N

0 YO U b~ W

11
12

13

14

15

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

The role of larval transport on recruitment dynamics of red mullet (Mullus barbatus) in the Central
Mediterranean Sea

F. Quattrocchi®3, F. Fiorentino23, F. Gargano*5, G. Garofalo2>
1University of Palermo, Department of Earth and Marine Sciences (DiSTeM), Palermo, Italy

2National Research Council - Institute for Marine Biological Resources and Biotechnology (CNR IRBIM), SS Mazara del Vallo, Via L.
Vaccara 61, 91026, Mazara del Vallo (TP), Italy

3 Stazione Zoologica Anton Dohrn (SZN), Lungomare Cristoforo Colombo 4521, 90149, Palermo, Italy

4 University of Palermo, Department of Engineering, Viale delle Scienze, Ed. 9, 90128, Palermo, Italy

5 NBFC, National Biodiversity Future Center, Palermo Italy

Corresponding author:

Federico Quattrocchi, federico.quattrocchi@unipa.it

Abstract

Recruitment success depends on external forcing mechanisms such as ocean currents that affect the
transport of eggs and larvae to favorable habitats. In this study, we investigated the role of larval transport
in the recruitment of Mullus barbatus in the Central Mediterranean Sea by modeling the recruits'
abundance as a function of both spawning stock size and dispersal rates of the species’ early life stages.
Our analysis involved twenty years of data on recruits and spawners abundance obtained from scientific
trawl surveys, and data on larval dispersal rates derived from a combination of actualized published sources
and original data. By calculating in the Sicilian nurseries, the estimates of retention, import and uniformity
of the contribution of the spawning areas distributed among different Geographical Sub Areas (GSAs), we
assessed their contribution to recruitment using modified Ricker stock size-recruits models. In particular,
our results show that a higher uniform contribution from spawning areas within GSA16, mainly related to
the oceanographic patterns promoting larval retention, together with spawners abundance, significantly
reduced the variability of red mullet recruitment. We further highlighted that when switching from a higher
to a lower level of evenness of contribution to the recruit population from different spawning areas in the
GSA16, the expected spawning stock abundance per recruit for a given fishing pattern can suffer a rapid
short-term decline, which is likely to have negative consequences for stock assessment and management
decisions. Our results suggest that larval transport plays a crucial role in explaining the interannual
variability of recruitment, thereby contributing to a better understanding of stock size variation.
Additionally, our study enhances the understanding of the spatial dynamics involved in the recruitment of
this species, which is of increasing interest within fisheries management frameworks.

Keywords: fish recruitment; ocean connectivity; larval transport; larval retention; stock—recruitment
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1. INTRODUCTION

The recruitment (i.e. the number of new young fish entering a population) and its rate is a crucial process in
determining the evolution in size of fish populations (e.g., King, 2013; Cadrin et. al 2020 and references
therein). Since the beginning of the last century, fluctuations in the size of fished stocks have captured the
interest of many marine scientists (Hjort, 1914), leading to extensive research to identify, evaluate, and
quantify the causes of the recruitment variability. Even today, significant effort is directed towards
understanding the relationship between the spawners population size (S) and the recruitment (R) due to its
critical role for management strategies of sustainable fisheries (Walters and Martell, 2004; Barbieri et al.
2017). Despite the spawning stock-recruitment relationship is fundamental in marine population
management, relying solely on adult abundance as a predictor of recruitment, as classically done in S-R
relationships, may not always be a reliable approach (Barbieri et al. 2017; Cury et al. 2014). This is because
in most exploited marine species, the effective breeding population often diverges from the number of
reproducing individuals due to reproductive strategies (Barbieri et al. 2017). In fact, external fertilization is
the main reproductive strategy of most exploited marine fish, involving the release of a large number of eggs
into the water, which are inevitably subject to fluctuation of environmental factors (e.g. Barbieri et al. 2017)
and physical dispersion due to oceanic current patterns (Cowen and Sponaugle 2009; Houde, 2016).
However, attempts to incorporate external factors to reduce the degree of unexplained variation in the
spawning stock-recruitment relationship have sometimes yielded inadequate results, because S-R are
basically linear approximations of non-linear environmental effects (Subbey et al. 2014). Thus, understanding
and assessing the factors regulating the recruitment dynamics remains one of the most complex issues in
fishery science (Szuwalski et al. 2015). Various environmental factors can modulate the recruitment success,
especially for broadcast spawning species, by influencing the survival of their pelagic early life stages (ELS)
(Cushing, 1990; Agostini and Bakun, 2002). To improve the understanding of the interannual recruitment
variability, some studies have explored various predictors, in addition to spawning stock size, to assess the
abundance of recruits. These predictors include sea water temperature and its anomalies, either separately
or together with zooplankton abundance (Levi et al., 2003; Planque et al., 2003; Olsen et al., 2011; Perretti

et al., 2017), salinity values (Akimova et al., 2016), and proxies for changes in the patterns of temperature,
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wind, and precipitation, expressed in terms of climatic indices such as the North Atlantic oscillation index
(Brander and Mohn, 2004; Perretti et al., 2017). All of these factors, although with different effects depending
on the species, proved to be important in reducing unexplained interannual variability when relating parental
stock size to recruits. Concurrently with these ecological factors, physical oceanographic processes
associated with the advection, retention, or transport of eggs and larvae to favorable or unfavorable habitats
undoubtedly contribute to variability in ELS survival and thus to variation in recruitment (Huwer et al., 2014,
2016; Houde, 2016 and references therein). Therefore, spatial structure and related connectivity between
spawners and recruits mediated by the larval dispersal, from the areas of eggs release to nurseries, cannot
be neglected when investigating factors influencing recruitment dynamics (Cadrin, 2020). In other words,
identifying self-sustained populations requires understanding the space-time patterns of larval dispersal, as
well as the migration of juveniles and adults. Based on the hypothesis that the dispersal and retention
patterns of ELS contribute to the recruitment variability, we expect that, by modeling recruitment as a
function of larval transport estimates and spawners abundance, it is possible to achieve a more
comprehensive understanding of the renewal dynamics of marine populations.

A better understanding of eggs and larval transport is crucial for fishery management because it aims to
maintain the persistence of the population of a harvested species, by defining a sustainable yield that
assumes a self-sustained stock. This property mainly consists of the replacement of one adult with at least
one offspring that must reach the favorable habitat to survive and subsequently reproduce (Burgess et al.,
2014). So, assessing the role of both parental stock size and larval dispersal pattern in recruitment success is
essential for the conservation and management of fished populations (Fogarty and Botsford, 2007). Well-
established tools for exploring dispersal patterns and connectivity are the Lagrangian transport models,
which are able to simulate eggs and larvae drifting as passive particles in a modeled biophysical environment
(Miller, 2007). The estimated number of particles that arrive or are retained in the examined area can be
related to recruitment to quantitatively assess the role of the pelagic transport, also offering the possibility
to discern the effects of local factors from regional ones on the renewal of the population. Recently,

estimates of larval transport across transnational boundaries have been explicitly applied to model fish
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population fluctuations in the Northwestern Mediterranean Sea (Ospina-Alvarez et al. 2015, Hidalgo et al.
2019) and the Strait of Sicily (Patti et al.2020), as well as in in the North Sea (Romagnoni et al. 2020).

