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Summary: European hake (Merluccius merluccius) is an important commercial fisheries species that shows growth over-
fishing, with catches basically focused on juveniles. This study assesses the benefit of closing a coastal area (an essential
habitat for European hake recruits) to fishing, in addition to other alternatives of spatial management, compared with tra-
ditional, non—spatial management scenarios on fishing grounds exploited by the bottom trawl fleets of Blanes and Palamds
(Province of Girona, NE Spain). We use InVEST, a spatially explicit model of intermediate complexity that simulates the
bioeconomic effects of management measures for decision making. The sensitivity analysis of the model results shows the
high influence of some parameters, particularly the parameterization of the recruitment submodel and European hake’s
fecundity coefficients. The results are also examined in the light of uncertainty on migration parameters: in the two cases
analysed (considering migration patterns or not), the results of the indicators (catch and revenues, abundance, recruitment
and spawning stock biomass) were qualitatively similar and all show that the application of a restricted fishing area in one
particular fishing ground (Vol de Terra) is the best management alternative. Its bioeconomic effects are comparable to a
reduction of fishing effort of up to 20%. With high levels of ontogenetic migration, fishing on a second fishing ground (Cul
de Rec — El Pas) should be restricted to enhance the biomass of the European hake population.
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Gestion espacial de la pesqueria de merluza europea Merluccius merluccius en el Mediterraneo catalan: Simulacion
de distintas alternativas de gestion mediante el modelo InVEST

Resumen: La merluza europea (Merluccius merluccius) es una especie importante de la pesqueria comercial que mues-
tra sintomas de sobreexplotacion de crecimiento ya que sus capturas se basan esencialmente en juveniles. En este estudio
evaluamos los beneficios de cerrar un drea costera a la explotacion pesquera (hdbitat esencial para los juveniles de merluza
europea), asi como otras alternativas de gestioén espacial, comparadas con escenarios de gestion tradicional sin restricciones
espaciales, en los caladeros explotados por las flotas de arrastre de Blanes y Palamds (NE Espafia). El andlisis se basa en
InVEST, un modelo de complejidad intermedia explicito espacialmente que permite simular los efectos bioecondmicos de las
medidas de gestion para la toma de decisiones. El andlisis de sensibilidad de los resultados del modelo muestra que la influen-
cia de ciertos pardmetros sobre la variabilidad de los resultados es elevada, en particular la parametrizacion del submodelo
de reclutamiento y los coeficientes de fecundidad de la merluza europea. Los resultados se examinan también en funcion de
la incertidumbre de los parametros de migracion: en los dos casos considerados (con o sin migracion), los resultados de los
distintos indicadores (capturas e ingresos, abundancia, reclutamiento y biomasa frezante) fueron cualitativamente similares
y todos coinciden en que el establecimiento de un area restringida a la pesca en un determinado caladero (Vol de Terra) re-
presenta la mejor alternativa de gestién. Sus efectos bioecondmicos son comparables a la reduccién de un 20% del esfuerzo
de pesca. Con niveles importantes de migracién ontogenética, la pesca en un segundo caladero (Cul de Rec — El Pas) deberia
ser también restringida para incrementar la biomasa de la poblacién de merluza europea.
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INTRODUCTION

European hake [Merluccius merluccius (Linnaeus,
1758)] is one of the most important demersal species
of the Mediterranean demersal ecosystem. This species
of great commercial value shows growth overfishing,
with catches basically focused on juveniles (Recasens
et al. 1998, Lleonart et al. 2003). In the Mediterranean
Sea, European hake catches have decreased from 52394
t in 1994 to 20370 t in 2014. In GSA 6, this species
requires immediate attention as its stocks show a clear
pattern of declining recruitment and a high exploitation
rate focused on recruits (age group 0) and age group 1
(STECF 2015).

The protection of European hake spawning areas
has been proposed as an effective measure for improv-
ing the size composition of catches (Caddy 1999). The
implementation of new spatial management measures
such as marine protected areas (MPAs) could be the
best alternative for the recovery of the fishery and for
aligning the exploitation of Mediterranean fisheries re-
sources with the Common Fisheries Policy objectives
in terms of fishing mortality levels compatible with the
maximum sustainable yield (MSY) in 2020 (Goiii et
al. 2004, Maynou 2014). Several studies of European
hake populations in the Mediterranean show that the
species recruits in stable nursery areas that are recur-
rent from year to year (Colloca et al. 2015, Fiorentino
et al. 2003, Tserpes et al. 2008), and restricting fishing
effort in these areas would make an important contri-
bution to reducing fishing mortality for age 0 European
hake, thus contributing to stock rebuilding.

Several quantitative models have been developed
to support decision making in fisheries management.
According to their level of complexity, the fisheries
literature has investigated “simple” models such as
VIT (Lleonart and Salat 1992) that reflect the tradi-
tional vision of fisheries management by considering a
single species with fleets that interact technically only,
and “complex” models such as ECOPATH (Polovina
and Ow 1983, Christensen and Pauly 1992), ECOSIM
(Walters et al. 1997) and ECOSPACE (Walters et
al. 1999) that try to represent all trophic levels in an
ecosystem in a balanced manner. Finally, the literature
offers models of intermediate complexity (Plaganyi et
al. 2014) or minimally realistic models that represent
only a subset of (fisheries—relevant) ecosystem pro-
cesses, with a limited number of species most likely
to have important interactions with one species or a
group of species of interest. These include the INVEST
model (Integrated Valuation of Ecosystem Services
and Tradeoffs, Sharp et al. 2016) chosen in this study,
and which includes economic aspects in addition to the
biological ones.

The InVEST suite of models includes software
tools used to map and value natural goods and services
that sustain human economies (Sharp et al. 2016). The
InVEST toolbox contains ecosystem models designed
for freshwater, marine and coastal ecosystems, among
which the InVEST fisheries model (Arkema et al. 2015)
was selected for our analyses. InVEST focuses on the
quantification of trade—offs associated with alternative

management strategies (in the context of fisheries, see
Smith 1994).

The main objective of this study is to evaluate the
biological and economic benefits of closing a shallow
area (an essential habitat of European hake recruits)
to fishing and the consequences of various spatial
management scenarios applied to the European hake
fishery in the Catalan sea. The study emphasizes the
importance of simulating the bioeconomic effects
of such spatial management measures for decision
making through the use of a management strategy
evaluation (MSE) approach. MSE has been widely
recognized as a valuable tool for testing the robust-
ness of management procedures to uncertainties in
the fishing system (Kell and Fromentin 2007). MSE
can be applied by using simulations to compare the
effectiveness of different combinations of manage-
ment strategies for achieving the expected manage-
ment objectives and to compare the strength of these
strategies with regard to errors and uncertainty (Smith
1994). Here, we assess the trade-off of management
strategies based on spatial restrictions compared with
effort limitation strategies.

