.2

|

Relevant hydrodynamic features of the area

propitiate the formation of cyclonic eddies along the northern side of
the jet in the western Alboran basin (Sánchez-Garrido et al., 2013;

The SoG connects the North Atlantic Ocean and the Mediterranean

Sarhan et al., 2000) and also in the southern coast (Mason

Sea and is one of the most energetic spots in the world ocean. The

et al., 2019). These eddies induce upward pumping of deep waters,

net freshwater deficit of the Mediterranean basin drives an archetypi-

entailing high productivity areas favorable for mesopelagic species

cal baroclinic exchange that involves very large currents. Lighter

development (Sánchez Garrido et al., 2015).

Atlantic water flows into the Mediterranean basin invading the AS in
the form of a swift Atlantic Jet (AJ hereinafter), while denser Mediterranean water flows underneath toward the Atlantic Ocean (García-
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Lafuente et al., 2013). On average, each of these flows are slightly less
than

1

Sv

(1Sv = 106 m3 s1;

García-Lafuente,

Sammartino,

2.1

|

The hydrodynamic model

et al., 2021; Sammartino et al., 2015), but they can quadruple the
values during certain moments of the tidal cycle due to the strength

The numerical model used to simulate the hydrodynamics of the stud-

of the tidal currents (García-Lafuente et al., 2000). Actually, the tide-

ied area is based on the MITgcm code (Marshall, Adcroft, et al., 1997;

topography interaction in the area gives rise to one of the most

Marshall, Hill, et al., 1997), which has been already used in previous

noticeable internal tides in the world ocean (Sánchez-Garrido

studies of this particular region (Sammartino et al., 2014; Sánchez-

et al., 2011), which displaces vertically the interface between Atlantic

Garrido et al., 2011, 2013). The general configuration of the model, its

and Mediterranean waters by more than 100 m periodically. Also,

advection scheme, and other technical details are provided in these

F I G U R E 1 Map of the Alboran Sea showing the Strait of Gibraltar (SoG) and sketching its general surface circulation: the Atlantic Jet (AJ) and
the western and eastern Alboran Gyres (WAG and EAG, respectively). CCG stands for Central Cyclonic Gyre, a weaker structure that normally
develops whenever the WAG and EAG are fully developed (adapted from Sánchez-Garrido et al., 2013). Smaller cyclonic eddies, represented by
dashed lines, are often found rightwards and leftwards of the AJ main path. Some relevant locations are displayed and the GSAs (1–4), defined by
the GFCM (2021) are patched
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works. It has been implemented on a curvilinear grid that covers the

basin. Even though the simulated period does not cover a seasonal

Gulf of Cadiz (from 9.4 W) and the AS to its eastern limit (around

cycle, some hints of seasonal variability are reflected in the monthly



1.6 E). The horizontal resolution and vertical discretization are

averaged velocity at the surface and the sea surface height (SSH)

uneven, being maximal in the SoG area and near the surface in the

during the simulation months (Figure S2).

vertical (see Figure S1). At the two open lateral boundaries, the model
is forced with baroclinic horizontal velocities, temperature, and salinity
fields imported from CMEMS-IBI model (Sotillo et al., 2015). Tides are

2.2

|

Releasing boxes and landing areas selection

also prescribed in these open boundaries using the harmonic constants of the eight most important tidal constituents (the main semidi-

To investigate the dispersion of blackspot seabream ELS in the area, a

urnal: M2, S2, N2, K2, and diurnal: K1, O1, Q1, P1). The meteorologically

set of numerical experiments have been run and their outputs subse-

driven barotropic flow prescribed at the SoG by the NIVMAR storm

surge model (Alvarez
Fanjul et al., 2001) is distributed throughout

quently analyzed. All of them make use of what has been named

these boundaries to incorporate the meteorological forcing into the

embrace the most probable spawning areas of blackspot seabream.

model. At surface, the model is forced with atmospheric conditions

Three boxes have been established, two along the north and south

provided by the MED-Cordex model (Ruti et al., 2016). The model has

shores of the SoG, labeled Tarifa and Tangier-Med, respectively (see

been run from November 2004 to April 2005 in order to cover the

inset in Figure 3), and a third one in between occupying the center-

most active spawning months of the blackspot seabream (Gil, 2006,

west area of the SoG (Tangier box). The three boxes not only cover

2010), and the 3D velocity field has been stored every 30 min.

what is currently thought to be the main spawning grounds of the

“releasing boxes” and “landing areas” in this study. Releasing boxes

In the vicinity of the SoG, but yet inside the AS, the highest vari-

species (Gil et al., 2001) but also address the geographical differentia-

ability of the velocity field is associated with the tidal dynamics of the

tion of the spawning area, which will have consequences on the

Strait (García-Lafuente et al., 2000). Figure 2 shows the surface

spreading of the ELSs of blackspot seabream.
These spawning products are then transported by the currents

velocity and the kinetic energy per unit of mass (computed as

K E ¼ 12  U2 þ V 2 ), U and V the zonal and meridional surface velocity

and their fate is interpreted in terms of concentration within landing

components, respectively) over two different periods. The panel on

areas, which are understood as potential coastal nursery grounds. In a

the left corresponds to neap tide and illustrates a surface pattern with

broad sense, a strip few kilometer wide along the coasts of the whole

diminished velocities. Right panel is for spring tide and presents the

region should be considered as such. However, the remarkable spatial

characteristic average circulation that uses to prevail: the AJ flowing

variability of the hydrodynamics of the region recommends the split-

into the AS, the WAG and EAG, a small CCG in between, and the

ting of the strip into more reduced landing areas. The presence of

Almeria-Oran (AO) front in the eastern limit of the AS. Both panels

notable topographic features such as Cape Tres Forcas, or Calaburras

show similar circulation patterns, although velocity field is noticeably

Point or Cape of Gata (see Figure 1) also favors this division. On the

larger during spring than in neap tides. In fact, spring tides not only

other hand, the zonal orientation of the AS suggests a mirror-like

generate stronger currents and inject more energy, but also induce

correspondence of landing areas in the north and south shores.