Based on this premise, we focused on the role that the larval drift has on the recruitment of the red mullet
(Mullus barbatus, L., 1758) in the southern coast of Sicily (Geographical Sub Area GSA 16; FAO 2009) within
the Strait of Sicily (SoS). M. barbatus is one of the main target species for coastal bottom trawl and small-
scale fisheries in the Mediterranean Sea (Tserpes et al., 2019) reaching in the GSA16 an average value of
about 550 + 171 tons of landing in 2006-2018 (Scannella et al., 2019). As measures of larval transport, we
used the annual upgraded estimates, adopting the revised projection of ‘Copernicus Monitoring Environment
Marine Service (CMEMS)’ velocity fields (Escudier et al 2020), of the Lagrangian dispersal simulations from
1999 to 2012 reported in Gargano et al. (2017) and to extend the time series until 2019, we employed the
same Lagrangian model and its parametrization. Gargano et al. (2017) simulated and quantified particles
passive drifting from the known red mullet spawning areas (sources) located on the northern (Sicilian-
Maltese) and southern (African) shelves of the Strait of Sicily to the potential nursery areas (sinks) identified
off the Sicilian, Maltese and African coasts. The authors found a low exchange of particles between the
Sicilian—Maltese and the African sides of the SoS and a high degree of retention of larvae in all the respective
shelves. In the present study, we were interested in the recruitment processes occurring in the GSA 16, i.e.
the fraction of particles released in different spawning areas across the entire SoS that reach the nurseries
off the Sicilian coasts. Starting from the annual Lagrangian estimates of particle arrivals in GSA 16 from the
different release areas in the SoS, we calculated estimates of retention within the GSA16, and estimates of
eggs and larvae import from the African and Maltese Shelf. Furthermore, we analyzed the degree of
uniformity in terms of eggs and larvae provenience from the different spawning zones in each continental
shelf considered. The resulting interannual patterns of variability, discriminated in terms of the magnitude
of egg and larval input and spatially in terms of equal or inhomogeneous contribution from the different
zones, reflects the ocean current dynamics that influence larval dispersal and could ultimately serve as a
proxy for the oceanographic conditions favouring larval settlement and recruitment on the shelf within the
studied GSA.. Then, by using a fishery-independent dataset of red mullet abundance in the GSA16 from 2000

to 2019, we modeled the abundance of recruits as function of the spawning population size using traditional



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

parametric stock-recruitment model formulation, and compared this formulation with models including
estimates of retention within GSA16, import from the two different continental shelves, and the related
homogeneity of retention/import eggs and larvae from the different areas.. Overall, our primary objective
was to assess whether larval transport patterns contribute to explaining the temporal dynamics of red mullet
recruitment within GSA 16. Additionally, we explored the effects of larval transport variability on the
interannual variation of red mullet recruitment and the subsequent spawner abundance (i.e., the
replacement line; Goodyear, 1993) in GSA16, and its implications for stock assessment and fishery

management.

MATERIAL AND METHODS

2.1 Study area

The study area is the GSA 16 which corresponds to the North sector of the Strait of Sicily, a large and
dynamically active area that connects the western and eastern Mediterranean Sea. The GSA 16 is
characterized by a narrow shelf along the central part of the Southern coast of Sicily and by a wide and
shallow bank extending in the western part, the Adventure Bank (Fig. 1). In the middle of the area, there are
deep canyons, trenches, and steep slopes. In the southernmost part, the shallower bottoms North East of
the island of Lampedusa belong to the northern edge of the African platform. Both the northern (Sicilian-
Maltese) and southern (African) continental shelves of the SoS host discrete and persistent spawning and
nursery areas of red mullet (Fig. 1a; Garofalo et al., 2004, 2008, 2011; Colloca et al., 2013). The predominant
surface current in the region is the Atlantic lonian Stream (AlS), formed by the Modified Atlantic Water
(MAW) entering the SoS and flowing eastwards. The main path of the AIS crosses the Adventure Bank,
circulating around a semi-permanent cyclonic vortex, and follows the shelf along the central part of the
southern coast of Sicily (Beranger et al., 2004). The AIS is more intense during the spring-summer season,
which coincides with the red mullet spawning period, thus influencing the transport and dispersal of the

larval stages of the species (Gargano et al., 2017).
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Figure 1. Study area (GSA16) and the positions of the hauls (gray circles) used to calculate the density index (N/km?) of red mullet
spawners and recruits. The spawning areas (Zm1-Zm14) where Lagrangian particles were released in the study by Gargano et al. 2017
are indicated, color-coded based on their location on the Sicilian (orange), Maltese (purple), or African (green) shelf.

2.2 Data sources
2.2.1 Red mullet data

Fishery-independent data of red mullet spatial distribution, abundance, and length structure were obtained
from the bottom trawl surveys carried out annually in the GSA16 from 2000 to 2019, during spring/summer,
within the International Bottom Trawl-Surveys in the Mediterranean (MEDITS; Bertrand et al., 2002;
Spedicato et al., 2019). The MEDITS survey is based on a depth-stratified sampling design with five depth
strata, i.e. 10-50, 51-100, 101-200, 201-500, and 501-800 m, where the number of hauls per stratum is
proportional to the area of each stratum. According to literature red mullets in the SoS spawn in spring and
recruit in August-September of the same year, reaching full maturity by the following spring at the age of 1
year (Levi 1991, Levi et al. 2003). Therefore, we used the 1-year-old individuals caught at time ; as a proxy of
recruitment, while as spawners we considered all the individuals from 1 year onwards caught at time 1.
Firstly, the age distribution by year and depth stratum was estimated by the length distribution through the
inverse of the von Bertalanffy's growth curve (VBGC), using the deterministic approach, i.e. the “age slicing”,
described by Kell and Kell (2011). Specifically, we used the parameters of the VBGC for combined sexes as
set in the General Fishery Commission for the Mediterranean (GFCM) stock assessment for the GSA16

(Scannella et al., 2019), being the asymptotic mean length L. = 24.1, the growth rate coefficient K= 0.42, and
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the time when the average length is zero t, = -0.8. Then, annual abundance estimates of recruits in terms of
the number of individuals per km? were obtained as the total abundances observed in the sampling stations
located on the Sicilian shelf and Adventure Bank until a depth of 200 m. These estimates were standardized
with respect to the yearly total swept area, considering that from settlement to one year of age, M. barbatus
extends its distribution across the entire shelf. The standardized Density index (N/ km?) was used for the

spawners abundance.

2.2.2 Oceanographic-dependent driver

Dispersion rates of red mullet eggs and larvae in the SoS have been calculated by adopting the Lagrangian
model and associated parametrization published by Gargano et al. (2017),and on the updated CMEMS
velocity field projections (Escudier et al. 2020) for the period 2000-2019.