MATERIAL AND METHODS
Investigated fisheries

Our study area is located in the Catalan sea (GSA
6), including the area fished by the bottom trawl fleet
from the ports of Blanes and Palamds (province of
Girona, NE Spain, Fig. 1). In 2015, these two ports
registered 27% of the total catches of European hake
landed in Catalonia (1500 t) and are the most important
ports in the autonomous community in terms of the op-
erational fishing fleet: 40% of the operational fishing
fleet in Girona (258 vessels) and more than 14% of the
operational fleet in Catalonia (727 vessels).

In the study area, European hake is mainly ex-
ploited by bottom trawling, with 45 vessels (79% of
the local fleet) with a size between 9 and 28 m length
overall. It is also exploited, but to a lesser extent, by
bottom longline, with 12 operational vessels (21% of
the local fleet) and a ship size of between 6 and 11
m length overall. The number of fishing vessels has
shown a decreasing trend in the last ten years (STECF
2015), as has the trawling effort (number of boats *
days at sea), with a marked decline from 2009 to 2010
and from 2014 to 2015. The same trends have been
reported for the Catalan fleet since 2005. The reasons
for this decline are not well understood (Irazola et al.
1996), but probably originate from a combination of
political measures aimed at limiting fishing effort, the
removal of less efficient fishing units, and the general
decrease in fisheries profitability in the Mediterranean
owing to declining fish stocks.

The InVEST model

We used the InVEST model (Integrated Valua-
tion of Ecosystem Services and Tradeoffs, https://
www.naturalcapitalproject.org/invest/), developed
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Fig. 1. — Study area.

by the Natural Capital Project (Sharp et al. 2016),
which can be used to quantify and map the values of
ecosystem services to translate the understanding of
the values of nature into management decisions. The
software includes 17 models for analysing marine
and terrestrial environments, including fish produc-
tion, aquaculture, habitat quality, coastal protection,
water quality and recreational fishing. The InVEST
fisheries production model produces estimates of the
volume and economic value of catches of the mono-
specific fisheries. It is a population model structured
by age or stage, and it is presented as a generic model
that can be adapted to most species and geographies.
However, InNVEST is not intended to provide an ac-
curate prediction of these estimates, but rather is used
as a tool to explore the consequences of decisions
that could affect fish production. The particularity of
the InVEST model is that it includes both biologi-
cal and economic aspects. Furthermore, it is spatially
explicit, using maps as a source of information and
producing maps as outputs. Natural Capital provides
software in Python for the execution of simulations.
We used InVEST version 3.3.32 and worked with the
Windows 10 operating system.

Inputs

InVEST uses life-history information and survival
parameters to estimate the volume and the value of har-
vests. In the case of a population structured by age, we
estimated the parameters of the population that charac-
terize the life history of the species (recruitment, on-
togenic migrations, natural mortality, maturity, weight
and fertility), the subregions of interest as defined by
the fishing grounds within the study area, the attributes
of each subregion (fraction of exploitation and larval
dispersal), the behaviour of the fishery (vulnerability
to fishing), the habitat dependencies (importance and
availability of nursery habitat) and optionally, eco-
nomic valuation (price per unit catch).

Outputs

The model is executed according to a number of
time steps specified by the user and sufficient for the
population to reach a state of equilibrium. The results
of the model are estimates of the volume of the catch
(in t) and economic value of the catches (in €) in the
last step of execution and within the subregions estab-
lished, in addition to estimates of abundance by age
class and subregion in all years of simulation. The
results of multiple executions of the model can be
compared, each one representing different scenarios
of habitat extension, environmental conditions and/
or fishing pressure. The results can be added from the
folders to the ArcGIS document.

Sources of INVEST inputs

For the present study, the definition of the inputs re-
lated to the biological data, valuation data, commerciali-
zation of the catches and data on fishing activity were
obtained from literature sources, fisheries production
data of the Catalan Fisheries Directorate database and
spatial distribution of effort from the Spanish Ministry
of Agriculture, Marine Affairs and Environment by
analysing vessel monitoring data (VMS) with the QGIS
software. The VMS data provided the position of all the
fishing boats of Blanes and Palamés for the years 2013-
2015 at an average frequency of 60 minutes. Finally,
data on the migratory behaviour (ontogenic changes in
spatial distribution) of European hake were obtained by
associating the existing bibliographic data (Doumenge
1966, Recasens et al. 1998) with the European hake dis-
tribution maps by age extrapolated in QGIS 2.10.

Areas of interest
The VMS data were used to establish the extent of

fishing activity in the area of interest and to determine
the fishing effort at the level of each fishing zone (de-
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Fig. 2. — Delimitation of InVEST subregions or fishing grounds.

fined in Fig. 2, with local names; see also Supplemen-
tary material Table S1). Fishing effort was calculated
as number of hours of trawler activity in each cell of a
I1x1 km grid covering the study area (Fig. 3), by filter-
ing fishing vessel signals reporting speeds of between
2 and 4 knots (i.e. fishing tracks). Duplicated posi-
tions were deleted. The daily cleaned VMS data were
then aggregated by year and averaged. All operations
were carried out with QGIS 2.10. The fishing effort
map (Fig. 3) indicates a heterogeneous distribution of
fishing effort (average for 2013-2015) throughout the
study area, which shows that the most exploited fishing
grounds are particularly Gamba — St. Sebastia, Sot de
la Malica, Barana, Vol de terra, Través, Abissinia, Cul
de Rec — El Pas and L’ Avié.

The European hake population model

We modelled the European hake population as 28
subpopulations interconnected via ontogenetic migra-
tion, simulating European hake movement from nurs-
ery shallow waters to greater depths with age (ages 2,
3 and 4). The age-structured population was projected
from 2015 to 2025 in annual time steps. Hence, the
parameters are based on annual rates and the model
progresses in one-year increments.

The European hake population dynamics is given by:
Rec ifa=0

Xt

(Na—l‘x‘t—lMig:—l,x + 2 Nn—LA',Y—IMig;—l,x’) Sa—l,x iflsa<A

X=X

(NA—]‘V,r—lMig;—l,). + Z NA—I,X’,t—lMig;—l.x’) Syt
ifa=A

+ (NAAxArflMig;,x + Z NA.x'.iflMig;,x') SA“,‘

X'%x

where N, , is the number of individuals of age a (A
= maximum age) in the area x at the start of time step
t; S,_1, 1s survival from natural and fishing mortality
from age a—1 to a for each area; Rec,, is recruitment
of new individuals/number of offspring; and Mig*, . is
the proportion of individuals of age a that migrate from
area x' to area x (or the proportion that remain in the
area if x'0=x).

