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Abstract

1. Sustainable management of living resources must reconcile biodiversity conser-
vation and socioeconomic viability of human activities. In the case of fisheries,
sustainable management design is made challenging by the complex spatiotem-
poral interactions between fish and fisheries.

2. We develop a comprehensive metapopulation framework integrating data on
species life-history traits, connectivity and habitat distribution to identify priority
areas for fishing regulation and assess how management impacts are spatially dis-
tributed. We trial this approach on European hake fisheries in the north-western
Mediterranean, where we assess area-based management scenarios in terms of
stock status and fishery productivity to prioritize areas for protection.

3. Model simulations show that local fishery closures have the potential to enhance
both spawning stock biomass and landings on a regional scale compared to a
status quo scenario, but that improving protection is easier than increasing pro-
ductivity. Moreover, the interaction between metapopulation dynamics and the
redistribution of fishing effort following local closures implies that benefits and
drawbacks are heterogeneously distributed in space, the former being concen-
trated in the proximity of the protected site.

4. A network analysis shows that priority areas for protection are those with the
highest connectivity (as expressed by network metrics) if the objective is to im-
prove the spawning stock, while no significant relationship emerges between
connectivity and potential for increased landings.

5. Synthesis and applications. Our framework provides a tool for (1) assessing area-
based management measures aimed at improving fisheries outcomes in terms
of both conservation and socioeconomic viability and (2) describing the spatial

distribution of costs and benefits, which can help guide effective management
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and gain stakeholder support. Adult dispersal remains the main source of uncer-

tainty that needs to be investigated to effectively apply our model to fisheries

regulation.
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analysis, site prioritization

1 | INTRODUCTION

Achieving ocean's sustainability is a grand challenge of our time
(Claudet, 2021; Lubchenco et al., 2020; Melnychuk et al., 2021).
Sustainable fisheries require reconciling biodiversity conservation
and socioeconomic goals (Costello et al., 2016; Daw et al., 2015;
Hilborn et al., 2012, 2020; Micheli et al., 2014). However, this
remains difficult, because complex spatiotemporal interactions
between fish and fisheries hinder effective management (JanBen
et al., 2018; Russo et al., 2017). Marine protected areas (MPAs)
and other area-based management tools are increasingly seen
as effective means to protect marine ecosystems while reaching
positive socioeconomic outcomes (Klein et al., 2013; Rassweiler
etal., 2014).

Despite the increasing number of studies focusing on area-based
management (Magris et al., 2018; Villegas-Rios et al., 2021), few at-
tempts have been made to integrate the spatiotemporal distribution
of fish stocks and fishing effort into dynamical models quantifying
distributed regional impacts of local management solutions (Pefia
et al., 2017). Quantitative tools describing the coupled dynamics of
fish and fisheries and highlighting the spatial distribution of benefits
and drawbacks are urgently needed to assess the actual implications
of proposed management scenarios in a realistic way (Bastardie
etal.,, 2017; Ovando et al., 2021).

Seascape connectivity, a fundamental ecological process sup-
porting population persistence and resilience, is key to determining
the effectiveness of protection measures, and hence to guiding ma-
rine spatial planning and fisheries management (Almany et al., 2017,
Balbar & Metaxas, 2019; Botsford et al., 2009; Krueck, Ahmadia,
Green, et al., 2017; Maina et al., 2020). Moreover, this process helps
guaranteeing fishery viability, since fishing grounds connected to
MPA benefit from recruitment subsidy (the passive export of eggs
and larvae) and/or adult spillover (Di Lorenzo et al., 2016). A growing
amount of research has been conducted to support the identifica-
tion of areas that contribute most to keeping metapopulations and
metacommunities connected across heterogeneous seascapes (Bel-
haret et al., 2020; Dubois et al., 2016; Harrison et al., 2020; Melia
etal., 2016).

Recently, network analysis has gained attention as a useful
surrogate to support site prioritization and identify connectivity
hotspots (Engelhard et al., 2017; Zamborain-Mason et al., 2017).
While this approach can partially overcome the difficulties of devel-
oping complex metapopulations models, its ability to account for the

interaction between fishing effort and fish demographic dynamics
remains unexplored.