Here, we provide a brief description of the simulations and refer the reader to the original paper for further
details. The model adopted by Gargano et al. (2017) is based on the hypothesis that eggs and larvae are
particles passively transported. The simulations of transport were performed using the quasi-Lagrangian
model proposed by Palatella et al. (2014). This model restores the 3D vertical mixing and the unresolved sub-
mesoscale motions by superimposing suitable extra velocity fields on the real main large scale 3D current
field. In our new analysis the 3D current field time series was obtained, for the spawning period, from the
MyOcean Project (https://marine.copernicus.eu/). Specifically, we acquired the daily means of the
northward and eastward current velocity components at 72 vertical levels (from 1.4 to 5000 m depth), with
a horizontal resolution of 1/24° x 1/24° from the MEDREA system (Escudier et al. 2020). The initial setup for
Lagrangian particles is the same as outlined by Gargano et al. (2017), and is based on previously identified
spawning and nursery areas. Specifically, the particles were equally distributed within the Sicilian (Zm1 to
Zm3, Zm5), Maltese (Zm4, Zm6, Zm7), and African (Zm8 to Zm14) spawning areas to examine connectivity
between the northern and southern continental shelves of the SoS in terms of larval supply to the potential
nurseries in the investigated area (Fig 1). These nurseries are the Sicilian (SN), Maltese (MN), and African

coastal areas (AN), defined by extracting the 60-m bathymetric contour levels. In each year, the simulations
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were performed from May 1 to July 31. In June, a total of 800 drifting particles per day were equally
distributed among the spawning areas, while in May and July, the number of particles was decreased

4192 "\where d is the time lapse in days between a day in May and June 1, or a day in July

according to N=Nge'
and June 30. The total number of particles for the entire series from 2000 to 2019 is 912,120, and the
trajectories were followed up to 45 days from the initial release of particles. The depth of the particles'
release was randomly chosen between 3 and 10 meters. In red mullet, the pre-settlement and settlement
stages occur at 30 and 45 days, respectively. Accordingly, the transport success (i.e., the fraction of larvae
arriving in the nursery areas) was evaluated by considering the particles staying within the nurseries during
this time range.. From the dispersion model outputs, we built a multivariate dataset of the total number of
Lagrangian particles passively transported per years from the different spawning areas across the SoS to the
GSA16 nursery area. Since no particles from GSA14 (Zm13) reached the nurseries of the GSA16, it was
excluded from further analyses (Fig. 1). The total number of particles arriving from the various areas reflects
the oceanographic conditions conducive to the transport of eggs and larvae toward the GSA16 red mullet
nursery area. By considering the annual arrivals from the release areas situated in the different shelves of
the SOS, we can differentiate between oceanographic spatial patterns that promote larval retention and
immigration. This allows us to infer the relative contribution of various larval sources to population
replenishment in GSA16. Specifically, we calculated the annual local retention as the mean number of eggs
and larvae spawned and retained in GSA 16 (RES), while the import from the African (IAF) and Maltese (IMA)
shelves was calculated as the mean number of arrivals from the different spawning areas situated within the
two continental shelves. Furthermore, to evaluate whether differences in the contribution of each spawning

zone influenced recruitment success, we assessed the inhomogeneity of contributions from each zone of the

different shelves using Camargo’s index of evenness (Camargo, 1995) : IndEv=1-—

S s |pi— Dj |)
(2 25 (2521
where p; is the proportion of particles coming from the spawning zone i; p; is the proportion coming from

the spawning zone j; and s is the total number of spawning zones of the considered shelf (inRES, inlAF and

inIMA, for the Sicilian, African and Maltese shelf respectively). Index values range from 0 (inhomogeneous)
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to 1 (even). An index of 1 indicates that the contributions are homogeneous across spawning zones,
suggesting that favorable oceanographic conditions promote either the retention or the import of eggs and
larvae from all spawning areas, depending on the shelf considered. Conversely, a lower index indicates
greater inequality among the contributions from the different spawning zones of the considered continental

shelf.

2.2.3 Data analysis

We used the Ricker model to describe the relationship between spawning stock and recruitment (S-R)
(Ricker, 1954), as this formulation has already been successfully used to describe the red mullet spawning
stock-recruits relationship in the SoS (Levi et al. 2003).

The Ricker model describes a dome-shaped relationship, where the peak of recruitment (R: ) occurs at
intermediate spawning stock size SSi.1. One of the parametrizations of this model is:

R, = aSS,_ e bS5t

a is the density-independent parameter and b is the density-dependent parameter. R; is the abundance of
red mullet of age class 1 at the year t, while SS;_; is the spawning stock abundance of the year t-1. A
multiplicative error structure was used as suggested by Hilborn and Walters (2001) and the significance of
the parameters was obtained deriving the 95% confidence intervals. The comparison of Ricker model with
the assumption of a linear relationship between R and SS, i.e. R; = aSS;_; was assessed using the extra

sum of squares F-test (Ritz and Streibigg, 2008).

To test the contribution of larval dispersal pattern to S-R relationship, we introduced the different
estimates of retention, import and evenness -which capture the oceanographic conditions for eggs and
larval transport- in the Ricker model, once at time, as follows:

Rt — aSSt_le—bSSt_1+CXt_1
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Where X:; represents the estimate of larval transport (i.e. one of RES, IAF, IMA, inRES, inlAF and inIMA) and
c is the parameter to be estimated summarizing the relationship between R; and X:.;. The significance of
the parameters was obtained extracting their confidence intervals. When the parameter resulted
significant the extra sum of squares was instead used to compare the model with the classical Richer

model.

To investigate whether changes in oceanographic conditions can affect not only recruitment but also the
population under study—specifically, the adult population size—and consequently the assessment of
fishing mortality for sustainable exploitation, we superimposed the curve of the best model explaining
recruitment variability with the replacement line. This line, calculated according to Goodyear (1993), is
characterized by a slope directly dependent on fishing and natural mortality and describes the potential
contribution of the recruitment to the mature fish population size. For each annual spawner abundance,
the amount of recruitment required to replace the spawners is determined by a given specific fishing (F)
and natural mortality (M) and proportion of mature at age (pa), assuming that the replacement occurs in a
given year rather than over the lifespan of the cohort (Gabriel et al. 1989). Specifically, we calculated the
spawning stock abundance per recruits (SPR), using vectors of pa, M and F at age (considering the last year
of the studied series, i.e., 2019) obtained by the more recent available stock assessment of red mullet in

GSA 16 (Scannella et al., 2021) (Tab 1) as follows:
SPR; = Zi(MFi *pa;)

where SPR;is an estimate of the annual replacement, and pa; the proportion of mature at age

respectively, and MF; is the cumulative product of the survival rate for all the age classes (/) computed as
MFl' — Hi e—(F+M)

Being the spawning stock abundance per recruit for a given fishing and natural mortality designated by
SPR = Spawner /Recruits, in number, then the slope of the replacement line passing through the origin is

1/SPR (Gabriel et al. 1989). By examining a simulated evolution of recruitment and replacement, this
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approach highlights how transitions from favorable to adverse oceanographic conditions, and vice versa,
can impact on replacement levels at specific levels of fishing mortality and biological characteristics of the

stock. All the analyses were performed using the R statistical software (R Core Team, 2019).

Table 1. Parameters used to calculate the replacement line. The gray columns show the parameters by age obtained from the
GFCM — SAF report (Scannella et al. 2021): pa= proportion of mature individuals at ages, M= natural mortality, F = fishing mortality

age pa M F
1 1 0.9 0.07
2 1 0.67 0.34
3 1 0.57 0.21
4 1 0.5 0.41
5 1 0.47 0.41
2. Results

The density index of Recruits; and Spawners;.; increased during the years, peaking in 2014 and in 2015
respectively (Fig. 2). There was a clear increasing pattern until the 2014, after which both the abundance

series experienced wide fluctuations (Fig. 2).
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Figure 2. Temporal series of Recruits and Spawner Densities (N/Km?2).