Fig. 3. — Distribution of fishing effort over the study area (units:
trawling hours/year, average 2013-2015).

Harvest is assumed to occur at the beginning of the
year, before the mortality from natural causes. Harvest
(H,, from each subregion in the final (equilibrium)
time step is calculated on the basis of user-defined ex-
ploitation rate(s) and vulnerability. It is given by:

Ht,x = Za, Na,, 'Exx 'Va‘Wa

where Ex, is exploitation, which is the proportion of
the population vulnerable to harvest that is actually
harvested, V, is vulnerability to harvest for age a, and
w, is weight for age.

The number of spawners is the product of the num-
ber of individuals in each age class for the entire study
region and the proportion that are mature by age:

Sp,=ZX, N, _ Maturity,

The biomass of spawners is the product of the num-
ber of individuals in each age class for the entire study
region, the proportion that are mature at each age and
their weight at a given age:

BSp,=X%, N, _ Maturity, W,

where W, is weight by age.

We consider the hypothesis of fast growth for Eu-
ropean hake, with a maximum age of approximately 15
years (Garcia-Rodriguez and Esteban 2002, Mellon-Du-
val et al. 2010), but demographic data for the study area
revealed only five age classes. Thus, five age classes of
the species were considered, with a group 5+ that repre-
sents the maximum age class and includes all individu-
als of this age and individuals of more than 5 years. We
pooled both sexes in the data, as fishing practices or sale
of landings are independent of sex. Maturity at age were
derived from the Data Collection Framework, in STECF
(2015) The biological parameters used as inputs are pre-
sented in Supplementari material Tables S2-S5.

Survival from natural mortality is the proportion of
individuals that continue to the next age. It is calculated
from the instantaneous natural mortality rates (M) as

Sa = g’Ma,t
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where ¢ is the duration of the temporary step over which
the survival is calculated (one year).

Estimating that the largest age of European hake is
15 years, the vector of natural mortality by age was
calculated from the formula of Caddy, using the PRO-
BIOM Excel spreadsheet (Abella et al. 1997), and con-
sidering that natural mortality decreases with the older
ages (Supplementary material Table S6).

The exploitation fraction (Ex) in InVEST refers to
the proportion of the vulnerable and effectively captured
population in each subregion with the effort applied (0
= 0% captured, 1 = 100% captured). Each subregion is
treated independently. In this study, the calculation of
this proportion was based on the fishing effort data avail-
able in the study area through the VMS data. By means
of the spatial union of the two layers, “subregions” (Fig.
2) and “effort” (Fig. 3), with the QGIS software, the av-
erage effort in each subregion was calculated. The maxi-
mum exploitation fraction = 1 (100%) was attributed to
the subregion Gamba — St. Sebastia which recorded the
highest fishing effort. We calculated the exploitation
fraction of the other subregions based on this fishing
ground (Supplementary material Table S7).

Vulnerability to fishing may depend on size, specific
behaviour of the species during a life stage, habitat use
or regulations, and may change depending on fishing
gear and fishing strategies. A value of 1.0 indicates that
age is totally vulnerable to fishing, while values below
1 indicate vulnerability relative to fully vulnerable age.
It is assumed that the vulnerability is the same in all
subregions. On this basis, vulnerability is calculated by
observing the values of fishing mortality applied to each
age (Supplementary material Table S8). According to
the stock assessment of 2015, age 2 represent the age
totally vulnerable to fishing (STECF 2015).

Recruitment submodel

In the case of European hake, as for other Mediter-
ranean fishery stocks, it is difficult to define the rela-
tionship between spawning stock biomass (SSB) and
recruitment with any degree of certainty. In addition,
the stock assessment figures in GSA 6 show consider-
able fluctuations in European hake recruitment in the
last two decades, which may result from a predomi-
nance of environmental factors in the recruitment pro-
cess, rather than a direct relationship between SSB and
recruitment. We therefore examined the simulation
results under two major hypotheses about the recruit-
ment function assumed in the InVEST model. We
first considered the hypothesis of a fixed recruitment
function (H1), and then analysed the results assuming
a linear recruitment (fecundity function: H2). The fe-
cundity function assumes a constant reproductive rate
for adults while the fixed recruitment function assumes
that recruitment is constant and not dependent on the
number of adults. The parameterization of each func-
tion is given by

Fixed recruitment function:

Rec, = LarvalDispersal, x Recruitment

Spatial management of European hake * 179

Fecundity function:
Rec,, = LarvalDispersal, x (X, N, . Maturity, Fecundity,)

To determine the initial number of recruits, a virtual
cohort analysis was carried out using VIT (Version 1.3).
We incorporated the data of length frequency, maturity
of the different age classes, the European hake catch
for 2015 and the other required population parameters
proportionally scaled to the study area (Supplementary
material Table S9).

In the case of the linear recruitment function (fecun-
dity), InVEST requires the age-specific fecundity val-
ues representing the number of descendants (offspring)
per mature individual. These fecundity coefficients
refer to the number of European hake eggs and larvae
that survive and become recruits. Knowing the number
of eggs per female of mature European hake (Recasens
et al. 2008), we need to know the daily mortality rates
of the eggs of the species to define the number of sur-
vivors corresponding to the recruits.

First, based on the observations of European hake
individuals in MEDITS (2012-2013) and in the commer-
cial fishing data, we calculated the number of eggs per
individual through the equation of Recasens et al. (2008):

y = 0.0026x>834

where y is fecundity (number of eggs, in thousands)
and x is size in cm.

Length to age conversion (slicing) allowed us to es-
timate the average number of eggs for each age class,
considering the MEDITS observations for ages 0, 1
and 2 and the commercial fishing observations for the
higher ages (Supplementary material Fig. S1). Given
the number of eggs (N,), we applied an exponential
model of decreasing abundance (average density) with
respect to age to define the average number of recruits
per European hake age class:

Na = N0 e_Za,t

where N, is abundance at age a, N, is estimated abun-
dance at hatching, Z is instantaneous mortality coef-
ficient (daily) and a is age in days.

The data presented in the literature indicate that
mortality rates of eggs and larvae of demersal fish with
pelagic eggs in general must be high and variable both
between years and between populations. The range of
mortality rates observed is 7% to 67% per day. Daan
(1981) found a daily mortality rate of 22% for cod eggs
in the North Sea. To be able to define this daily mortal-
ity rate of European hake eggs, we parameterized the
model according to the catches observed in 2015 (of
the order of 70 t), and considering an interval of 60 to
120 days of egg development. The best combination
provided a daily mortality of 12% (0.1193) during a
period of 90 days. Based on this, the result of the fecun-
dity coefficients by age is presented in Supplementary
material Table S5.