Here, we develop a metapopulation model to inform site
prioritization for fisheries regulations and assess spatially dis-
tributed impacts and trade-offs in fisheries and conservation
outcomes. We use European hake (Merluccius merluccius) fisheries
in the north-western Mediterranean as a case study. In the last
two decades, hake has been the most overfished species in the
Mediterranean (Cardinale et al., 2017; FAO, 2022; STECF, 2022),
prompting the adoption of multi-annual plans aimed to set fishing
targets and introducing spatial closures to fisheries. We investi-
gate larval connectivity between spawning grounds (where adult
hakes lay their eggs) and nurseries (where juveniles settle at the
end of the larval phase) at the basin scale and perform a network
analysis to identify connectivity hotspots based on a set of net-
work metrics. Then, we use the results of the connectivity analysis
to build a spatially explicit, age-structured metapopulation model
describing the coupled dynamics of hake and its fishery. We use
the model to forecast the outcomes of area-based fishing restric-
tions on stock status and fishery productivity, highlight the spa-
tial distribution of benefits and drawbacks and identify the best
candidate areas for protection. Finally, we assess the consistency
between those areas with connectivity hotspots identified via the

network analysis.

2 | MATERIALS AND METHODS

This is a modelling study that did not involve direct interaction with

fish. Therefore, it did not require ethical approval.

2.1 | Studyarea

The study area is the geographical subarea 9 (GSA 9), as defined by
the General Fisheries Commission for the Mediterranean (GFCM),
encompassing the Ligurian and Northern Tyrrhenian seas (Figure 1a).
Hake nurseries along coasts of Tuscany and Lazio are particularly
productive and persistent in time (Colloca et al., 2015; Milisenda
et al., 2021). Since GSA 9 is strictly connected to GSA 10 (Southern
Tyrrhenian Sea) by the basin-wide cyclonic circulation flowing north-
ward along Italian coasts, we included both GSAs in the connectivity
assessment.



FIGURE 1 (a)Study area,
encompassing geographical subareas
(GSAs) 9 and 10, as defined by the
General Fisheries Commission for the
Mediterranean, and grid used for the
connectivity analysis and the development
of the metapopulation model. Cells are
grouped into regions (labels in italics),
indicated by different colours. The main
cities mentioned in the text are also
shown (roman font labels). (b) Structure of
the metapopulation model. n (x=1,...,6+)
is the abundance of age class x in a cell of
the model, while spawning stock biomass
(SSB) indicates the abundance of the
spawning stock. (c) Matrix of connectivity
intensity (sensu Melia et al., 2016) across
the study area. Matrix rows/columns
indicate cells of origin/destination
respectively (subdivided by region).
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2.2 | Connectivity assessment

We assessed larval connectivity (intended here as the flow of prop-
agules starting from a source cell and successfully arriving at the
destination cell within the duration of the dispersal phase) with an
individual-based biophysical model. We ran Lagrangian simulations
over a discretized grid covering the simulation domain (Figure 1a),
encompassing GSAs 9 and 10. The physical component of the model
relies on daily water velocity fields produced by a physical reanaly-
sis (Simoncelli et al., 2014) with a horizontal resolution of 1/16° and
72 unevenly spaced vertical levels (from O to about 5000m depth).
The biological component accounts for available knowledge on life-
history traits affecting the early life stage dispersal (reproduction
and recruitment schedule, pelagic larval duration, nursery distribu-
tion; see Section S1.1 for details).

Assessing connectivity requires the knowledge of the location
of spawning grounds and nurseries; the MEDISEH project (Colloca
etal., 2015; Giannoulaki et al., 2013) provided a comprehensive picture
of the latter in the western Mediterranean. To identify the most likely
spawning grounds, we ran backward Lagrangian simulations by releas-
ing 107 particles (over 10years, 2004-2013), from nurseries (Figure S1)
at depths where hake juveniles are found in highest abundance during
peak recruitment periods, and backtracked them for the duration of
the larval phase. We reconstructed spawning grounds from the final
locations of Lagrangian particles satisfying bathymetric and density-
based suitability criteria (see Section S1.2 and Tables S1-S3 for details).