The highest values of eggs and larvae were those produced and retained on the GSA16 shelf (mean = 242.125

+sd 266.68) Fig 3, Fig. S1). Retention in GSA 16 fluctuated throughout the considered period, with the highest
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value observed in 2012. Evenness remained close to its mean (0.48), with lower values during the first part

of the series and a peak in 2016, when the mean number of retained eggs and larvae was slightly below the

long-term average. This indicates an equal contribution from the different zones to total retention within

GSA 16. In contrast, the lowest evenness coincided with the lowest retention values, indicating that low

retention was unevenly distributed among the various spawning areas within GSA 16 (Fig. 3, Fig S1).

Arrivals from the Maltese Shelf had a mean percentage value lower than 0.001, and evenness remained low,

regardless of arrival values (Fig. 3, Fig S1). The lowest evenness was observed for particles originating from

the African Shelf, suggesting that in certain years, only one or two spawning zones contributed to the arrivals

from the African Shelf (Fig. 3, Fig S1).
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Figure 3. Temporal series of the mean number of eggs and larvae arriving in the GSA16 nurseries differentiated based on the
continental shelf of origin, and the associated evenness index.

The best model selected based on significance of coefficient was the one including spawner abundance

and inRES (adjusted R2 from the linearized form of Ricker model = 0.39) which reduced significantly the

Residual sum of square compared to the classical Richer model (adjusted R2 from the linearized form of

Ricker model = 0.24) (Fig 4, Tab 2). This model highlights the synergistic influence of spawner abundance

and oceanographic conditions, which affect the contribution of larval transport from each spawning zone in

GSA16, in explaining recruitment dynamics (Fig 4, Tab 2). Specifically, a positive linear relationship was
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observed between recruits abundance and evenness, suggesting that a more homogeneous contribution to

retention across different spawning zones favors recruitment (fig 4).

Table 2. Richer models with the different covariates (a,b and c are the parameter estimates of the Ricker models together with
their 95% confidence intervals).

R2 from linear transformed

Coefficient (Cl) F-test Ricker model
a b c
51,76741 0,05367 0.24
Ricker (29,95-85,05) (0,018-0,09) vs Ind model F=7,05 p=0,01 *
0.23 0.0012 3.635 0.39
Extended Ricker inRES (0,095-0.89,22) (0,005-0,0017) (0,88-5,85) vs Ricker F=5,52 p=0,03 *
0.72 0.001 0.002 0.26
Extended Ricker RES (0,26-1.98) (0,0003-0,0017) NS (-0,001-0,0065) NS
1.24 0,53 0,02 0.17
Extended Ricker IMA (0.52-2.99) (0,0001-0,0017) (-0.20-0.158) NS
1.84 0,0005 -1,52 0.20
Extended Ricker inIMA (0.67-5.01) (-0,0001-0,001) (-3.35-0.29) NS
1.17 0,0009 -0,02 0.19
Extended Ricker IAF (0.55-2.51) (0,0001-0,0017) (-0.39-0.034) NS
1.035 0,0009 0.35 0.19
Extended Ricker inlAF (0.32-3.29) (0,0001-0,002) (-2.89-3.30) NS

The best and statistically significant model, which included the spawner abundance and iRES, was used to
illustrate the impact of transitioning between conditions of high to low evenness on the replacement line.
The parameters listed in Table 1 were employed for this purpose (see Figure 4). The positive effect of the
interaction between spawner abundance and oceanographic conditions, which promote higher evenness
of larvae born along the spawning areas of the Sicilian coast, leads to a greater number of recruits. These
recruits contribute to replenish the spawning stock at a given level of fishing mortality (refer to Figure 4,
numbers 1 to 4). However, when transitioning from higher to lower evenness, recruitment can significantly
decrease, resulting in a decline in the expected abundance of spawners per recruit for red mullet for a

given level of fishing mortality (refer to points 4 and 5 in Figure 4).
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Figure 4. Results of the best model including spawner abundance (left panel) and inRES (evenness of the retained eggs and larvae in
the Sicilian shelf coming from the different spawning zones of the GSA16 ) in the central panel. Point size are the average retained
particles in the GSA16. Right Panel: Replacement line superimposed on the predictions of the best model, demonstrating the shift in
abundance when the transition occurs from favorable conditions promoting high evenness to not-favorable conditions.

Discussion

In this study, we combined twenty years of indices of spawner and recruit abundance of red mullet with
estimates of larval transport by ocean currents across the SoS, to demonstrate the synergistic effect they
have on recruitment in GSA 16. Our results showed that more uniform contributions of larval arrivals from
the different spawning areas within the GSA16 play a critical role in shaping recruitment success and acts
synergistically with spawner abundance in years characterized by a high evenness level. Additionally, by
enlarging the examined time series, we confirmed the results obtained by Gargano et al. (2017) indicating
that larval arrivals to GSA 16 from adjacent areas are negligible. These findings provide new insights into the
complex interplay between spawner abundance, larval transport, local retention, and recruitment dynamics
in GSA 16.

Since the first half of the twentieth century, Hjort (1914; 1926) proposed the transport of eggs and larvae in
favorable or unfavorable areas as a key mechanism generating interannual variability of recruitment success.
So, various investigations have been carried out with the aim to test the effects of environmental factors
often used as proxies for ELS transport on recruitment. Recruitment success has been related to wind speed

(e.g. Hinrichsen et al., 2001; Koster et al., 2003), or large scales environmental processes such as gyres or
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coastal currents (e.g. Trenkel et al., 2014; Zimmermann et al., 2019) directly involved on the pre-recruits
survival for the Atlantic stocks. Similarly, in the Mediterranean Sea climatic indexes associated with changes
in wind speed and mesoscale circulation have been linked to the population dynamic of demersal resources
(e.g. Lloret et al. 2001, Levi et al., 2003; Massuti et al., 2008; Ligas et al., 2011). Although not as numerous as
studies based on environmental parameters and climate indices, there have been studies based on the
hypothesis that ELS transport could be one of the factors influencing the unclear relationship between
spawner stock size and recruitment (Baumann et al. 2006; Zimmermann, Claireaux, & Enberg, 2019). Some
of these studies use proxies for larval transport, while only a few studies utilize direct estimates of larval
transport (e.g. Hidalgo et al. 2019; Romagnoni et al 2020). In particular, in the Atlantic Ocean, the estimates
of retention processes were used to weight the spawning stock biomass of the North Sea cod enhancing the
explained variability of the stock recruitment relationships (Romagnoni et al. 2020). In the Western
Mediterranean Sea, an improvement in the stock recruitment relationship for European hake has been
achieved by explicitly introducing both immigrants and local recruits into the analytical relationship (Hidalgo
et al, 2019). In the SoS, Patti et al. 2020 have shown the crucial role of eggs and larvae retention in promoting
anchovy recruitment.