The combination of the sampling data of MED-
ITS cruises with the commercial fishing series of the
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longline fleet (which exploits the older age classes)
allowed us to draw a distribution of the different age
classes and to exploit the available observations to
make an interpolation of the spatial distribution of Eu-
ropean hake throughout the study area. The interpola-
tion of the available data provided the spatial distribu-
tion of each age class by depth ranges (Supplementary
material Fig. S1). The interpolation method used is
inverse distance weighting in QGIS.

As an input required by InVEST, the “larval disper-
sal” represents the proportion of the cumulative larvae
pool that disperses into each subregion. For models
with subregions (as defined by the fishing grounds,
Fig. 2), the model assumes that adults from each sub-
region contribute to a common larval pool. Larvae
are then distributed across subregions. To model the
distribution of the larvae among the 28 subregions of
interest, considering the lack of large-scale studies on
the dispersal and behaviour of European hake larvae,
we assumed the same spatial distribution of larvae and
age 0 individuals throughout the study area. We used
the QGIS software to interpolate the densities of age
0 over the entire study area [MEDITS cruises (2012-
2013) and commercial fishing data]. Given that the
dispersal across all subregions should add up to 1, a
total density value is extracted in each subregion and
then expressed as a relative density to the total density
of age 0 individuals throughout the subregions of inter-
est (Supplementary material Fig. S2).

The migration submodel of InVEST allows Euro-
pean hake movements between the subregions to be
integrated and was applied here with high uncertainty
because no study on European hake ontogenetic migra-
tion had been conducted in our study area. To limit the
uncertainty of this submodel, the results were analysed
in two parts, first without considering migration and
second taking into account the ontogenetic migration
of European hake, and the sensitivity of the outputs to
this submodel are discussed.

To map the migration of European hake in this
model, we consider the migration diagram proposed by
Doumenge (1966), the existing literature and the Euro-
pean hake density maps by age resulting from the in-
terpolation of the MEDITS abundance and commercial
fishing data in the QGIS software. We conclude that
migration occurs for three main ages: age 2, age 3 and
age 4, with an increasing distribution towards deeper
fishing grounds with age (Ontogenic migration). Com-
bining all these data, we defined the probable direction
of the migration between fishing grounds, and conse-
quently the migration coefficients for the three ages
(Supplementary material Table S10).

Valuation, V;, reflects the earnings from the sale
of the harvest. It is intended to give a rough idea of
the current market value for an equilibrated population
based on user-defined price parameters. It is simply

V.. =H,, X FractionProcessed X Price
where Price is the value in price per units (where units

match those given by H,) and FractionProcessed is the
proportion of each harvest unit that remains to be sold

after processing. To define the unit price of the catch,
we referred to the European hake fishing statistics in
the ports of Palamds and Blanes (Catalonia Fisheries
Statistics, 2000-2015), giving an average price of 8.16
euros kg~!. On the other hand, the “Fraction Kept After
Processing” is 1, as the species is sold as a fresh prod-
uct without processing.

Sensitivity analysis of the InNVEST model

The various parameters used in this study were im-
plemented with a certain level of uncertainty, so we
included the effect of the uncertainty in the results for a
better interpretation. The sensitivity of the results to the
submodels and the most uncertain parameters in this
study are analysed, namely: the European hake growth
parameters (+10%) and by default natural mortality,
daily mortality rate (Z) in the calculation of fecundity
coefficients (+10%) and, finally, the submodels of re-
cruitment and migration. For this analysis, we proposed
new input matrices each time, executed the program
again and collected the results of the new simulations.
The results of sensitivity analysis are presented in the
form of principal component analysis (PCA).

Simulation scenarios

The InVEST fisheries model facilitates comparison
of fisheries production under different scenarios. In our
study, we used InVEST to analyse the bioeconomic
effect of a spatial management measure (MPA) and
various cases of effort limitation in different fishing
grounds of the study area, and then to compare the
short-, medium- and long-term results of the manage-
ment scenarios. The selected scenarios are consistent
with the requirements of Council Regulation (EC)
1967/2006, regarding the inclusion of spatial aspects
such as the establishment of protected fishing zones
in order to protect nurseries and/or spawning areas for
the sustainable exploitation of fishery resources in the
Mediterranean Sea, and with the recommendations of
the General Fisheries Commission for the Mediterra-
nean that encourage the reduction of fishing effort in
Mediterranean fisheries.

Scenario 1: Spatial closures

The first scenario consisted of the introduction of
spatial closures in areas representing the essential habi-
tats of European hake recruits in order to limit the fish-
ing pressure at their level. Among the fishing areas with
a high abundance of recruits, we selected the shallow
fishing grounds located closer to the edge of the conti-
nental shelf (average depth <200 m) as the most likely
to coincide with the habitat of European hake recruits.
Then, we studied the effect of closing each of these six
fishing zones: Vol de Terra (75 m), L’ Avié (99 m), Pla-
nassa (111 m), Vol de fora (130 m), Bravada Dbf (141
m) and Cul de Rec — El Pas (182 m). The main scenario
evaluated was the closure of the fishing ground Vol de
Terra, which was proposed by the fishing sector during
the participatory sessions organized by the MINOUW
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project (http://www.minouw-project.eu) in the period
2015-2016, as a step towards joint co-management of
the demersal fishery in the area. The fishing sector and
the fisheries administration perceived that closing this
fishing ground to fishing would help protect European
hake and other fisheries resources (e.g. red mullet) and
sensitive habitats (Posidonia beds are located in the
shallowest reaches of this fishing ground).

Scenario 2: Reduction of fishing effort

The second scenario consisted of the application of
reductions in the fishing effort for the trawl fleet in our
study area, taking into account the distribution map of
the effort in the established subregions.

RESULTS
Sensitivity analysis
Sensitivity of the results to InVEST submodels

The PCA carried out to analyse the effect of the two
InVEST submodels that we parameterized with most
uncertainty, namely, the selected recruitment function
(fixed or fecundity) and the migration matrix is shown
in Figure 4A. The first two factorial axes of the PCA
accounted for 99.51% of the total variability. It is noted
that all the outputs of the model showed a positive cor-
relation with the first component, which differentiates
between the simulations with positive impact on the
catch: the SSB and the abundance. The second compo-
nent showed a positive correlation with the capture and
the SSB in the short term and a negative correlation
with the other outputs, but with a small contribution
(1.18%). We conclude that the integration of the migra-
tion submodel when a constant recruitment is assumed
has a limited effect on the results. The results were
highly sensitive to the recruitment submodel when
a linear SSB-R relation was assumed for European
hake. In this case, the migration submodel also had an
important effect on the results through a considerable
increase in the total catch, abundance and SSB owing
to the high sensitivity of the productivity to any change
in the fecundity of the species.