higher variability and, expectedly, rates of dispersion all over the

According to these premises, a total of ten areas have been defined,

F I G U R E 2 Surface current direction and kinetic energy per unit of mass (m2s2) in the AS (lower panels) and in the SoG region (upper panels)
during neap (left side) and spring tide (right side). The main surface structures sketched in Figure 1 have been tagged in the lower right panel
using the same acronyms
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F I G U R E 3 Map of the study area showing the releasing boxes of Tarifa, Tangier and Tangier-Med (brown polygons in the inset) and the
landing areas of Cadiz, Estepona, Malaga, Roquetas, Carboneras, Oran, Melilla, Al Hoceima, Tetuan, and Arcila (green polygons). Adapted from
CopeMed (2019)

five in each shore (Figure 3). Two of them are in the Gulf of Cadiz

In order to investigate the influence of the depth on the disper-

(Cadiz and Arcila) to check eventual westward transport of ELS, and

sion patterns, five different vertical spawning layers have been

other two in the opposite end of the region to the east of the AO

selected: surface (from 0 to 3 m), 12 m (from 10 to 14 m), 25 m (from

front, out of the AS (Carboneras and Oran). The remaining six are

23 to 28 m), 52 m (from 48 to 56 m), and 81 m (from 76 to 87 m). To

located in the AS, two in the vicinity of the SoG (Estepona, Tetuan),

account for the effects of the time variability associated with tides,

which leaves them exposed to high-energy dynamics, two (Malaga, Al

releasing times have been selected with the aim of covering a wide

Hoceima) in the western Alboran basin under the influence of the

variety of tidal conditions that combine semidiurnal phase during four

WAG and the last two (Roquetas, Melilla) in the eastern basin under

fortnightly cycles. This approach allows for replicating four times

the influence of the EAG. All the landing areas are attached to the

every tidal condition. Figure 4 gives information on the tidal condi-

shore and subjected to different oceanographic regimes.

tions at the moment of the release for all the experiments. Lagrangian
particle tracking simulations have then been run starting from every
releasing time during a period of 60 days, which is the maximum PLD

2.3 | Lagrangian particle tracking algorithm and
experiments setup

estimated for the blackspot seabream (Peleteiro et al., 1997).

A Lagrangian particle tracking algorithm (LaCasce, 2008; Nicolle

2.4 | Pool of experiments and connectivity
computation

et al., 2013, 2017) has been used to study the transport and dispersion of blackspot seabream ELS. A detailed description of the procedure can be consulted in Sammartino et al. (2018). In this Lagrangian

The combination of spatial and temporal conditions gives a total of

approach, eggs and larvae are virtual passive tracers during the PLD

160 numerical runs per releasing box (4 tidal phase  2 tidal

phase. Larvae swimming capability, although barely known, appears to

strength  4 replicas  5 depths), or a grand total of 480 experiments

be insufficient to overcome the strong currents of this region and has

for the three boxes. The following table (Table 1) summarizes the set

not been considered. Therefore, ELSs are just advected by the model

of numerical batches combination that has been performed with the

horizontal velocity. The horizontal trajectories have been computed

numerical model.

by integrating the bilinearly interpolated horizontal velocity field at

As the analysis searches for ELS within each of the 10 landing

every grid point of the domain using a Runge–Kutta fourth-order

areas in each experiment, a total of 4800 cases have been handled for

scheme (Rossi et al., 2014). Vertical larvae migration is a sensitive

the main analysis (to which 320 more from the depth-sensitivity study

information that is not yet demonstrated for the studied species, so it

must be added). For each experiment, 1000 particles have been

has been neglected for simplicity (Rodríguez et al., 2001).

released, and the position of each particle has been computed every
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F I G U R E 4 Sea level in Tarifa (blue line) during the period used for ELS release. Releasing times are shown by symbols whose meaning is
indicated in the legend. It makes use of the following code to specify tidal conditions: first letter refers to tidal phase according to: H, high
water; L, low water; F, maximum flood (westward) tidal current; E, maximum ebb (eastward) tidal current. Second letter specifies the fortnightly
cycle according to: S, spring; N, neap tides. The gray vertical lines divide the series into four pieces that correspond to each replica

TABLE 1

Summary of the different spatial and temporal conditions configured in each numerical experiment

Releasing area

Spawning depth

Tidal phase

Tidal strength

Releasing times

Total

Tarifa

[1,12,25,52,81]

[High, Low, Ebb, Flood]

[Spring, Neap]

[#1, #2, #3, #4]

160

[120,150]

[Flood, Ebb]

[Spring, Neap]

[#2, #4]

16

Tangier-Med

[1,12,25,52,81]

[High, Low, Ebb, Flood]

[Spring, Neap]

[#1, #2, #3, #4]

160

[120,150]

[Flood, Ebb]

[Spring, Neap]

[#2, #4]

16

[1,12,25,52,81]

[High, Low, Ebb, Flood]

[Spring, Neap]

[#1, #2, #3, #4]

160

Tangier
Total

512

Note: From left to right: Releasing area refers to the assumed spawning zones of blackspot seabream. Spawning depth represent the depth of the
spawning layers; the five depths in the range [1–81]m corresponds to the main analysis (black text), and depths 120 m and 150 m, to the tests carried out
in the boxes of Tarifa and Tangier-Med to assess depth sensitivity (gray text; see Section 2.2 for details). Tidal phase refers to tidal conditions within the
semidiurnal cycle (see also Figure 4): High and low correspond to high and low water, ebb is the time of maximum eastward tidal current, which happens
mid-time from high-to-low water and flood is the time of maximum westward tidal flow (from low to high water). Tidal strength denotes spring and neap
tides within the fortnightly cycle. Releasing times refer to the four replicas of every single experiment carried out in different times, as indicated by the
numbered boxes in Figure 4. Last column is the total batch of experiments for the main analyses and the sensitivity tests.