By analyzing the spawning stock-recruitment relationship, we found that recruitment of red mullet in GSA 16
was significantly related to parental stock size. However, the variation in recruits abundance explained by
the model including only the parental stock size expressed as goodness of fit (R?) was only 0.24 , indicating
limited usefulness for management purposes. This result aligns with the findings of Cury et al. (2014), who
examined 211 marine stocks worldwide. They reported that parental stock size is a predictor that only
accounts for between 5% (for demersal species) and 15% (for small pelagic species) of the recruitment
variability. No significant increase in explained recruits' variation was observed when the estimates of import
and retention of egg and larvae transport from the different spawning zones within and outside the GSA16
were incorporated into the model formulation together with the spawners' stock size. Instead, we found
that by incorporating the evenness index of the eggs and larvae contribution of the spawning zones from
the GSA16 (inRES), enhanced the degree of explained variation in recruitment. This indicates a stronger link

between recruitment of red mullet in GSA 16 and spawning stock size when oceanographic currents force
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the retention of eggs and larvae spawned from different areas of the GSA16 shelf. In other words, for the
same abundance of spawners, the relationship with recruits can change depending on the evenness of the
contribution of the different spawning zones, regulated by oceanographic currents. Specifically, by modeling
recruitment as a function of both spawner abundance and the variation in oceanographic current patterns
driving retention of eggs and larvae from all the spawning areas within the GSA16, the explained variability
in recruitment was enhanced by 64%, compared to using spawning stock abundance alone (R2 of classical
Ricker model 0.24, R2 of Ricker model including Evenness =0.39). The evennessindex (inRES), which indicates
the oceanographic conditions that favor the retention of eggs and larvae from different spawning areas in
GSA16, reflects the AIS jet, which represents a semi-permanent and partially stable barrier between the
southern and northern parts of the SOS (Quattrocchi et al. 2019). Years with high inRER reflect conditions in
which this current retains a fraction of eggs and larvae in the vicinity of the nursery area, regardless of the
spawning zone considered. At the same time, this current could increase and concentrate primary
productivity on the continental shelf, as described by Patti et al. 2018. Considering the highly oligotrophic
waters surrounding the Sicilian shelf, this could increase the survival of early life stages (Patti et al. 2018) and
consequently favor recruitment. Conversely, the presence of a high average retention of eggs and larvae may
represent conditions favouring the arrival from one of the spawning areas, while preventing the arrival from
the other areas, thus representing a condition where the barrier created by AlS is not stable and also far from
the one favoring high primary productivity. These results are in line with those obtained by Levi et al. (2003),
who found that at a given level of spawning stock size of red mullet off the Southern Sicilian coasts the
recruitment success was higher when the water's temperature in the pre-recruitment period (July-August)
was warmer than the average SST. The Authors associated these results with a weaker upwelling of deep
waters in coastal waters off southern Sicily and a consequent lower offshore transport of early life stages.

Our results highlight that oceanographic currents, which contribute to larval dispersal, along with spawner
abundance, can enhance the explained variation in red mullet recruitment compared to the model that
includes only the spawner stock size. Focusing on the metrics of larval transport from adjacent areas, the
results indicated that the larval arrivals from other GSAs were extremely low, never exceeding 1% of the

released particles, in the examined time series. This suggests that they are unlikely to significantly influence
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recruitment within GSA 16. On the contrary, its fluctuations appear to be driven by both the spawner
abundance and the changing currents patterns, which affect the homogeneous arrivals of eggs and larvae
from the different spawning zones of the GSA16. Additionally, it is noteworthy that the Lagrangian
simulations in Gargano et al. 2017 assume that larvae are particles passively transported during the dispersal
phase, which generally overestimate dispersal distance while underestimating the local retention (e.g.
Shanks, 2009; Faillettaz et al., 2018; Corell and Nissling, 2019; Pires et al. 2021) considering also the capacity
of larvae of Mullus barbatus of displacing in areas with a high productivity compared to the neighborhood
areas (Sabates et al. 2015) therefore able to perform active behavior. Consequently, it is likely that the
synergic effect oceanographic condition and parental stock abundance on recruitment could be much greater
than that shown by our results if Lagrangian experiments simulated the active behavior of larvae and pre-
recruits, while the contribution to recruitment from sources external to the GSA 16 would be even lower.
According to the origin of the recruits, marine populations can be classified as ranging from entirely closed
to fully open, and one of the processes underlying this distinction is the interaction of various biophysical
mechanisms (e.g. currents and coastal topography) that can counteract or enhance the dispersion of eggs
and larvae, favoring, in the first case, their retention in the natal area and the maintenance of the spatial
structure of the populations (e.g. Cowen et al., 2000; Sponaugle et al., 2002). In our study, we observed that
red mullet recruitment within GSA16 is not significantly dependent upon larval import from external
spawning areas. This result suggests that within GSA 16, where the red mullet reproduces in the summer
season characterized by intense AlS (Sorgente et al. 2003), the mesoscale circulation associated with the
coastal bathymetry represents a powerful larval retention mechanism (Garcia La Fuente et al., 2002; Falcini
et al. 2015; Quattrocchi et al., 2019; Patti et al., 2020). In summary, our results are consistent with the stock
unit assumption for assessment and management purposes of red mullet in the GSA 16 adopted the GFCM,
being a quite self-sustained population with a low degree of demographic exchanges with the adjacent GSAs
covering the waters around the Maltese Islands and the African shelves.

However, the current study is based on the current distribution of spawning and nursery areas in the region.
Considering the possible shifts in species distribution due to climate change (Cheung et al. 2013; Pinsky et al.

2013), solutions for addressing such shifts (e.g., re-evaluating spatial patterns of nursery and spawning areas
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and the stock unit boundaries) should be taken into account to avoid mismatches between biological
populations and management units (Kerr et al., 2017; Cadrin, 2020).

The multidimensionality of the recruitment process, with numerous biotic and abiotic factors involved in its
variability, is well recognized (Jakobsen et al., 2016 and references therein; Sharma et al., 2019).
Environmental processes, such as the oceanographic conditions involved in the ELS drift, can rapidly cause
changes in recruitment rates and, consequently, stock size, affecting the dynamics of exploited populations
(e.g., Fogarty et al. 1991). Here we showed that since the parental stock size is a measure of the cumulative
contribution of each year class, the expected spawners per recruit, calculated according to the classical
replacement line for a given fishing mortality, varies when the evenness level of larval transport from
different areas change. Specifically, we showed that for a given fishing mortality, when there is a switch from
high to low evenness on the GSA16 shelf, recruitment can be inadequate to maintain the spawning stock
size, leading to a short-term stock decline. These concerns are particularly relevant in relation to future
changes of ocean conditions predicted in the Mediterranean Sea, i.e. an increase in mixing and a decrease of
boundary strength between regions, with potential effects on drifting organisms such as plankton, eggs, and
larvae (Ser-Giacomi et al., 2020). Numerical ocean simulations in the Mediterranean are refined enough to
explore the spatiotemporal variability of larval transport over several years (e.g. Gargano et al. 2017;
Quattrocchi et al. 2019; Palmas et al., 2017; Celentano et al., 2020; Clavel-Henry et al., 2021; Patti et al.,
2020; Melaku Canu et al., 2021). However, results of dispersal patterns are rarely incorporated into fisheries
assessment and management (Hidalgo et al. 2019; Romagnoni et al. 2020). Understanding and predicting
recruitment is an important part of the stock assessment mainly in those cases such as the Mediterranean
fisheries in which most of the catch is based on youngest year classes (Levi et al., 2003). The number of
recruits entering the fishery and their prediction are needful for understanding future biomass and catch and
defining a reference points framework based on the relationship between parental stock size and
recruitment (Gabriel & Mace, 1999; Sharma et al. 2019). A model framework which accounts for the
interdependence of parental stock size and larval transport estimates has proved to improve the

understanding of the recruitment dynamics and support the stock units identification for management
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purposes, which is still a main scientific challenge for sustainable management of fisheries (e.g. Cadrin et al.,

2020).