Sensitivity to population parameters

In the PCA (Fig. 4B), the factorial axes F1 and F2 ac-
counted for 99.54% of the total variation. The first axis
had the highest contribution (+82%) and sets the param-
eters that positively affected all the outputs against those
that had an opposite effect on all the output variables.
The second axis contributed 17% to the total variation
and sets the parameters with a positive correlation with
the long-term capture and the abundance at the end of
the simulation against the parameters that negatively af-
fected the indicators in the short term.

This analysis shows that the parameters that had the
greatest impact on the results were the fertility coeffi-
cients. In addition, it is noted that when one is working
with a linear recruitment, varying the daily mortality
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rate (Z) or the growth parameters (G) of the species
directly affects the fertility coefficients and generates
quite different results. A low daily mortality (F+) (high
fertility) or high growth parameters (G+F) (low natural
mortality) lead to an increase in the assumed fertility
and result in an increase in the total catch, the SSB
and the abundance, especially in the long term. On the
other hand, a slow growth (G-) or a higher daily mor-
tality rate of European hake (F-) lead to a reduction of
the productivity variables.

In the case of constant recruitment, the growth
parameters affected the results positively when fast
growth was assumed, and negatively when slow
growth was assumed. However, this effect was limited
compared with the sensitivity shown by the parameters
under the issue of linear recruitment.

Impact of the management measures

The results of the present study were analysed in
two parts (with or without the migration aspect) and
under two main hypotheses (constant and linear re-
cruitment). This allowed us to consider the effect of
the two submodels of InVEST parameterized with
more uncertainty in the representability of the results.
Firstly, we explored the effect of the closure of fish-
ing grounds (Supplementary material Tables S7, S8)
and selected those with the most important effect on
the results. Then we compared the effect of the MPAs
selected (A1, A2, A3, A6) with the effect of effort limi-
tation (—10% and -20%).

In the cases analysed, we conclude that it would
be beneficial to close the Vol de terra fishing ground
(A1) among the other MPA scenarios (Fig. 4C, E).
The application of an MPA in Vol de terra seemed to
have the best effect on the biological indicators repre-
senting abundance and SSB (Fig. 5A). In addition, the
analysis of the results with linear recruitment showed
the benefit of this MPA in the medium and long term
and for all indicators, including total catch, which re-
covered over time (Fig. 5B). The recruitment function
showed higher values for all the indicators because the
time evolution of each indicator showed an increasing
trend. Thus, all the results were presented relatively to
the baseline scenario.

The beneficial effect of the Vol de terra MPA on the
indicators was also maintained, when the ontogenetic
migration of the European hake for ages 2, 3 and 4 was
considered. In this case, we observed another fishing
ground (Cul de Rec — El Pas) whose closure may also
be beneficial for the fishery, with similar results to
those of the Vol de terra MPA (Figs 6 and 7). In addi-
tion, considering European hake migration involved a
change in the distribution of the catch and abundance in
the different subregions, with an increase in catch and/
or abundance in some fishing grounds, and a decrease
in others in response to the direction of displacement
with migration (according to depth) (Table 1).

The closure of Vol de terra is approximately equal
to a reduction in fishing effort of up to 20% in the entire
area of interest (Fig. 4D, F), which would be equivalent
to the interruption of fishing activity for one day per
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Fig. 4. — PCA results. A, sensitivity analysis of the indicators to the submodels Recruitment and Migration; B, sensitivity analysis of the indica-
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by 10% and 20% in the entire study area.
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week. When considering the migration of European
hake, the results also revealed that the effect of this
MPA is quite close to the effect of reducing fishing ef-
fort by 20% (Figs 6 and 7). Finally, InVEST produced
distribution maps of catch and income in each fishing
ground and for each management scenario. We present
specifically the distribution of catch in a response to
the closure of Vol de Terra as the incomes show the
same distribution as catches (Fig. 8).

DISCUSSION

This work represents the first application of the In-
VEST model to a specific case of demersal fishery in
the Spanish Mediterranean. It is also the first attempt
to pre-evaluate the effect of spatial management on an
overexploited fishery of great interest for the fishing
sector in Catalonia.

Throughout this study, we have evaluated the effect
of the application of an MPA at the level of the Vol
de Terra fishing ground, which seems to be an essen-
tial habitat for European hake recruits, together with
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Fig. 7. — Result of the biological indicators of European hake relative to the baseline scenario (migration submodel, linear recruitment). A1,
closure of Vol de Terra; A2, A4, A5, A6, A3, closure of L’ Avid, Vol de fora, Bravada Dbf, Cul de Rec — El Pas and Planassa; —10%, reduction
of effort by 10%; —20%, reduction of effort by 20%.
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Table 1. — Effect of MPA Vol de Terra on results, highlighting in bold face the main fishing grounds (Area) contributing with recruits to MPA

Vol de Terra.
Mieration Not considering migration
g Effect of Vol de Terra MPA (A1)
Constant recruitment Linear recruitment SSB-R lineal
Scenario 0 MPA 1 Scenario 0 MPA 1
Area Ct N Ct N Ct Ct N Ct N
1 7% 2% 7% 2% 33% 30% 25% 22% 35% 39%
2 -21% -5% 21% -5% 2% 23% -3% 15% 35% 40%
3 50% 14% 51% 14% 82% 44 % 71% 34% 35% 39%
4 12% 3% 12% 3% 38% 31% 30% 23% 35% 39%
5 7% 1% 7% 1% 34% 30% 26% 21% 37% 40%
6 5% 1% 5% 1% 32% 30% 24% 21% 37% 40%
7 -18% —4% -18% —4% 4% 23% -1% 16% 35% 39%
8 1% 0% 3% 1% 26% 28% 22% 21% 35% 39%
9 2% 1% 2% 1% 27% 29% 20% 21% 35% 39%
10 -16% —4% -16% 4% 8% 25% 2% 17% 35% 40%
11 5% 1% 6% 1% 31% 30% 24% 22% 35% 39%
12 2% 1% 2% 1% 28% 29% 21% 21% 35% 39%
13 12% 2% 15% 3% 39% 31% 34% 23% 36% 40%
14 593% 178 % 630% 190 % 696 % 223% 671% 205 % 35% 39%
15 3% 1% 3% 1% 28% 29% 21% 21% 35% 39%
16 24% 2% 24% 2% 53% 31% 43% 22% 38% 41%
17 6% 2% 7% 2% 32% 30% 25% 22% 35% 39%
18 -5% —1% 5% —1% 19% 27% 13% 19% 35% 39%
19 1% 0% 1% 0% 26% 29% 19% 21% 36% 40%
20 1% 0% 1% 0% 26% 28% 19% 21% 35% 39%
21 0% 0% 1% 0% 25% 28% 20% 21% 35% 39%
22 4% -1% —1% 0% 21% 28% 17% 20% 36% 40%
23 —8% 2% 18% 4% 17% 26% 39% 24% 35% 39%
24 -9% -1% 0% 7% 16% 28% 0% 14% -100% 66 %
25 129% 34 % 170% 44 % 170% 65% 192 % 62 % 35% 39%
26 404 % 84 % 502 % 105% 498 % 122 % 560% 125% 35% 40%
27 112% 15% 120% 16% 149% 45% 138% 36% 37% 40%
28 28% 6% 31% 6% 56% 35% 49% 26% 35% 40%