We then ran forward Lagrangian simulations to assess larval con-
nectivity between reconstructed spawning grounds and nurseries
across the region. Particles were released from spawning grounds
according to the reproductive schedule and tracked for the duration
of the larval phase, consistently with backward trajectories (see Sec-
tion S$1.3 for details). We generated a matrix of connectivity intensity
(sensu Melia et al., 2016) over a grid of 194 cells measuring 0.125° in
latitude x0.1875° in longitude (Figure 1a), representing fluxes (aver-

aged over 10years) of hake larvae from spawning grounds to nurseries.

2.3 | Network analysis

To identify connectivity hotspots, we built a network in which each
node represents a cell of the domain and each edge a non-empty ele-
ment of the connectivity matrix, that is, an exchange of Lagrangian
particles between two cells. The network is directed (each edge is
oriented from the node of origin to that of destination) and weighted
(connectivity intensity between two nodes is used to weight the re-
lated edge). We characterized each node with a set of six metrics:
indegree and outdegree (i.e. the number of ingoing edges in node i,
or outgoing from node i, respectively), in-strength and out-strength
(the sum of the weights of ingoing edges in node i, or outgoing from
node i), betweenness (the number of shortest paths between every
couple of nodes j,k passing through node i) and information central-
ity (the loss of network efficiency caused by the removal of node i;
see Section S1.4 for details).

2.4 | Metapopulation model

To describe the spatiotemporal dynamics of the stock, we set up
a spatially explicit metapopulation model. The calibration of the
model was only possible for GSA 9, for which data covering the
period 2006-2014 were available from a local stock assessment
(STECF, 2015; Table S4). The spatial domain encompasses 124 cells
(out of 194); in each, we described demographics with a 7-age-class
model (from O to 6+) that explicitly takes into account the most
relevant life-history processes: juvenile recruitment, body growth,
sexual maturation, natural and fishing mortality, larval and adult dis-
persal (Figure 1b). Recruitment in each cell was linked to spawning
stock biomass via a Ricker stock-recruitment function (as in Hidalgo
et al., 2019). The parameters of the function were calibrated for the
whole GSA, but density dependence was assumed to act at the local
scale (as suggested by Macchi et al., 2021 for the Argentine hake
Merluccius hubbsi), so the function was expressed in terms of density
and not absolute numbers. Larval dispersal was estimated through
the previously built connectivity matrix. Unlike early life stages,
adult hakes are excellent swimmers moving over great distances
(Bartolino et al., 2008). In the absence of quantitative data allowing
a realistic description of their motion, we described their redistri-
bution across the study area with a Gaussian dispersal kernel with
variance ag to be estimated (Botsford et al., 2009). Body growth,
sexual maturation and natural mortality curves were parameterized
according to previous stock assessments (STECF, 2015).

The model accounts for the heterogeneous distribution of nurs-
eries (Colloca et al., 2015) and spawning grounds, as well as of fishing
effort (Fiorentino et al., 2014). Fishing mortality is the result of the
action of otter bottom trawls and gillnets, each equipped with spe-
cific gears, operating in its own fishing grounds and targeting hake
of different sizes. Therefore, we subdivided the model domain into
sub-cells (by intersecting the metapopulation grid with the fishing
footprint of the different fleet segments, Figure S2) and described
the interaction between fish abundance and fishing effort in each
sub-cell. Annual landings L;(t) in year t and cell i were estimated
using the Baranov equation:

L= woonx b Z%#&t) [1—exp(= (MO +F,061))],

VeI

(1)

where w(x) is the average weight of a hake of age class x, n;(x, t) is the
expected abundance of individuals of class x in cell i in year t, A, is the
area of sub-cell v, A; is the area of cell i, M(x) is the natural mortality rate
of age class x and F,(x, t) is the fishing mortality rate, sum of the fishing

mortalities determined by the different gears:
Fu06H) = ) An@mOOEm(DW 2
m

where q,, is an unknown catchability parameter associated with
gear m, ¢,,(x) is the selectivity of gear m on age class x (Figure S3;
Table S5),E,,,(t)is the normalized effort of the fleet segment equipped
with gearmandy . is an effort multiplier proportional to the fishing