F I G U R E 5 Time series of the percentage of
ELS released in Tarifa box at the surface that
were found in Estepona landing area as a function
of time, in a high-spring (HS) tide scenario. Red
dot indicates the maximum value of 94.85% on
day 7

5 min. The huge amount of information needs to be processed and

In these works, the output usually consists of a connectivity

summarized in order to depict a relatively straightforward pattern of

squared matrix in which each cell is the probability of exchange of

the ELS dispersal pathways. From an ecological point of view,

individuals between regions (row and column of the matrix), and the

dynamic connectivity is usually assessed as the percentage of particles

diagonal stands for the self-recruitment, that is, the percentage of ELS

(ELS) collected in a landing area b at a time t (pb ðtÞ) compared

released and settled in the same box (Cowen et al., 2006). However,

with

2006;

this approach is inappropriate in this study for two reasons. First,

Crochelet et al., 2016; Nicolle et al., 2017; Gamoyo et al., 2019),

releasing boxes are different from landing areas because of the biolog-

where t corresponds to a certain PLD, or to a fraction of it, which is

ical habits of the blackspot seabream, which has its only spawning

fixed a-priori:

area in the SoG. Hence, a reciprocal connectivity matrix is not feasible.

those

released

in

box

a

(pa )

(Cowen

et

al.,

Second, the strong and highly variable dynamics of the region makes
Ca!b ðtÞ ¼

pb ðtÞ
 100
pa

the propagules to be swiftly advected away shortly after the release,
hampering self-recruitment (Gil, 2006, 2010).
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Figure 5 illustrates the shortcomings of this standard approach

the study. Table 2 highlights the fundamental role of the eastward

when it is applied to this study. It shows the time evolution during the

flowing AJ, which is responsible for the direct spread of the ELS

first 12 days of simulation of the percentage of particles collected in

released in the SoG toward the AS and the nearly null abundance of

Estepona landing area that were released at the surface in Tarifa

particles in the Atlantic landing areas of Cadiz and Arcila.

releasing box (see Figure 3) under high-spring tidal conditions. The

A high connectivity (i.e., high value of MPoP) for Tarifa releasing

percentage may change from 10% to 90% in few hours (also the recip-

box is observed in Malaga, Estepona, and Roquetas landing areas

rocal), which makes meaningless the computation of the connectivity

(45%, 38%, and 17%, respectively), followed by Oran (14%). This spa-

at a given time because of its strong dependence on the selected

tial pattern is to be expected as the AJ acts as the main advection

instant: the resulting value will not be representative.

mechanism (see Figure 1). Carboneras landing area, located outside of

In order to cope with this limitation, an alternative connectivity

the AS on the northern shore, stands apart from the path of this

definition is adopted as the maximum percentage of particles (MPoP

stream and, consequently, the MPoP falls well below the previous

hereinafter) collected in each landing area throughout the total

values. A weak north-to-south connectivity is inferred from the

duration of simulation (60 days; see Section 2.3):

non-null MPoP of 8% computed in Tetuan and Al Hoceima. This
spatial distribution is consistent with results of larvae distribution



p ðtÞ
Ca!b ¼ max b
 100:
pa

obtained from samples collected during a scientific survey carried out
in the area in the late winter 2020: a considerable number of larvae
(8 mm length) of P. bogaraveo were collected in the AS, the greatest

Associated with this maximum percentage is the time at which it

abundance (from 10 to 14.96 larvae 10 m2) having been found in

is achieved (time of maximum connectivity; ToMC hereinafter). This

Estepona and Malaga coasts (TRANSBORAN survey; J.M. Rodríguez,

time is of concern as far as it must be compared with the actual PLD.

Pers. Comm.).

Notice that contrary to the fixed time interval, the ToMC is not
imposed or prescribed a-priori, but it is deduced from the analysis.

Similar zonal spread is found in the case of Tangier-Med releasing
box, the southern counterpart of Tarifa box. Highest connectivity is
reached in Tetuan and Al Hoceima in the south shore (MPoP of 45%
and 17%, respectively). Again, a south-to-north connection is

3
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|

suggested by the significant MPoP of 11% and 8% in Malaga and
Estepona, respectively, though the associated standard deviation,

3.1

|

MPoP and ToMC averages

which is comparable to the mean, sheds uncertainty on the result.
Roquetas and Oran areas have values of 5%, compatible with the isola-

Table 2 shows the MPoP released at the three boxes that were found

tion effect of the eastern rim of the WAG and the own EAG. This

in the different landing areas and the ToMC when this percentage is

effect would also explain the very low values in Melilla and Carboneras

attained. They are averaged over the whole combination of spatial

(4% and 2%, respectively). Results for Tangier releasing box are similar

and temporal releasing conditions and provide global connectivity

to those of Tangier-Med. The reason is the Coriolis force that deflects

values that summarize the huge amount of information generated in

particles to the south within the limits of the very SoG before the AJ

T A B L E 2 Maximum percentage of particles (MPoP column) and time of maximum connectivity (ToMC column) of ELS with their
corresponding standard deviations for all landing areas and releasing boxes, averaged for all scenarios of initial conditions
Tarifa
Landing area
Northern coast

MPoP (%)
Cadiz

ToMC (days)

MPoP (%)

ToMC (days)
-

MPoP (%)
0 ± 0*

ToMC (days)

1±3

Estepona

38 ± 11

4±3

8±8

21 ± 9

10 ± 6

13 ± 6

Malaga

45 ± 12

7±3

11 ± 8

22 ± 9

15 ± 7

11 ± 6

Roquetas

17 ± 8

22 ± 8

5±4

32 ± 6

5±4

26 ± 7

6±4

31 ± 7

2±3

33 ± 6

2±2

35 ± 6

1±4

Arcila

0

0 ± 0*

1±2

1±2

5±5

Tetuan

8±5

30 ± 13

45 ± 19

25 ± 9

33 ± 17

25 ± 7

Al Hoceima

8±5

34 ± 8

17 ± 18

40 ± 9

14 ± 13

41 ± 11

Melilla

6±3

41 ± 10

4±3

46 ± 8

3±2

47 ± 9

14 ± 4

36 ± 7

5±3

42 ± 6

6±4

38 ± 8

Oran

-

0

Tangier

0 ± 0*

Carboneras
Southern coast

Tangier-Med

Note: Landing areas have been grouped according to its geographical location. Asterisks indicate values of MPoP very close to zero (that round to cero),
but not strictly null. In such situation, the ToMC is meaningless, and these cases are ignored and not discussed in the text. The two special cases of
Tarifa–Arcila and Tangier-Med–Cadiz in which MPoP is strictly null; the ToMC is not defined.
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spreads into the AS (Albérola et al., 1995). Therefore, once the ELSs