InVEST

8765 - 9860

Fig. 8. — Spatial distribution of catch under A1 (MPA in Vol de Terra) at the end of simulation (time t) according to two recruitment models.
A, constant recruitment; B, linear recruitment.

other management scenarios in order to compare their
efficiency and determine their effect on different bio-
logical indicators (abundance, SSB, recruitment) and
economic indicators (catch or amount) of the fishery.

The InVEST model and the quality of inputs

The InVEST model has been treated with a level
of uncertainty regarding the quality and availability of
the information introduced (inputs). InVEST requires
specific data on the biology and population dynamics
of the species of interest and data on the fishing activ-
ity in the study area. This model allows us to integrate
available information about the fishery and use it to

explore various management scenarios (Sharp et al.
2016). A particularity of this model is that it needs a
limited data volume in comparison with other spatially
explicit models: ISIS-Fish (Ifremer 2007) and DIS-
PLACE (Bastardie et al. 2014).

Some submodels and parameters were imple-
mented with more uncertainty than others. Firstly, the
relation between SSB and recruitment for European
hake remains undetermined throughout GSA6 given
the limitation of the historical series of these data. We
therefore studied two hypotheses for the recruitment
function (constant and linear), analysing the impact of
each function on the results, which showed qualitative-
ly similar results. Second, the fecundity coefficients
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proposed in the case of linear recruitment are a source
of considerable uncertainty and have a high influence
on the results, as there are no scientific studies avail-
able on the survival and/or daily mortality of European
hake eggs and larvae

Furthermore, in relation to the migration submodel,
the migration coefficients were considered with uncer-
tainty due to the absence of mark-recapture studies or
other specific studies that explore the migratory behav-
iour of European hake in the Catalan Mediterranean
Sea. The integration of a migration matrix in this study
has a more perceptible effect on the results, especially
when we consider the hypothesis of linear recruitment,
owing to the added uncertainty of the migration coef-
ficients to that of the fertility coefficients.

Subsequently, the parameters of growth and, con-
sequently, natural mortality (resulting from the change
of these parameters) affect the results to a lesser extent
than the previous parameters and do not change the
general conclusions of the study. The uncertainty of
the results for these parameters was considered in the
representation of the results with confidence intervals,
but not in the case of the linear recruitment function,
given the high sensitivity shown. We note that Euro-
pean hake tagging studies (from de Pontual et al. 2003,
2012, Mellon-Duval et al. 2010) will be useful to im-
prove knowledge about migration, natural mortality
and growth of this species.

All the other parameters considered in this study
were obtained from the most recent bibliographic
sources and/or from the scientific data available to date
(MEDITS), so their effect on the results is estimated as
very limited. However, additional research to clarify
the dynamics of European hake recruitment through the
stations at the level of the study area will improve the
information on the density distribution of the recruits
and thus delimit the zones of nurseries of the species
for better management.

InVEST results

On top of the problem of over—exploitation, the risks
of collapse or depletion of the Mediterranean stocks
seem limited (Caddy 1999) due to the high resilience
of these stocks compared with Atlantic ones (Lleonart
2005). This is explained by the high exploitation rates
of juveniles against the low mortality of adults with
the occurrence of refuge zones for adults on the high
seas. This high mortality of juveniles significantly af-
fects the productivity and structure of the population
(Hidalgo et al. 2009). The average capture size of these
stocks is smaller than the size that would produce the
maximum yield and suffers high variability due to in-
stability of population dynamics and a decrease in the
stocks’ capacity to cope with environmental fluctua-
tions (Anderson 2008).

Given the multi—specific peculiarity of Mediter-
ranean fisheries, a combination of management tools
based only on technical measures and effort control has
not managed to guarantee the long—term sustainability
of fisheries or the conservation of important habitats
(Colloca et al. 2013, Tudela 2004). Therefore, the

implementation of management measures to protect
aggregation areas of juveniles during their first year
of life has the potential to substantially improve the
present fishing exploitation patterns and is a major pre-
requisite for the sustainability of trawl fisheries in the
future (Colloca et al. 2015).

In addition to the results of our study, many studies
have shown that the spatial closure of Mediterranean
nurseries can provide important benefits to fisheries
in terms of increased fishing resistance and improved
yields (Apostolaki et al. 2002, Scarcella et al. 2014).
It would also allow a better fulfilment of the landing
obligation established by the new European Fisheries
Policy and a reduction in the high fishing mortality
of juveniles of demersal stocks in the Mediterranean
(Colloca et al. 2013, Tsagarakis et al. 2014). Spatial
restriction of fishing need not be permanent in order
to be effective. Cinner et al. (2006) show that periodic
closures can have a positive effect on fisheries resourc-
es in terms of both catches and biomass conservation.
Other management schemes are also possible, such as
the periodic rotation of area closures, whose positive
effects are demonstrated in Hart and Rago (2006) or
“pulse fishing”, i.e. restricting fishing on given fishing
grounds on alternate years (Da Rocha et al. 2012).

Outside the Spanish Mediterranean, the European
hake fishery in the Gulf of Lion (GSA7) (Ifremer
2011) also shows over-exploitation by a mixed fleet,
composed mainly of French (88%) and Spanish (12%)
trawlers fishing small European hake individuals. The
pre-evaluation of this fishery through a bioeconomic
model (Macher et al. 2010) showed that interrupting
the fishing activity of the trawls for one month seems
to lead to an improvement in the catch and the SSB,
and a decrease in the global and individual perfor-
mance of the trawling fleet, without reaching the MSY.
In addition, this study showed that a reduction of fish-
ing effort by about 15% per year for four years allows
the MSY to be reached with more beneficial results on
catch and SSB. In this case, reducing the number of
trawls (instead of fishing days) was the only scenario
with a positive impact on the individual performance
of all boats (trawls, longlines and others).