footprint of gear min sub-cell o. Parameters 951553 dotg40: doNse2.5
dgnsge (OTB: otter bottom trawls; GNS: gill nets), expressing the
catchability of the different gears, and 6?2

o expressing the amplitude
of the dispersal kernel of adult hake, were calibrated against a time
series of abundance by age class covering the period 2006-2014
(STECF, 2015). To account for parameter uncertainty, we followed
the bootstrap procedure described in Belharet et al. (2020) to derive
an empirical probability distribution for each parameter. Landings
estimated with the model for the same period were compared with
data collected under the European Data Collection Framework for
validation. Model structure and calibration procedure are described
in detail in Section S2.

2.5 | Identifying priority areas for
fishing regulation

To explore the ability of the model to effectively inform site pri-
oritization, we assessed the effects of candidate area-based man-
agement scenarios by simulating the long-term impacts of local
closures on the overall productivity of the hake fishery and the
status of the stock. We chose landings (total fish biomass removed
from each age class, excluding discards) and spawning stock bio-
mass (total standing biomass of mature hake) as indicators of socio-
economic and environmental performance respectively (Rassweiler
et al., 2014). In each cell, in turn, fishing effort was set to zero and
relocated homogeneously across the remaining cells to keep the
overall fishing effort unchanged. Stock dynamics were simulated
over 50years, and average values of landings and spawning stock
biomass over the last 10years of simulation were compared with
those obtained simulating a status quo scenario, in which fishing
effort was kept unchanged. A Monte Carlo approach was used to
propagate uncertainty on model inputs (parameters, recruitment
from GSA 10 to GSA 9 and fishing effort). For each closure sce-
nario, the model was run 100 times, each time with a parameter
set (dorpss: doraao donsez.s danssz and op) randomly drawn from
the bootstrapped empirical distribution and using input time series
of recruitment and fishing effort resampled from the original ones
via a nearest neighbour bootstrap algorithm (Lall & Sharma, 1996).
Eventually, a global sensitivity analysis (Saltelli et al., 2004) was
performed to identify the parameters that most critically influence
model output variance. Further details about the identification of

priority protection areas are given in Section S3.

3 | RESULTS

3.1 | Connectivity and network analysis

The connectivity matrix (Figure 1c) linking spawning grounds
(Figure S4) and nurseries has a strong diagonal structure, with ca.
16% of the particles retained within their cell of origin. The Tus-
can Archipelago and the Gulf of Gaeta are important connectivity

hotspots in the area (Figure 2; Figure S5), encompassing the cells
with the highest in-strength, out-strength and information cen-
trality. Instead, the cells with the highest betweenness follow a
backbone stretching from southern Campania up to the Tuscan
Archipelago.

3.2 | Metapopulation model

The calibrated model (Table Sé; Figure S6) correctly captures the
order of magnitude of the different age classes (Figure S7) with
the exception of the oldest, whose inter-annual fluctuations ap-
pear narrower than in the original time series. The model is also
able to reproduce plausible values of landings over the study pe-
riod, despite a slight systematic overestimation (further results in
Section Sé).

3.3 | Identifying priority areas for fishing regulation
Under current fishing pressure (status quo scenario), overall landings
are projected to undergo an average 11% decrease over the next
50vyears, while spawning stock biomass would remain essentially un-
changed. Twenty-five per cent of the closure scenarios considered
would on average improve both landings and spawning stock bio-
mass at the regional scale compared with the status quo (Figure 3,
first quadrant). Sixty-five per cent of the closure scenarios (mainly
in cells along the Tuscan coasts, Figure 4) would benefit spawning
stock biomass, with only a few scenarios (associated with closures
in cells of central and northern Lazio) affecting it negatively. In con-
trast, cells whose closure would benefit landings represent only 29%
of the total and are located in northern Tuscany (from La Spezia to
Livorno), between Tuscany and Lazio (from Grosseto to Civitavec-
chia), and in the Gulf of Gaeta. The cell whose closure would ensure
the highest improvement in spawning stock biomass compared to
the status quo (+70% on average) is located off the Gulf of La Spezia
(Figure 4a,c), while the largest benefit in terms of landings (+3% on
average compared to the status quo, but lower than present levels)
would be generated by closing one of two cells in the Gulf of Gaeta
or one in northern Lazio (Figure 4b,d).