Acknowledgements

Authors warmly thank the colleagues of CNR-IRBIM of Mazara del Vallo involved in the MEDITS program.
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

The data that support the findings of this study are available from the corresponding author upon

reasonable request.

References

Agostini, V. N., and Bakun, A. 2002. Ocean triads’ in the Mediterranean Sea: physical mechanisms
potentially structuring reproductive habitat suitability (with example application to European
anchovy, Engraulis encrasicolus). Fisheries Oceanography, 11: 129-142.

Akimova, A., Nufiez-Riboni, I., Kempf, A., and Taylor, M. H. 2016. Spatially-Resolved Influence of
Temperature and Salinity on Stock and Recruitment Variability of Commercially Important Fishes in
the North Sea. PLOS ONE, 11: e0161917.

Baumann, H., Hinrichsen, H., M6éllmann, C., Koster, F. W., Malzahn, A. M., & Temming, A. (2006).
Recruitment variability in Baltic Sea sprat (Sprattus sprattus) is tightly coupled to temperature and
transport patterns affecting the larval and early juvenile stages. Canadian Journal of Fisheries and
Aquatic Sciences, 63, 2191-2201. https://doi.org/10.1139/F06-112

Beranger, K., Astraldi, M., Crepon, M., Mortier, L., Gasparini, G.P. and Gervaso, L. (2004) The dynamics of
the Sicily Strait: a comprehensive study from observations and models. Deep-Sea Res. Part Il
51:411-440.

Bertrand, J. A., Sola, L. G. de, Papaconstantinou, C., Relini, G., and Souplet, A. 2002. The general

specifications of the MEDITS surveys. Scientia Marina, 66: 9-17.



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Beverton, R. J. H., and Holt, S. J. 1957. On the dynamics of exploited fish populations. Fishery Investigation
Series II, Vol. XIX. UK. 533 pp.

Brander, K., and Mohn, R. 2004. Effect of the North Atlantic Oscillation on recruitment of Atlantic cod
(Gadus morhua). Canadian Journal of Fisheries and Aquatic Sciences, 61: 1558—1564.

Burgess, S. C., Nickols, K. J., Griesemer, C. D., Barnett, L. A. K., Dedrick, A. G., Satterthwaite, E. V., Yamane,
L., et al. 2014. Beyond connectivity: how empirical methods can quantify population persistence to
improve marine protected-area design. Ecological Applications, 24: 257-270.

Burnham, K. P., and Anderson, D. R. 2004. Multimodel Inference: Understanding AIC and BIC in Model
Selection. Sociological Methods & Research, 33: 261-304.

Cadrin, S. X. 2020. Defining spatial structure for fishery stock assessment. Fisheries Research, 221: 105397.

Celentano, P., Falco, P., and Zambianchi, E. 2020. Surface connection between the lonian Sea and different
areas of the Mediterranean derived from drifter data. Deep Sea Research Part |: Oceanographic
Research Papers, 166: 103431.

Camargo, J. A. 1995. On measuring species evenness and other associated parameters of community
structure. Oikos 74: 538-542.

Cheung, W. W., Watson, R., and Pauly, D. 2013. Signature of ocean warming in global fisheries catch.
Nature, 497: 365-368.

Clavel-Henry, M., Solé, J., Bahamon, N., Carretdn, M., and Company, J. B. 2021. Larval transport of Aristeus
antennatus shrimp (Crustacea: Decapoda: Dendrobranchiata: Aristeidae) near the Palamés
submarine canyon (NW Mediterranean Sea) linked to the North Balearic Front. Progress in
Oceanography, 192: 102515.

Colloca, F., Spedicato, M.T., Massutl, E. et al. (2013) Mapping of nursery and spawning grounds of demersal
fish. Mediterranean Sensitive Habitats (MEDISEH). Final Report, DG MARE MAREA, Specific
Contract No 2 S12.600741.

Corell, H., and Nissling, A. 2019. Modelling of larval dispersal of Baltic flounder (Platichthys solemdali)
revealed drifting depth as a major factor determining opportunities for local retention vs large-

scale connectivity. Fisheries Research, 218: 127-137.



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

Cowen, R. K., Lwiza, K. M., Sponaugle, S., Paris, C. B., and Olson, D. B. 2000. Connectivity of marine
populations: open or closed? Science, 287: 857—859.

Cushing, D. H. 1990. Plankton production and year-class strength in fish populations: an update of the
match/mismatch hypothesis. In Advances in marine biology, pp. 249-293. Elsevier.

Di Lorenzo, M., Sinerchia, M., and Colloca, F. 2018. The North sector of the Strait of Sicily: a priority area for
conservation in the Mediterranean Sea. Hydrobiologia, 821: 235-253.

Escudier, R., Clementi, E., Omar, M., Cipollone, A., Pistoia, J., Aydogdu, A., Drudi, M., Grandi, A., Lyubartsev,
V., Lecci, R., Creti, S., Masina, S., Coppini, G., & Pinardi, N. (2020). Mediterranean Sea Physical
Reanalysis (CMEMS MED-Currents) (Version 1) [Data set]. Copernicus Monitoring Environment
Marine Service (CMEMS).
https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1

Falcini, F., Palatella, L., Cuttitta, A., Nardelli, B. B., Lacorata, G., Lanotte, A. S., Patti, B., et al. 2015. The Role
of Hydrodynamic Processes on Anchovy Eggs and Larvae Distribution in the Sicily Channel
(Mediterranean Sea): A Case Study for the 2004 Data Set. PLOS ONE, 10: e0123213. Public Library
of Science.

Faillettaz, R., Paris, C. B., and Irisson, J.-O. 2018. Larval Fish Swimming Behavior Alters Dispersal Patterns
From Marine Protected Areas in the North-Western Mediterranean Sea. Frontiers in Marine
Science, 5: 97.

Fogarty, M. J., Sissenwine, M. P., and Cohen, E. B. 1991. Recruitment variability and the dynamics of
exploited marine populations. Trends in Ecology & Evolution, 6: 241-246. Elsevier Current Trends.

Fogarty, M., and Botsford, L. 2007. Population Connectivity and Spatial Management of Marine Fisheries.
Oceanography, 20: 112-123.

Gabriel, W. L., Mace, P. M. (1999). A review of biological reference points in the context of the
precautionary approach. In Proceedings of the fifth national NMFS stock assessment workshop:
providing scientific advice to implement the precautionary approach under the Magnuson-Stevens

fishery conservation and management act. NOAA Tech Memo NMFS-F/SPO-40 (pp. 34-45).



524 Gabriel, W. L., Sissenwine, M. P., & Overholtz, W. J. (1989). Analysis of spawning stock biomass per recruit:
525 an example for Georges Bank haddock. North American Journal of Fisheries Management, 9(4),
526 383-391.