The analysis of another mixed European hake fishery
in the Bay of Biscay using an ISIS-Fish simulation tool
(Ifremer 2007) evaluated the effect of spatio-temporal
management on the dynamics of this mixed fishery
(Drouineau et al. 2006). The parameterization of the
ISIS-Fish model requires the same inputs as InVEST,
in addition to other additional parameters. The authors
concluded that the application of MPAs in the European
hake nursery areas improves not only the stock of Eu-
ropean hake but also the total biomass, the catches, the
SSB and the recruitment of the second species of interest
for this fishery. Therefore, this study highlights the in-
terest of MPAs implemented in areas of European hake
nurseries and supports the conclusions of our work. In
addition, it is suggested through this study that the ap-
plication of an MPA in our area of interest may be useful
for the other demersal species of this mixed fishery, a
finding which could not be revealed with InVEST be-
cause of its monospecific peculiarity.
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The understanding of spatial patterns in population
dynamics is essential to protect critical habitats and
ensure sustainable management of fisheries resources
(Berkeley et al. 2004, Caddy 2000). In the specific
case of European hake, such information on the essen-
tial habitats for the reproduction of the species in the
Mediterranean will contribute to the good application
of the spatial management of fisheries required by the
EU and, in particular, to limiting fishing mortality of
the recruits (Druon et al. 2015).

To identify the appropriate areas for closure against
fishing, many authors have studied the spatial distribution
of juvenile European hake at a regional scale and identi-
fied the main nursery areas where the highest concentra-
tions of juveniles remain stable over the years (Colloca et
al. 2015, Fiorentino et al. 2003, Tserpes et al. 2008). Other
studies are based on the use of the ecological niche model
for the modelling of potential European hake nurseries in
the Mediterranean Sea (Druon et al. 2015).

CONCLUSION

The present study has shown that a spatially ex-
plicit tool such as InVEST can be very useful for pre-
evaluating spatial management measures and choosing
among the best possible alternatives for a fishery by
integrating a limited number of non-complex data. The
present work has allowed us to explore this model to
guide decision making in the management of the Euro-
pean hake fishery, which is overexploited in the Medi-
terranean, and specifically at the ports of Blanes and
Palamo6s. The results of the study coincide with other
studies highlighting the benefits of spatial management
and confirm the importance of protecting this fishery
to sustain the stock of European hake, which is very
sensitive to changes affecting juveniles.

The results of this work allow us to draw two main
conclusions: First, the closure of the Vol de Terra fish-
ing ground is the best spatial management alternative
for the recovery of catches and biomass of European
hake in the medium and long term, and would have a
minor effect on fisheries performance in the medium
term. Fishers are well aware of the importance of this
area as a hake nursery, and our work helped confirm
their preferences, as expressed during the participatory
approach between scientists and stakeholders. Ac-
cording to our results, spatial closures in other fishing
grounds would not attain a similar degree of stock pro-
tection. Second, the application of an MPA in this fish-
ery would be equivalent to a reduction in fishing effort
of 20% in the entire study area, but it would be easier
to implement and would meet with less resistance from
the sector than a fishing effort reduction measure.
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Table S1. — Main characteristics of the fishing grounds.

Average coordinates

Medium

N° MEAN_X MEAN_Y Fishing ground depth (m) Substrate Biozone
1 3747765.466  2060699.092 Malica 630 Mud Bathyal
2 3758848.976 2124115.892 L Estartit 80 Sandy mud Deep Circalittoral
3 3766404.211 2121918.538 Somera 141 Sandy mud Deep Circalittoral
4 3774888.283 2117170.902 El Darrer 322 Mud Deep Circalittoral
5 3750886.389  2065297.876 Sot Malica 434 Mud Bathyal
6 3751240.214 2070771.865 Barana 318 Rock or other hard substrata Bathyal
7 3746611.969 2090204.119 Planassa 111 Rock or other hard substrata Deep Circalittoral
8 3746862.581 2078600.037 Fluviana 154 Sandy mud Deep Circalittoral
9 3705140.896 2075733.035 Les Quaranta 80 Sandy mud Deep Circalittoral
10 3705126.776 2081913.395  Malgrat-Garotes 64 Sandy mud Upper Circalittoral
11 3715697.624 2070418.857 Turé-Paneca 335 Sandy mud Deep Circalittoral
12 3709985.807 2073420.798 Capets 129 Sandy mud Deep Circalittoral
13 3759875.802 2110452.369 CuldeRecElPas 182 Rock or other hard substrata Bathyal
14 3715840.815 2062544.283 Paneca 555 Mud Bathyal
15 3774149.401 2094936.291 Gambal levant 410 Sandy mud Deep Circalittoral
16 3773044.364 2112937.556  GambaStSebastia 518 Mud Deep Circalittoral
17 3767283.137 2087065.943 Bravada dpt 247 Sandy mud Deep Circalittoral
18 3760964.679 2090116.639 Bravada dbf 141 Mud Deep Circalittoral
19 3773251.715 2082138.435 Abissinia 627 Mud Bathyal
20 3770038.54 2083686.82 Putxet 370 Sandy mud Deep Circalittoral
21 3760020.721 2102446.47 Vol de fora 131 Rock or other hard substrata Deep Circalittoral
22 3755720.707 2105442.224 L’Avié 99 Rock or other hard substrata Deep Circalittoral
23 3733147.569 2081327.156 Turé Gros 108 Rock or other hard substrata Deep Circalittoral
24 3744849.393 2102257.061 Vol de terra 75 Sandy mud Deep Circalittoral
25 3725028.47 2081917.482 Rocassa 254 Sandy mud Deep Circalittoral
26 3729898.714 2079765.515 Can Ferrer 131 Sand Upper Circalittoral
27 3737612.127  2069005.178 Través 432 Muddy sand Bathyal
28 3730104.528 2073402.685 La Creu 394 Muddy sand Bathyal

Table S2. — European hake growth parameters.

Von Bertalanffy growth equation

Size-weight relationship

Table S5. — Fecundity coefficients of the European hake population.