The effect that initial conditions in Tarifa box has on the dispersal

enter the AS, their trajectories should not be much different regardless

patterns is less defined in the southern landing areas. MPoPs are sys-

the particles were released in one box or the other.

tematically inferior to their mirror area in the northern shore except

ToMCs in Table 2 are consistent with the ELS dispersal inferred

for the two easternmost areas, with Oran showing a slightly higher

from the MPoP analysis. Shorter ToMCs are found in the landing

MPoP than Carboneras. Such structure emphasizes the fact that

areas closer to the releasing boxes. For particles released in Tarifa

north-to-south connectivity is less achievable than west-to-east con-

box, the shortest time is found in Estepona area (4 days). The result

nectivity due to the role of hydrodynamic barrier played by the AJ for

applies for Tangier-Med and Tangier boxes and Tetuan landing area in

meridional exchange. ToMCs are consequently greater than in the

the southern coast (3 and 4 days, respectively). A shorter ToMC is

northern areas, except for Tetuan in spring tides, where they are simi-

obtained for Tangier box and Arcila area (1 day), but the very low

lar to those found in Estepona in the north (Figure 6b).

MPoP of 1% in the area makes it not worth discussing. As distances

The behavior in Tetuan contrasts with the much larger ToMCs in

increase, ToMC also does. In the case of Tarifa box and for northern

the other southern landing areas, which are rather independent of the

landing areas, the greatest ToMC is found in Carboneras, the eastern-

tidal variability. Two different mechanisms seem to be at work. Particle

most area (31 days). The same applies in the south coast, where the

scattering promoted by the intensified inflow would be the reason for

easternmost area (Oran) shows ToMC of 46 and 47 days with

the reduced ToMC in Tetuan during spring tides (Figure 6b) and for

Tangier-Med and Tangier boxes, respectively. A curious case that

the relatively large MPoP of 23% under FS conditions in particular

deserves comment is that the northern landing areas have shorter

(Figure 6a). ToMCs in the three other areas, on the contrary, are rather

ToMC with these two releasing boxes than the areas in the south

independent of tidal conditions (Figure 6b). The interpretation given to

(except for Tetuan). The interpretation of this somewhat anti-intuitive

this different response is that Tetuan area is directly reachable by

result is the advection of ELS by the western rim of the WAG towards

southeastward trajectories scattered from Tarifa releasing box during

the north shore. Once there, the products follow similar trajectories

the spring tide periods of enhanced currents. This process is unfeasible

as the particles released in Tarifa box.

for the three other areas where particles will most likely arrive after

These scenario-averaged values reflect the prevailing role of the

completing one WAG turn around at least. It requires a time long

main dynamic structures of the SoG-AS system on the ELS dispersion

enough to smooth out the effects of the SoG tide and the particles

and provide foreseeable connectivity patterns. Nonetheless, the large

end up being transported by a tidal-free large-scale circulation that

standard deviations (uncertainties) associated to the mean values

propitiates ToMC as large as 40 days in Al Hoceima, in sharp contrast

reveal high variability related to the temporal and spatial variability of

with the scarce 6 days of Tetuan in spring tides (Figure 6b).

the SoG hydrodynamics as well as to the very location of the releasing
boxes. These issues are addressed next for Tarifa (Section 3.2.1) and
Tangier-Med (Section 3.2.2) boxes. Tangier box is presented in

3.2.2

|

Tangier-Med releasing box

Figure S3 due to the aforementioned similitude with Tangier-Med,
and it is not discussed here.

The most obvious feature is the high MPoP in the nearest eastward
landing area of Tetuan, increased during spring tides to values of
60% (Figure 7a). The behavior resembles the east-to-west connec-

3.2

Release area dependency

|

tivity between Tarifa and Estepona area in the northern shore. Both
would have the same cause, which is the zonal advection by the

3.2.1

|

Tarifa releasing box

AJ. But the similitude Tarifa-northern areas versus TangierMed-southern areas finishes just here. Whereas in the first case

Table 2 shows that, as a result of the advection by the AJ, the main

MPoPs were clearly higher in all northern areas of the AS, in the case

connections of ELS released at the surface in Tarifa box take place

of Tangier-Med releasing box, south areas of Al Hoceima and Melilla

with the northwestern areas of the AS. However, some differences

have MPoP of the same magnitude, if not less, than in the north areas.

appear when specific tidal conditions and depths are considered

In other words, zonal connectivity in the south is not as efficient as in

(Figure 6). Figure 6a shows that the highest connectivity in Estepona

the north, except for Tetuan area.

for surface release is achieved under ebb (E) condition in spring

The explanation provided for this unexpected behavior is that the

(S) tide (60%), when the eastward flow in the SoG is boosted by the

coastal eddy that usually forms south of the AJ and close to the

strong ebb current of spring tides. The same applies for near-surface

African shore at the exit of the SoG (Sánchez-Garrido et al., 2013; see

releases, 12 and 25 m, which give MPoP values of 63% and 61%,

Figures 1 and 2) favors high MPoPs in the Tetuan area. This structure

respectively. In Malaga, MPoP is consistently greater and, somewhat

propitiates ELS retention. The trapped propagules can be eventually

paradoxically, ToMC is smaller in neap than in spring tides (Figure 6b).