527  Gargano, F., Garofalo, G., and Fiorentino, F. 2017. Exploring connectivity between spawning and nursery
528 areas of Mullus barbatus (L., 1758) in the Mediterranean through a dispersal model. Fisheries

529 Oceanography, 26: 476-497.

530 Garofalo, G., Bel Hassen, M., Jarboui, O., Zgozi, S., Gristina, M., Fiorentino, F., Ragonese, S., Camilleri, M.

531 2008. Preliminary results on spatial distribution of abundance indices, nursery and spawning areas
532 of Merluccius merluccius and Mullus barbatus in the central Mediterranean.
533 GCP/RER/010/ITA/MSM-TD 19: 24 pp

534 Garofalo, G., Fiorentino, F., Bono, G., Gancitano, S., and Norrito, G. 2004. Localisation of spawning and

535 nursery areas of Red mullet (Mullus barbatus, Linnaeus) in the Italian side of the Strait of Sicily
536 (Central Mediterranean). GIS/Spatial analyses in fishery and aquatic sciences, 2: 101-110. Fishery-
537 Aquatic GIS Research Group Saitama, Japan.

538 Garofalo, G., Fortibuoni, T., Gristina, M., Sinopoli, M., and Fiorentino, F. 2011. Persistence and co-

539 occurrence of demersal nurseries in the Strait of Sicily (central Mediterranean): Implications for
540 fishery management. Journal of Sea Research, 66: 29—38.Goodyear, C. P. 1993. Spawning stock
541 biomass per recruit in fisheries management: foundation and current use. Canadian Special
542 Publication of Fisheries and Aquatic Sciences: 67-82.

543 D J Gilbert. 1997. Towards a new recruitment paradigm for fish stocks. Canadian Journal of Fisheries and
544 Aquatic Sciences. 54(4): 969-977. https://doi.org/10.1139/f96-272

545 Goodyear, C. P. 1993. Spawning stock biomass per recruit in fisheries management: foundation and current
546 use. Canadian Special Publication of Fisheries and Aquatic Sciences: 67-82.

547 Haddon, M. (2011). Modelling and Quantitative Methods in Fisheries, Second Edition. CRC Press.

548 Hidalgo, M., Rouyer, T., Bartolino, V., Cervifio, S., Ciannelli, L., Massuti, E., Jadaud, A., et al. 2012. Context-
549 dependent interplays between truncated demographies and climate variation shape the population

550 growth rate of a harvested species. Ecography, 35: 637-649.


https://doi.org/10.1139/f96-272

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

Hidalgo, M., Rossi, V., Monroy, P., Ser-Giacomi, E., Hernandez-Garcia, E., Guijarro, B., Massuti, E., et al.
2019. Accounting for ocean connectivity and hydroclimate in fish recruitment fluctuations within
transboundary metapopulations. Ecological Applications, 29.

Hilborn, R. and Walters, C. J. (2001). Quantitative Fisheries Stock Assessment: Choice, Dynamics, &
Uncertainty. Chapman & Hall, New York, NY, second edition.

Hinrichsen, H.-H., St. John, M., Aro, E., Grgnkjeer, P., and Voss, R. 2001. Testing the larval drift hypothesis in
the Baltic Sea: retention versus dispersion caused by wind-driven circulation. ICES Journal of
Marine Science, 58: 973—-984.

Hjort, J. (1914) Fluctuations in the great fisheries of northern Europe viewed in the light of biological
research. Rapports et Proces-verbaux des R ™ eunions, Conseil International pour I'Exploration del la
* Mer, 20, 1-228.

Hjort, J. (1926) Fluctuations in the year classes of important food fishes. Journal du Conseil International
pour I'Exploration de la Mer, 1, 1-38.

Houde, E. D. 2016. Recruitment variability. In Fish reproductive biology: 91-171. Edited by: Jakobsen, T.,
Fogarty, M. J., Megrey, B. A, and Moksness, E. 2016. Fish reproductive biology: implications for
assessment and management. John Wiley & Sons.

Huwer, B., Hinrichsen, H.-H., Bottcher, U., Voss, R., and Koster, F. 2014. Characteristics of juvenile survivors
reveal spatio-temporal differences in early life stage survival of Baltic cod. Marine Ecology Progress
Series, 511: 165-180.

Huwer, B., Hinrichsen, H.-H., Hissy, K., and Eero, M. 2016. Connectivity of larval cod in the transition area
between North Sea and Baltic Sea and potential implications for fisheries management. ICES
Journal of Marine Science, 73: 1815-1824.

Jakobsen, T., Fogarty, M. J., Megrey, B. A., and Moksness, E. 2016. Fish reproductive biology: implications
for assessment and management. John Wiley & Sons.

Kell, L., Kell, A. (2011). A comparison of age slicing and statistical age estimation for Mediterranean

swordfish (Xiphias gladius). Collect. Vol. Sci. Pap. ICCAT. 66/4, 1522-1534.



577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

Kerr, L. A., Hintzen, N. T., Cadrin, S. X., Clausen, L. W., Dickey-Collas, M., Goethel, D. R., Hatfield, E. M. C., et
al. 2017. Lessons learned from practical approaches to reconcile mismatches between biological
population structure and stock units of marine fish. ICES Journal of Marine Science, 74: 1708-1722.

King, M. 2013. Fisheries biology, assessment and management. John Wiley & Sons.

Koster, F. W., Hinrichsen, H.-H., Schnack, D., John, M. A. S., Mackenzie, B. R., Tomkiewicz, J., M6llmann, C.,
et al. 2003. Recruitment of Baltic cod and sprat stocks: identification of critical life stages and
incorporation of environmental variability into stock-recruitment relationships. Scientia Marina, 67:
129-154.

Levi, D. 1991. Recruitment calendar and fishing ban: the case of the Sicilian Channel. Oebalia, 17: 237-257.

Levi, D., Andreoli, M. G., Bonanno, A., Fiorentino, F., Garofalo, G., Mazzola, S., Norrito, G., et al. 2003.
Embedding sea surface temperature anomalies into the stock recruitment relationship of red
mullet (Mullus barbatus L. 1758) in the Strait of Sicily. Scientia Marina, 67: 259—-268.

Ligas, A., Sartor, P., and Colloca, F. 2011. Trends in population dynamics and fishery of Parapenaeus
longirostris and Nephrops norvegicus in the Tyrrhenian Sea (NW Mediterranean): the relative
importance of fishery and environmental variables: Trends in P. congirostris and N. norvegicus.
Marine Ecology, 32: 25-35.

Lloret, J., Lleonart, J., Solé, I., and Fromentin, J.-M. 2001. Fluctuations of landings and environmental
conditions in the north-western Mediterranean Sea. Fisheries Oceanography, 10: 33-50.

Machias, A., and Labropoulou, M. 2002. Intra-specific Variation in Resource Use by Red Mullet, Mullus
barbatus. Estuarine, Coastal and Shelf Science, 55: 565-578.

Massuti, E., Monserrat, S., Oliver, P., Moranta, J., Lépez-Jurado, J. L., Marcos, M., Hidalgo, M., et al. 2008.
The influence of oceanographic scenarios on the population dynamics of demersal resources in the
western Mediterranean: Hypothesis for hake and red shrimp off Balearic Islands. Journal of Marine
Systems, 71: 421-438.

Myers, R.A. and Barrowman, N.J., 1997. Is fish recruitment related to spawner abundance?. Oceanographic

Literature Review, 7(44), p.749.