To investigate the spatial distribution of the impacts of a local
closure, that is, to identify winners and losers in fisheries manage-
ment, we calculated the change in landings and spawning stock bio-
mass in each cell of the domain after the fishery closure that would
contribute most to spawning stock protection (corresponding to the
Gulf of La Spezia). The area between Liguria and Livorno (9% of the
domain) would benefit from a strong improvement in spawning stock
biomass (+183% on average and up to +990%, Figure 5a) and land-
ings (+10% on average, and up to +179%, Figure 5b) compared to the
status quo, while the relocation of fishing effort would cause a small
decrease in spawning stock biomass and landings (-1% on average,
up to -2%) in many cells south of Livorno. Although the overall im-
pact on landings of closing the cell in the Gulf of La Spezia would be
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FIGURE 2 Results of the network analysis. (a) Indegree. (b) Outdegree. (c) In-strength. (d) Out-strength. () Betweenness. (f) Information
centrality (see Section S1.4 for details on the metrics).

slightly negative (-2%), fleet segments would be affected in different 3.4 | Linking connectivity and protection

directions, with an overall decrease of 3% in trawler landings and a performances

1% increase in gillnetter landings. The area over which the bene-

fits would be distributed covers 27% of the domain up to southern The performances of local fisheries closures are strictly related to
Tuscany. the role of each cell in regional connectivity. In fact, most network
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FIGURE 3 Medianimpacts of local closures of European hake
fisheries in geographical subarea (GSA) 9. Each dot represents the
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50vyears after a complete closure of the fishery in one of the model
cells (see Figure 1a). Dots indicate median values, while whiskers
show interquartile ranges. Secondary axes (in grey) indicate per
cent changes with respect to present. Percentages indicate the
fraction of scenarios whose mean value falls in a given quadrant.

metrics are significantly correlated with the change in spawning
stock biomass expected from the closure of each cell (Table S7). This
means that the higher a cell is ranked with respect to a given metric,
the more plausible it is that its closure to fishing would positively
contribute to stock protection. The strongest correlations were
found with in-strength, betweenness and information centrality,
while no significant correlation was found between network metrics

and the enhancement of fishery productivity at the regional scale.

3.5 | Sensitivity analysis

The global sensitivity analysis identified the variance of the adult
dispersal kernel (ag) as the parameter that most critically affects
model outputs (first-order index for average change in spawning
stock biomass=0.60, for landings=0.92). A multiple linear regres-
sion between bootstrapped parameters (dorgss dotpa0: donssz.s
Acnss2 ag) and the corresponding model outputs (spawning biomass
and landings) showed a positive correlation between ag and landings

and a negative correlation with spawning stock biomass (Table S8).

4 | DISCUSSION

We trialled a spatially explicit modelling approach to assess the ex-
pected impacts of area-based protection measures at the regional
scale and their spatial distribution at the local scale. The outcomes
of restricting fisheries in a given cell depend on its characteristics in

terms of availability of nurseries and spawning grounds, fishing pres-
sure and larval connectivity. About one quarter of the local closures
would result in a win-win alternative (compared to the status quo
scenario) in terms of both conservation and socioeconomic objec-
tives. However, the areas to be closed as a priority depend strongly
on the management goals (Melnychuk et al., 2021). If the primary
objective is to ensure the viability of the stock, areas hosting larger
extents of nurseries and spawning grounds and characterized by
strong network centrality are prime candidates for protection. If
maximizing productivity is the priority, it is more difficult to identify
an effective rule of thumb to support site prioritization, as we found
no correlation between network metrics and contribution to land-
ings. Many of the cells whose protection would contribute most to
improving productivity are located in the southern part of the study
area (Gulf of Gaeta), most likely due to the current directing larval
drift northward, thus supplying the whole domain with a constant
flow of recruits.