transferred to the western rim of the WAG and advected to the

The behavior is reproduced by the remaining landing areas of the

northern coast, making south-to-north connectivity feasible, and ham-

northern coast. As the distance of the landing area increases, how-

pering west-to-east transport. The rather low values of MPoP in the

ever, the ratio of MPoP neap/spring increases until it reaches the

upper layers of the northern areas indicate that the connection is

highest value in the farthest landing area of Carboneras (Figure 6a).

weak. However, and this is an intriguing question, the connectivity

9
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F I G U R E 6 (a) Diagrams of MPoP (%) in each landing area, averaged over the four replicas of the ELS released at Tarifa box (red rectangle) for
the 40 combinations of spatial (5 depths, Y-axis) and temporal (8 tidal conditions, X-axis; see acronym code in Figure 4) conditions. (b) Same as
panel (a) for ToMC (days). Notice the changing Z-axis scale in the different diagrams of both panels
increases with depth (Figure 7a, yellow bars), a behavior not shared so

releasing box. ToMCs are even noticeably larger than those obtained

clearly by the southern areas. Such increase raises new questions

for the Tarifa releasing box, particularly during spring tides (compare

because, intuitively, connectivity should be greater at the surface,

Figures 6b and 7b). Particles released in Tarifa box reach Tetuan area

where the WAG and EAG hold stronger currents. But high velocities

much faster than those released in Tangier-Med under the same initial

also entail more instabilities and turbulence that increase ELS scatter-

conditions. It is particularly true during spring tides. But the number of

ing toward the interior of the Alboran basin. Velocity reduction with

particles that reaches the area is appreciably less when they come from

depth would diminish the scattering and improve the chances for ELS

Tarifa box (Figure 6a,b). Same conclusions apply to the other areas, the

to arrive to farther landing areas. Consistent with this conceptual

northern ones showing less ToMC than the southern ones systemati-

model is the fact that MPoPs at 81 m depth tend to reach absolute

cally. This would confirm the aforementioned slightly better connectiv-

maxima during neap tides in Estepona area (Figure 7a).

ity that this releasing box establishes with the north part of the AS.

ToMC also shows unexpected behavior. The most striking one is

Regarding the areas in the Gulf of Cadiz, Figures 6 and 7 show

the large values in Tetuan area considering its proximity to the

very poor connectivity for both releasing boxes that only occurs in

10

NADAL ET AL.

FIGURE 7

Same as Figure 6 for Tangier-Med releasing box, indicated by the red polygon

zonal direction (Tarifa-Cadiz, Tangier-Med-Arcila), not north-to-south

conditions are examined in more detail for selected cases of study in

(Tarifa-Arcila, Tangier-Med-Cadiz). It is almost uniquely met under LS

the following sections.

initial conditions, that is, particles released at low water in spring tides.
They are the most favorable conditions, as low water is the moment
when barotropic tidal current reverses towards the Atlantic and spring
tide enhances its intensity. The low-to-high semicycle that follows

3.3 | Tide dependence: A case of study in the
northern shore

maintain relatively favorable conditions for westward transport, which
causes the very low, though not null, MPoP found in those areas.

In addition to the tidal variability that can be inferred from the abun-

Previous discussion indicates that the dispersal of ELS is highly

dant information in the diagrams of Figures 6 and 7, part of which has

sensitive to the tidal phase and depth. Tidal phase and, more specifi-

been already commented, this section addresses an illustrative case of

cally, tidal strength related to the fortnightly spring-neap cycle is rele-

study to assess the tidal influence. The specific instant of spawning in

vant for Tarifa releasing box (Figure 6) while spawning depth causes

a given semidiurnal cycle (tidal phase) affects the initial ELS dispersion

higher variability in the Tangier-Med case (Figure 7). Both initial

trajectories at the very beginning of the experiment, as it depends on
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the direction of the instantaneous velocity at that time. Its impor-

3.4

|

Depth dependence

tance, however, fades out shortly after because of its short time scale
that implies reduced Lagrangian correlation scales (Taylor, 1922), leav-

Figure 6 and Figure 7 show that, on average, MPoP tends to increase

ing only the effect of the spring-neap intensity. It mostly determines

with depth in all landing areas and for all releasing boxes and, simulta-

the final evolution of ELS dispersion in the middle-long term, as it is

neously, ToMC tends to be shorter. On the other hand, the present

demonstrated in the following case of study that involves Tarifa box

uncertainty on the actual spawning depth of the blackspot seabream

and Estepona and Malaga landing areas in the north coast.

along with the marked baroclinity of the exchange through the SoG

Figure 8 shows that the dispersion of ELSs released in Tarifa that

raises the question of whether the so far ignored westward connec-

induces the AJ in spring tide is greater than in neap tide (see inset)

tivity gains prominence for hypothetical deeper layers of spawning.

because of stronger tidal currents. When ELSs enter the AS in spring

Both questions are addressed next

tide, the augmented scattering allows particles to reach the nearer
landing areas directly, whereas particles follow the farther-from-shore
AJ trajectory in neap tides (inset of Figure 8). As a result, particle concentration in Estepona is much higher in spring tide (Figure 8, solid

3.4.1 | A case study of south-to-north connectivity
as function of depth

lines). The deflection to the south of blue lines in the inset also illustrates the already discussed result of enhanced MPoP in Tetuan area

Figure 7a shows a rather clear increase of MPoP with depth in all

in spring tides (Figure 6a). The progressive decrease of connectivity

landing areas of the north coast for particles released in Tangier-Med

from HS to FS in spring-tide experiments (solid lines in left panel of

box. For Estepona area, this depth dependence is concomitant with

Figure 8) follows the fact that eastward velocity reaches larger values

the spring-neap fortnightly modulation. Overall, the influence of depth

during ebb tide (from HS to LS, peaking at ES) and a minimum at

on the connectivity is less marked than that associated to tides and

FS. Notice, however, that these differences are less than the ones

does not exhibit a regular pattern. Nevertheless, the diminution of the

observed between spring and neap tides (compare solid and dashed

AJ intensity with depth allows for establishing a rough analogy

lines in this panel). It confirms the fact that tidal strength is more influ-

between releasing depth and strength of the tide. For a given tidal

ential than tidal phase, what is further supported by the fortnightly

condition, the patterns associated with releasing at the surface would

modulation of ToMC in this area, with systematically shorter times in

differ from those at depth in a similar way to how patterns produced

spring tides (Figure 6b).

during spring tides differ from neap tides for a given depth.