Linf
k

t

110

0.178

0

a 0.0048
b 3.12

N(t) = Fecundity*e0-1193"90)

Table S3. — Maturity and weight by age of the European hake

0.077
0.396
1.685
3.686
6.115
8.740

population.
Age Maturity Wt (kg) Wt (STECF, 2015) Table S6. — Natural mortality and survivorship by age of the Euro-
pean hake population.

0 0 0.000 0.022

1 0.15 0.039 0.12 Age M (ProdBiom) Sa (Sa = e™Mar)

2 0.82 0.261 04 0 1.15 0.31663677

3 0.98 0.715 0.991
1 0.65 0.52204578

4 1 1.369 1.62

54 1 5.995 281 2 0.55 0.57694981
3 0.51 0.60049558
4 0.48 0.61878339
5+ 0.47 0.62500227

Table S4. — Fecundity by age of the European hake population.

Age Fecundity (Mean) Source

0 3555 MEDITS

1 18225

2 77560

3 169680 Commercial fishing
4 281438

5 402275
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Table S7. — Exploitation fraction by subregion based on fishing effort.

Subregion (Code) Subregion (Name) Average effort (Boats*days) % Effort Exploitation fraction (Ex)
1 Malica 61 2% 0.136
2 L’Estartit 89 3% 0.199
3 Somera 42 1% 0.094
4 El Darrer 49 2% 0.110
5 Sot Malica 302 10% 0.676
6 Barana 274 9% 0.613
7 Planassa 33 1% 0.074
8 Fluviana 30 1% 0.067
9 Les Quaranta 42 1% 0.094
10 Malgrat-Garotes 95 3% 0.213
11 Tur6-Paneca 51 2% 0.114
12 Capets 69 2% 0.154
13 CuldeRecElPas 132 4% 0.295
14 Paneca 19 1% 0.043
15 Gambal levant 46 2% 0.103
16 GambaStSebastia 447 15% 1.000
17 Bravada dpt 14 0% 0.031
18 Bravada dbf 29 1% 0.065
19 Abissinia 146 5% 0.327
20 Putxet 58 2% 0.130
21 Vol de fora 53 2% 0.119
22 L’Avié 119 4% 0.266
23 Tur6 Gros 60 2% 0.134
24 Vol de terra 260 9% 0.582
25 Rocassa 54 2% 0.121
26 Can Ferrer 80 3% 0.179
27 Través 224 8% 0.501
28 La Creu 94 3% 0.210

Table S8. — Fishing mortality and vulnerability by age class.

Age F (STECF, 2015) Vulnerability
0 0.119 0.0741433
1 1.227 0.76448598
2 1.605 1

3 1.34 0.83489097
4 0.283 0.17632399
5+ 0.283 0.17632399

Table S9. — VIT inputs.

Age Frequency (STECF 2015) Maturity (Data Collection Framework 2003-2012)  Natural mortality (ProdBiom)
0 6589000 0 1.15
1 10610000 0.15 0.65
2 1997000 0.82 0.55
3 124000 0.98 0.51
4 9000 1 0.48
5+ 3000 1 0.47
Parameters of Von Bertalanffy growth equation  (Garcia-Rodriguez and Esteban 2002 in STECF, 2015)

and
Parameters of the length-weight relationship
F terminal .
Total catch (2015) in weight (g) 73,725,000
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Table S10. — InVEST migration tables.

Migration matrix _age 2

Sink / Source 7 22 23 24

1 0 0 0 0 0

2 0 0 0 0

3 0.0172 0 0.0507 0 0

4 0 0 0 0 0

5 0 0 0 0 0

6 0 0 0 0 0

7 0 0 0 0.0008

8 0 0.007 0 0 0.0076

9 0 0 0 0 0

10 0 0 0 0 0

11 0 0 0 0 0

12 0 0 0 0 0

13 0 0.0351 0 0 0.0351

14 0 0 0 0 0

15 0 0 0 0 0

16 0 0 0 0 0

17 0 0 0 0 0

18 0 0.0104 0 0 0.011

19 0 0 0 0 0

20 0 0 0 0 0

21 0 0.0301 0 0 0.0303

22 0 0 0.9493 0 0.0392

23 0 0 0 0.6663 0.0578

24 0 0 0 0 0.7556

25 0 0 0 0 0

26 0 0.0632 0 0.3337 0.0627

27 0 0 0 0 0

28 0 0 0 0 0
ration matrix _age 3

Smi / Source 2 7 8 10 18 21 22 23 24

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2 0.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.05 0.00 0.00 0.00 0.00 0.06 0.06 0.00 0.00

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00

7 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.01

8 0.00 0.02 0.92 0.00 0.01 0.00 0.00 0.00 0.02

9 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

12 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00

13 0.00 0.03 0.00 0.00 0.03 0.02 0.00 0.00 0.03

14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

17 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.03

18 0.00 0.02 0.00 0.00 0.94 0.00 0.00 0.00 0.02

19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

21 0.00 0.03 0.00 0.00 0.00 0.92 0.00 0.00 0.03

22 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.00 0.04

23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.76 0.05

24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.68

25 0.00 0.05 0.06 0.13 0.00 0.00 0.00 0.12 0.05

26 0.00 0.05 0.00 0.13 0.00 0.00 0.00 0.12 0.05

27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table S10 (Cont.). — InVEST migration tables.

Migration matrix _age 4
Sink / Source 2 3 6 7 8 10 13 17 18 21 22 23 24

1 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.05 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00
4 0.07 0.07 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.07 0.07 0.00 0.00
5 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
6 0.00 0.00 0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00 0.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.09 0.11 0.00
12 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.04 0.00 0.00 0.04 0.00 0.00 0.90 0.00 0.05 0.04 0.01 0.00 0.05
14 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.12 0.00
15 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 0.04 0.02 0.00 0.00 0.00
16 0.05 0.02 0.00 0.00 0.00 0.00 0.03 0.05 0.05 0.05 0.04 0.00 0.00
17 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.90 0.01 0.00 0.00 0.00 0.02
18 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.80 0.00 0.00 0.00 0.01
19 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
20 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
21 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.77 0.00 0.00 0.04
22 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.76 0.00 0.04
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.05
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69
25 0.00 0.00 0.00 0.05 0.05 0.13 0.00 0.00 0.00 0.00 0.00 0.11 0.05
26 0.00 0.00 0.00 0.05 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.11 0.05
27 0.00 0.00 0.05 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00
28 0.00 0.00 0.05 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00
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Fig. S1. — Spatial distribution of European hake by depth. A, abundance of ages 3, 4 and 5 by depth (commercial fishing data); B, abundance
of hake by age (0-3) and depth (MEDITS 2012-2013).
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Fig. S2. — Larval dispersal by subregion or fishing ground according to the spatial distribution of age 0 individuals
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