Simulating fish-fishery dynamics with a spatially explicit model
allowed us to highlight the consequences of local closures in differ-
ent areas of the domain. Protecting the cells whose closure is ex-
pected to determine the best performance (in terms of spawning
biomass) at the regional scale would sharply increase the spawning
stock in its near surroundings, while the redistribution of fishing ef-
fort in the rest of the domain would cause small reductions of the
local spawning stock. A wider area would benefit of an increase in
landings, although landings at the regional scale are expected to
decrease slightly. We assumed that the closure of fishing in a cell
would induce a ‘domino effect’ in the spatial reorganization of fish-
ing effort, leading to a homogeneous increase throughout the un-
protected area, as in Krueck, Ahmadia, Green, et al. (2017). This is
an alternative hypothesis to the ‘fishing the line effect’, that is the
tendency of displaced fishing effort to concentrate along closure
boundaries to exploit spillover (Kellner et al., 2007). We ran a few
explorative simulations in which displaced fishing effort was allo-
cated to the cells adjacent to the closure, resulting in a qualitatively
similar pattern of regional impacts. Therefore, we decided to use the
first reallocation rule, considering it as more neutral.

Overall, results suggest that there is room for alternatives able
to potentially improve the status of the spawning stock while con-
taining the decline in landings compared to the projected status quo
scenario, consistently with other case studies (Chollett et al., 2017
Costello et al., 2016; Hilborn et al., 2020; Krueck, Ahmadia, Possing-
ham, et al., 2017). However, we also show that no option is with-
out side effects (Bastardie et al., 2017): the redistribution of fishing
effort following the closure of an area to fishing would lead to an
uneven distribution of positive and negative impacts, especially far
from the protected area. Proper identification of potential winners
and losers is therefore crucial to guide sustainable management de-
sign and gain stakeholder support (Rassweiler et al., 2014), as well as
provide a scientific basis for compensation strategies.

Despite the scarcity of empirical studies addressing both con-
nectivity and population dynamics, linking these aspects is cru-
cial to design MPAs (Belharet et al,, 2020; Bode et al., 2016;
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uncertainty of the estimates, showing the median (bars) and interquartile range (whiskers) of the per cent change in SSB (c) and landings (d).
Colour codes in the histograms indicate the regions in which the study area is subdivided (see Figure 1a). Cells highlighted by a white border
and bars indicated by an arrow are those whose closure would maximize SSB (a, c) and landings (b, d) respectively.

Johnson et al., 2018; Krueck, Ahmadia, Green, et al., 2017; Puckett &
Eggleston, 2016). Integrating demographic and fishing effort dynam-
ics into a consistent spatiotemporal modelling approach is also key
to assess the effectiveness of area-based management tools (JanRen
etal., 2018). The proposed modelling approach encompasses the key
processes influencing marine metapopulation dynamics by incorpo-
rating current knowledge about biological traits, larval connectivity
and spatially explicit information about fishing pressure exerted by
different fleet segments into a unique framework. Although verifying
that the stock under study actually behaves as a true metapopula-
tion is beyond the scope of our work, we believe that habitat patch-
iness, spatial heterogeneity of fishing effort, spatial decoupling of
life stages through flows of adults and larvae connecting otherwise

disjointed patches, and different contribution of each cell to the con-
nectivity network make it conform to the conditions indicated by
Kritzer and Sale (2006), that is, ‘a system in which (1) local popula-
tions inhabit discrete habitat patches and (2) interpatch dispersal is
neither so low as to negate significant demographic connectivity nor
so high as to eliminate any independence of local population dynam-
ics, including a degree of asynchrony with other local populations’.
This is consistent with previous studies suggesting the existence of
a metapopulation structure in Mediterranean and Atlantic European
hake stocks (Hidalgo et al., 2019; Pita et al., 2016).