The opposite situation is seen in Malaga area (Figure 8, right

Figure 9 illustrates the connectivity between Tangier-Med box

panel), where particle percentages in neap tides is almost twice than

and Estepona landing area under HN initial conditions (release at high

in spring tides. Moreover, as mentioned previously, ToMCs are greater

water in neap tides). The larger surface current scatters more particles

in spring tides (Figure 6b). Inset in Figure 8 helps to explain these

than the diminished current at 81 m depth, resembling the pattern

facts: during neap tides, a good fraction of trajectories invades directly

observed in the case of spring against neap tides in the previous dis-

the landing area (red lines), with reduced dispersion seaward. In spring

cussion. As a result, arrival time of particles released at surface levels

tide, many particles arrive after having undergone some recirculation,

(z ≤ 25 m) in Tangier-Med box is noticeably shorter (4 days) than

a process that takes longer and results in greater ToMC, as discussed

that of particles released at 25 m (ToMC 7 days) or 81 m (ToMC

in Section 3.2.1. Also, more particles are scattered seaward, reducing

15 days), and the chance of arrival is notoriously reduced (MPoP of

the number of particles that reach the area. This behavior is shared by

17% for z ≤ 25 m, which increases to 32% at 52 m and to 78% at

Roquetas and Carboneras landing areas to the east, confirming the

81 m, see also Figure 7a). As the depth increases, ELSs follow

better connectivity efficiency during neap tides (Figure 6).

smoothed trajectories with reduced dispersion, which improves not

F I G U R E 8 Time series of percentage of particles released at the surface in Tarifa releasing box collected in Estepona (left panel) and Malaga
(right panel) for all tidal combinations discussed in text (see legend). The inset shows trajectories for the whole combination of phases in spring
(blue lines) and neap (red lines) tides during the first 6 days after the release
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F I G U R E 9 Time series of percentage of
particles released in Tangier-Med releasing box
under HN conditions and collected in Estepona
landing area for the five depths considered (1, 12,
25, 52, and 81 m). Inset map shows trajectories
for surface and 81 m depth spawning levels after
30 days of simulation using the same color code
as in the main panel

F I G U R E 1 0 ELS trajectories after
3.5 days of simulation for particles
released in Tarifa box at 52 m (left
panel) and 150 m (right panel) in case
of FS (blue lines) and FN (orange
lines) initial conditions

only the chance for more particles to arrive but also for them to arrive

Figure 10 shows the trajectories of particles released at 52 and

further. The behavior, which can be applied to the other areas in the

150 m under identical initial conditions of maximum westward tidal

north coast, is similar to that described in neap tides for the connec-

current at spring (FS) and neap (FN) tides. In the case of 52 m depth,

tivity Tarifa-Malaga.

particles make small incursions to the west transported by the flood,
west-going tidal current that overcomes the average eastward inflow
during short intervals. After this otherwise brief current reversal, par-

3.4.2 |
the SoG

A sensitivity analysis on spawning depth in

ticles enter the AS and remain there following trajectories similar to
those depicted in the previous section. At the deeper layer of 150 m,
however, flood tidal current increases the Mediterranean undercur-

The effect of depth on connectivity patterns, and its interaction with

rent extant at this depth and ELSs will spread westwards, with no par-

tide in the case of this species, raises the question of whether or not

ticles entering the AS. Therefore, Atlantic (Cadiz and Arcila) landing

the species has adapted its life cycle to optimize the reproductive suc-

areas are accessible as far as the direction of propagation is con-

cess. For instance, blackspot seabream should spawn at greater

cerned. However, both landing areas are shallower than 100 m,

depths if the survival success relies on chances of reaching further

whereas ELS propagates at 150 m. Unless vertical and onshore

landing areas (see previous section) with suitable nursery conditions.

motions occur, the connectivity with the selected Atlantic landing

It represents a plausible method of colonization, which maximizes the

areas is unfeasible.

population survival (Krueck et al., 2020). Selecting the highly disper-

The western half of the SoG is a well-known mixing area with

sive environment of the SoG as spawning grounds almost rejects the

large vertical motions driven by the amazing internal tide generated

hypothesis that this species attempts to maximize self-recruitment as

by topographic interaction (García-Lafuente et al., 2000, 2013;

observed in other species (e.g., European hake; Hidalgo et al., 2019).

Wesson & Gregg, 1994). Such turbulent mixing is a potential mecha-

Since the SoG holds a permanent two-way exchange, depth results

nism to bring particles to shallower layers, in a similar manner as it

are critical to determine the direction of the ELS dispersion. At greater

does the westerly inducing upwelling and turbulence in the Gulf of

depths than those considered so far in the main study, eggs would be

Cadiz (Navarro et al., 2011; Sánchez Garrido et al., 2015). All of them

advected toward the Atlantic Ocean by the Mediterranean undercur-

can modify the horizontal depth of ELS advection but does not neces-

rent and the connectivity with landing areas of the AS be drastically

sarily imply shoreward advection, which should be achieved by other

reduced.

concomitant processes. Recent scientific surveys have detected ELSs

Given the degree of uncertainty about the range of plausible

of the species in the Atlantic region, but their relative abundances are

spawning depths, it is worth exploring that possibility with the model.

noticeably lower than those reported in the Alboran basin: 0.46 larvae

To this aim, a spawning depth of 150 m has been selected in Tarifa

10 m2 (±1.39 SD) in the Atlantic region versus 2.03 larvae 10 m2

and Tangier-Med boxes and initial conditions of ES, EN, FS, and FN

(4.86 SD) in the northwest Alboran areas (maximum abundances of

have been then applied.