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

Melaku Canu, D., Laurent, C., Morello, E. B., Querin, S., Scarcella, G., Vrgoc, N., Froglia, C., et al. 2021.
Nephrops norvegicus in the Adriatic Sea: Connectivity modeling, essential fish habitats, and
management area network. Fisheries Oceanography, 30: 349-365. Wiley Online Library.

Miller, T. J. 2007. Contribution of individual-based coupled physical-biological models to understanding
recruitment in marine fish populations. Marine Ecology Progress Series, 347: 127-138.

Olsen, E. M., Ottersen, G., Llope, M., Chan, K.-S., Beaugrand, G., and Stenseth, N. C. 2011. Spawning stock
and recruitment in North Sea cod shaped by food and climate. Proceedings of the Royal Society B:
Biological Sciences, 278: 504-510.

Ospina-Alvarez, A., Catalan, I. A., Bernal, M., Roos, D., & Palomera, I. (2015). From egg production to
recruits: Connectivity and inter-annual variability in the recruitment patterns of European anchovy
in the northwestern Mediterranean. Progress in Oceanography, 138, 431-447.

Palmas, F., Olita, A., Addis, P., Sorgente, R., and Sabatini, A. 2017. Modelling giant red shrimp larval
dispersal in the Sardinian seas: density and connectivity scenarios. Fisheries Oceanography, 26:
364-378.

Patti, B., Torri, M., and Cuttitta, A. 2020. General surface circulation controls the interannual fluctuations of
anchovy stock biomass in the Central Mediterranean Sea. Scientific Reports, 10: 1554. Nature
Publishing Group.

Perretti, C., Fogarty, M., Friedland, K., Hare, J., Lucey, S., McBride, R., Miller, T., et al. 2017. Regime shifts in
fish recruitment on the Northeast US Continental Shelf. Marine Ecology Progress Series, 574: 1-11.

Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L., and Levin, S. A. 2013. Marine taxa track local climate
velocities. Science, 341: 1239-1242.

Pires, R. F., Peliz, A., and dos Santos, A. 2021. Into the deep—Dispersal models for deep-water decapod
shrimp larvae: The case of Parapenaeus longirostris. Progress in Oceanography, 194: 102568.
Elsevier.

Planque, B., Fox, C. J., Saunders, M. A., and Rockett, P. 2003. On the prediction of short term changes in the
recruitment of North Sea cod (Gadus morhua) using statistical temperature forecasts. Scientia

Marina, 67: 211-218.



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

Quattrocchi, G., Sinerchia, M., Colloca, F., Fiorentino, F., Garofalo, G., and Cucco, A. 2019. Hydrodynamic
controls on connectivity of the high commercial value shrimp Parapenaeus longirostris (Lucas,
1846) in the Mediterranean Sea. Scientific Reports, 9: 16935. Nature Publishing Group.

R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/.Ricker, W. E. 1954. Stock and
recruitment. Journal of the Fisheries Board of Canada, 11: 559-623.

Ritz, C. and Streibigg, J. C. (2008) Nonlinear regression with R. Springer-Verlag, New York.

Romagnoni, G., Kvile, K. @., Dagestad, K., Eikeset, A. M., Kristiansen, T., Stenseth, N. C., and Langangen, @.
2020. Influence of larval transport and temperature on recruitment dynamics of North Sea cod
(Gadus morhua) across spatial scales of observation. Fisheries Oceanography, 29: 324-339.

Scannella D., V. Gancitano, F. Falsone, M.L. Geraci, S. Vitale, F. Colloca, E. Arneri, L. Ceriola, F. Fiorentino
(2019) GFCM — SAF. General fishery commission for the Mediterranean -Stock assessment form M.
Barbatus in combined GSA 16.

Ser-Giacomi, E., Jorda-Sanchez, G., Soto-Navarro, J., Thomsen, S., Mignot, J., Sevault, F., and Rossi, V. 2020.
Impact of climate change on surface stirring and transport in the Mediterranean Sea. Geophysical
Research Letters, 47: €2020GL089941. Wiley Online Library.

Sharma, R., Porch, C. E., Babcock, E. A., Maunder, M. N., and Punt, A. E. 2019. Recruitment: Theory,
estimation, and application in fishery stock assessment models. Fisheries Research, 217: 1-4.

Shanks, A. L. 2009. Pelagic Larval Duration and Dispersal Distance Revisited. The Biological Bulletin, 216:
373-385.

Sorgente, R., Drago, A. F., and Ribotti, A. 2003. Seasonal variability in the Central Mediterranean Sea
circulation. Annales Geophysicae, 21: 299-322.

Sponaugle, S., Cowen, R. K., Shanks, A., Morgan, S. G., and Leis, J. M. 2002. Predicting self-recruitment in
marine populations: Biophysical correlates and mechanisms. BULLETIN OF MARINE SCIENCE, 70: 35.

Spedicato, M. T., Walter, Z., Pierluigi, C., Fabio, F., Follesa, M. C., Francois, G., Cristina, G.-R., et al. 2019.
Spatial distribution of marine macro-litter on the seafloor in the northern Mediterranean Sea: the

MEDITS initiative.



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

Subbey, S., Devine, J. A., Schaarschmidt, U., and Nash, Richard D.M 2014. Modelling and forecasting stock—

recruitment: current and future perspectives. — ICES Journal of Marine Science, 71: 2307-2322.

Szuwalski, C.S., Vert-pre, K.A., Punt, A.E., Branch, T.A. and Hilborn, R. (2015) Examining common
assumptions about recruitment: a meta-analysis of recruitment dynamics for worldwide marine
fisheries. Fish and Fisheries 16, 633—648.

Tanner, S. E., Teles-Machado, A., Martinho, F., Peliz, A., and Cabral, H. N. 2017. Modelling larval dispersal
dynamics of common sole (Solea solea) along the western Iberian coast. Progress in Oceanography,
156: 78-90.

Trenkel, V. M., Huse, G., MacKenzie, B. R., Alvarez, P., Arrizabalaga, H., Castonguay, M., Gofii, N., et al.
2014. Comparative ecology of widely distributed pelagic fish species in the North Atlantic:
Implications for modelling climate and fisheries impacts. Progress in Oceanography, 129: 219-243.

Tserpes, G., Fiorentino, F., Levi, D., Cau, A., Murenu, M., Zamboni, A. D. A., and Papaconstantinou, C. 2002.
Distribution of Mullus barbatus and M. surmuletus (Osteichthyes: Perciformes) in the
Mediterranean continental shelf: implications for management. Scientia Marina, 66: 39-54.

Tserpes, G., Massuti, E., Fiorentino, F., Facchini, M. T., Viva, C., Jadaud, A., Joksimovic, A, et al. 2019.
Distribution and spatio-temporal biomass trends of red mullets across the Mediterranean. Scientia
Marina, 83: 43.

Zamboni, A., Rossi, M., Mannini, A., Gatto, A., & Fiorentino, F. (2000). La capacita di rinnovo della triglia di
fango Mullus barbatus (L., 1758) in Mar Ligure sulla base della relazione adulti/reclute. Biol. Mar.
Medit, 7(1), 107-116.

Zimmermann, F., Claireaux, M., and Enberg, K. 2019. Common trends in recruitment dynamics of north-east
Atlantic fish stocks and their links to environment, ecology and management. Fish and Fisheries, 20:

518-536.