In the absence of information on the directional movement of
adults, we assumed an isotropic Gaussian dispersion. Possible direc-
tional connectivity could play a crucial role in the redistribution of
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FIGURE 5 Spatial distribution of the impacts of closing European hake fisheries in a specific cell of geographical subarea 9 with respect
to the status quo scenario, namely the median per cent change of local spawning stock biomass (c) and local landings (d) within each cell,
50vyears after closing the fishery in the cell highlighted by a black border (corresponding to the Gulf of La Spezia).

adults within the metapopulation (e.g. in terms of its persistence).
Neglecting this phenomenon could cause mismanagement, which
we have tried to mitigate by formulating the most neutral hypoth-
esis. However, this aspect should not be overlooked in policy deci-
sions and should guide future research. The results of the sensitivity
analysis show, in accordance with theoretical studies (e.g. Rinaldo
et al,, 2020), that the actual size of the area that would benefit
from an increase in landings and/or spawning biomass depends
critically on og, the parameter expressing the dispersal capacity of
adult hake. Changing this parameter has opposite effects on land-
ings and spawning stock biomass: lower values of o‘é imply higher
retention, resulting in an increased spawning biomass that favours
stock recovery within the protected cell and in its immediate prox-
imity; conversely, higher values of o% imply greater dispersal, lower
density-dependent effects and a consequently wider area benefit-
ing from higher landings.

This study corroborates the idea that network analysis can help
explain the role of different areas in determining metapopulation
connectivity and, consequently, in contributing to sustain stock via-
bility. Recent literature has interpreted the ecological significance of
network metrics: strength measures the magnitude of potential lar-
val exchange from/to a node, while degree highlights the geograph-
ical diversity of connections from/to that node; in-(degree/strength)
and out-(degree/strength) quantify the tendency of a node to act
more as a larval sink or source respectively (Conklin et al., 2018;
Dubois et al., 2016). Betweenness identifies key stepping stones
for animal movement (Friesen et al., 2019), while information cen-
trality quantifies how propagation on a network is affected by the
deactivation of a node (Latora & Marchiori, 2007). Network metrics
most correlated with the conservation performances of different
cells take into consideration the connectivity network as a whole

(betweenness and information centrality) or reflect the availability
of extended nursery habitats that act as effective receptors of juve-
niles (in-strength), another key ecological function.

Significant correlations between network metrics and meta-
population persistence had already been found in recent theo-
retical work (Zamborain-Mason et al., 2017), and recent studies
have advocated the use of those metrics as effective tools to
support site prioritization for biological conservation (Boschetti
et al., 2020; Conklin et al., 2018; Watson et al., 2011). Given the
increasing availability of relatively simple tools for assessing con-
nectivity and estimating network metrics, approaches based on
network analysis can be effective for a quick and cost-effective
identification of candidate areas for protection, hence providing
a potential surrogate to developing a full metapopulation model.
In our case study, however, the lack of significant correlation be-
tween network metrics and the contribution of each cell to fish-
ery productivity cautions against the actual potential of network
analysis to completely replace a metapopulation approach. A com-
prehensive approach integrating available information on connec-
tivity, habitat extent and suitability, species-specific life-history
traits and the spatiotemporal dynamics of fishing effort, is hence
essential to develop more realistic models that can support a ro-
bust site prioritization (Cabral et al., 2016).

The modelling approach proposed here could easily be extended
to the scale of the entire Mediterranean or a larger portion of it,
allowing for a Mediterranean-wide stock management as envisioned
by the European Commission. Besides the limitations already high-
lighted here (such as inadequate knowledge of adult movement)
that need to be urgently addressed, the lack of stock assessments
in many regions is a major obstacle in this direction. Furthermore,

this study addresses new issues beyond those commonly addressed



in Mediterranean fisheries management, which often prioritize the
preservation of persistent nurseries over spawning grounds. While
it is true that juveniles are particularly vulnerable to trawl fisheries
when they assemble, too little attention has so far been paid to the
protecting adult aggregations (Carbonara et al., 2019).

Despite some simplifications, essentially due to the lack of finer-
scaled information on the stock under study, we believe that our
approach provides a valuable tool for exploring alternative manage-
ment policies from a truly spatially explicit perspective. Furthermore,
our analysis identified the parameter (adult dispersal) on which fu-
ture studies should focus to reduce uncertainty about the impacts
of area-based measures and their geographical distribution, allowing
for a more robust application of this framework to fisheries regu-
lation. Our results provide a starting point for developing manage-
ment rules aimed at a more equitable distribution in space and time
of costs and benefits at the regional scale. Failing to properly take
into account both the spatial and temporal dimensions of the prob-
lem may hinder stakeholders' support for management decisions.
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