5 and 15 larvae 10 m2, respectively; J.M. Rodríguez, Pers. Comm.).
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These observational and numerical results keep open the feasibility of

The range of variation of the MPoPs recalls the need of improving the

the Atlantic connectivity, which requires further studies to give an

knowledge about the blackspot seabream life cycle, particularly PLD.

adequate answer. Observational research on the spawning behavior is
also needed to elucidate the question of the spawning depth range of
the species. From a modeling perspective, new experiments are nec-

3.6

|

Release time dependency (replicas)

essary to assess how different larval behavior (vertical migration) and
hydrodynamic secondary patterns (vertical velocity ignored in this

To prove the representativeness and reliability of the Lagrangian par-

study) affect the dispersion patterns and survival probabilities of ELS

ticle tracking experiments, the uncertainty of each single run has been

under different scenarios.

assessed by means of four replicas of the same combinations of semidiurnal tide and depth conditions during four fortnightly cycles.
Despite the same initial conditions with respect to the releasing time,

3.5

|

A sensitivity analysis on PLD

the overall situation is not exactly the same in the replicas. This is so
because the four spring-neap tidal cycles considered comprises the

From a biological point of view, time of arrival of ELS at a given land-

monthly cycle arising from the modulation of the semidiurnal constitu-

ing area only makes sense if it is less than the assumed PLD of the

ents M2 and N2, responsible for the greater similarity of alternate than

species (Shanks, 2009). In order to investigate the dependence of con-

contiguous spring cycles. In addition, subinertial meteorologically

nectivity on PLD, MPoPs between releasing boxes and landing areas

induced fluctuations due to atmospheric pressure and wind variations

have been re-calculated for PLD windows of 15 and 30 days. The

change from one replica to the other. The unavoidably, yet small, dif-

new values of MPoP (denoted by Cn , n ¼ 15, 30, in the following dis-

ference of the initial conditions of the replicas lead to concomitant

cussion), have been compared with those of the original PLD window

differences in the outputs (not shown for the sake of clarity) and

of 60 days (C60 ) to obtain a metric Δn defined as the ratio:

allows for assessing the variability of each experiment by means of
the standard deviation of the four replicas. The averaged standard

Cn
 100
Δn ¼
C60

deviation of the whole pool of experiments is 8%, which is approximately the same value obtained by comparing scenarios of different
tidal phases but the same tidal strength. If the metric is used to compare spring and neap tidal scenarios (different tidal strength), the aver-

in order to assess the differences.
Table 3 summarizes the results of this analysis and confirms the

aged standard deviation is 30%. Therefore, subinertial variability and

fact that the MPoP is constrained by the available time of arrival, that

lower frequency tidal modulations could account for approximately

is, the assumed PLD. In the landing areas nearest to the releasing

one quarter of the variability of the fortnightly tidal cycle, which has

boxes (i.e., Tangier-Med/Tangier – Tetuan, Tarifa – Estepona) arrival

been shown to be the prevailing factor for connectivity.

times keep on being short and maximum ratios obtained with different PLDs (15, 30, 60 days) are little altered (high values of Δn ,
n ¼ 15,30). On the contrary, in the furthest landing areas (Carboneras,
Melilla, or Oran), large MPoPs are only obtained after completing a

3.7 | Implications for the species assessment and
management

long path that requires dilated elapsed times, which makes the result
sensitive to the assumed PLD. It results in substantial discrepancies

Transboundary fish stock management is based in the cooperation

(low ratio values). Extreme cases are provided by Tarifa-Carboneras or

and collaboration among countries to assess shared resources status

Tangier-Med/Tangier-Melilla, which shows ratios of Δ15 less than 1%.

and regulate harvest according to common measures and controls or

T A B L E 3 Differences of MPoP
computed using PLD windows of 60 and
30 days (Δ30 column) and 60 and 15 days
(Δ15 column) for the three releasing
boxes and the Alboran Sea landing areas

MPoP differences (%)
Tarifa
Δ15

Δ30

Δ15

Δ30

Δ15

Δ30

77.69

92.79

49.65

83.79

50.22

84.40

Malaga

62.02

94.37

62.49

94.20

63.20

95.60

Roquetas

27.16

72.97

40.35

80.40

37.96

79.02

Carboneras
Southern Alboran

Tangier

Estepona

Landing area
Northern Alboran

Tangier-Med

0.92

36.55

Tetuan

89.90

95.92

96.10

2.290

98.60

31.31

95.56

1.610

99.16

26.19

Al Hoceima

68.57

89.70

74.89

88.01

74.14

84.50

Melilla

2.77

41.34

0.56

28.40

0.41

34.30

Oran

7.44

55.11

3.59

61.64

1.47

60.07

Note: Cadiz and Arcila have been excluded because of its low representativeness.
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joint decision-making. However, to build an effective management

Delgado, 2004) or, even, the WAG or EAG themselves can entail

framework, a solid scientific basis is required. The present study pro-

occasional meridional ELS transports. For instance, the study shows

vides this basis to potentially improve the assessment and manage-

that ELSs released in Tangier-Med box are more susceptible to latitu-

ment of this species harvested by Moroccan and Spanish fleets, while

dinal (south-to-north) migration. Apparently, Tetuan area in the south

we acknowledge that further work is needed. First, it provides evi-

exhibits characteristics of particle concentration/retention zone

dence of the differential role of different spawning grounds in the AS,

related to the existence of a small cyclonic eddy between the African

which could be useful in the future if the spatial dynamics is

coast and the WAG (Figure 1). Particle transfer from the eddy to the

implemented in the stock assessment models and procedures

north-flowing western rim of gyre is practicable, after which particles

(e.g., Goethel & Berger, 2017; Punt, 2019). While the results of the

reach the northern areas without impediment. This process impairs

study point at independent dispersal and connectivity patterns of

west-to-east connectivity in the south coast, which is therefore less

north and south Strait spawning grounds due to the role of the AJ,

efficient than in the north coast (compare Figures 6a and 7a). Another

they do not imply stock differentiation consistent with recent genetic

example is provided by the EAG, whose eastern edge can transport

studies (Spiga, 2020), but different spawning locations, which is an

particles from the north to the south. This process makes Oran land-

important element to be considered in spatial stock structure

ing area be connected with Tarifa releasing box in the north better

approaches. Second, in terms of spatial management and potential

than with Tangier-Med in the south, despite being in the same coast

spatiotemporal closures already applied to other Mediterranean spe-

(Table 2).

cies (Regulation [EU] 2019/1022 of the European Parliament and of

Atlantic, that is, east-to-west, connectivity at surface layers is

the Council of June 20, 2019, OJEU L172/1 and GFCM Recomm.

prevented by the AJ. But it does not have to be so at greater depths

GFCM/42/2018/5), the study facilitates information of the role of the

where the Mediterranean undercurrent flows. In a hypothetical situa-

spawning sites investigated, and also the interaction with depth and

tion of deeper spawning (150 m), the model shows ELS transport

tidal regime that could potentially lead to seasonal or, even, short

towards the Atlantic Ocean exclusively, which opens the possibility of

term (i.e., attending to tidal phase) fisheries closure. The information

connection with landing areas in the Gulf of Cadiz (Cadiz, Arcila).

made available here is relevant for the ongoing process for the estab-

However, achieving a successful connectivity with Atlantic landing

lishment of a specific joint (Spain and Morocco) management plan for

areas requires additional processes to carry the ELS to shallower

blackspot seabream in the SoG within the framework of GFCM (2021).

levels. Enhanced tidal mixing and turbulence occurring in the western

Notwithstanding, further studies are needed as it is not yet clear

part of the SoG, or wind-inducing upwelling in the Gulf of Cadiz are

whether the spawning strategy of the species attempts to minimize

candidate processes.

dispersal time, maximize dispersal distance, or even a more complex

Tides in the neighborhood of the SoG are influential. Variability

trade-off between both. The interpretation and implications of the

due to tidal forcing is especially noticeable in terms of fortnightly

results presented in this study can be certainly different attending to

modulation. In the landing areas closer to the spawning boxes

the species strategy. The role of other important larval traits not

(Estepona in the north, Tetuan in the south), connectivity is more effi-

included in this study requires also further research.

cient in spring tides. In these conditions, north-to-south connectivity
is achieved by direct advection of ELSs from the releasing box of Tarifa to Tetuan landing area (Figure 6; see also inset in Figure 8). During

4

|

S U M M A R Y A N D F U T U RE WO R K S

neap tide, on the contrary, particles suffer less scattering and increase
chances of reaching further landing areas. Overall, tidal conditions

The differences observed in the ELS connectivity patterns are mainly

depict two different mechanisms: spring tides tend to favor connec-

caused by the geographical location of the spawning areas in the SoG

tivity (increase MPoP) by the direct advection promoted by the

(north shore versus south shore). From a hydrodynamic perspective,

increased energy of the flows. It applies to landing areas adjacent to

the mean circulation patterns favor the zonal (west-to-east) connec-

the releasing boxes in both, west-to-east and north-to-south, direc-

tivity: Particles released in the northern margin of the Strait are mostly

tions and yields relatively small ToMC. On the contrary, in neap tides

registered in the northern areas of the AS, while particles released in

connectivity is mainly achieved by the mean circulation of the AS,

the south are collected in the southern shores of the AS. Thus, the

connecting far away landing areas with releasing boxes after consider-

eastward transport linked to the AJ entering the Alboran basin

ably large ToMC (Figures 6 and 7). This pattern is consistent with pre-

appears as the main mechanism of connectivity. On the other hand,

vious studies on connectivity analysis in the region (Muñoz

meridional connectivity (north-to-south, south-to-north) is hampered

et al., 2015), who used altimetry-derived geostrophic currents, a prod-

by the very AJ that is a potential hydrodynamic barrier (García-

uct that removes tidal contribution during the data-processing. The

Lafuente, Sánchez-Garrido, et al., 2021). Overcoming this obstacle

circulation emerging from such an approach would be more similar to

depends on the stability of the mean patterns of circulation of the

the pattern of neap tides (less tidal variability) inferred from the

SoG-AS system and its evolution. Non-geostrophic motions, instabil-

numerical outputs.

(García-Lafuente

The depth of spawning also results in different patterns of con-

et al., 1998; García-Lafuente, Sánchez-Garrido, et al., 2021; Sánchez-

ductivity. Obviously, the greatest differences arise when comparing

Garrido et al., 2013) or the AJ meandering (García-Lafuente &

patterns associated with spawning at depths immersed in one or

ities

associated

with

the

WAG-AJ

collapse
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another layer of the baroclinic exchange, as illustrated by the case of

Central Mediterranean” and the General Fisheries Commission of

150 m releasing depth already discussed. But there are still differ-

the Mediterranean GFCM, both with the financial support of

ences even if spawning takes place at different depths within the very

the Directorate-General for Maritime Affairs and Fisheries of the

surface layer (Figures 6a and 7a). The origin of the differences has

European Commission (DG-MARE) and the Spanish Ministry of

been ascribed to the diminution of the velocity of the current with

Agriculture, Fishery and Food. Funding for open access charge was

depth. At shallow depths, ELSs are scattered more actively by the more

provided by Universidad de Málaga/CBUA.

energetic current, recalling the effect of the spring tide. At deeper
layers, the main circulation weakens and allows ELS to move less cha-
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otically and reach greater distances. The behavior resembles the pat-
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consequently, attain a more reliable vision of population dynamics of
blackspot seabream and ultimately transfer this new knowledge to
improve the management of this overexploited species. Further studies are needed as it is not yet clear whether the spawning strategy of
the species attempts to minimize dispersal time, maximize dispersal
distance, or even a more complex trade-off between both. The interpretation and implications of the results presented in this study can
be certainly different attending to the species strategy. The role of
other important larval traits not included in this study requires also
further research that may help decision-makers to establish biological
rest periods that lead to maximize connectivity and sustainability. All
in all, improving our knowledge on the interaction of this species with
its physical environment is a key issue in the efforts towards rebuilding the fishery target population until its maximum sustainable yield.
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