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Abstract. Marine resources stewardships are progressively becoming more receptive to an
effective incorporation of both ecosystem and environmental complexities into the analytical
frameworks of fisheries assessment. Understanding and predicting marine fish production for
spatially and demographically complex populations in changing environmental conditions is
however still a difficult task. Indeed, fisheries assessment is mostly based on deterministic
models that lack realistic parameterizations of the intricate biological and physical processes
shaping recruitment, a cornerstone in population dynamics. We use here a large metapopula-
tion of a harvested fish, the European hake (Merluccius merluccius), managed across transna-
tional boundaries in the northwestern Mediterranean, to model fish recruitment dynamics in
terms of physics-dependent drivers related to dispersal and survival. The connectivity among
nearby subpopulations is evaluated by simulating multi-annual Lagrangian indices of larval
retention, imports, and self-recruitment. Along with a proxy of the regional hydroclimate influ-
encing early life stages survival, we then statistically determine the relative contribution of dis-
persal and hydroclimate for recruitment across contiguous management units. We show that
inter-annual variability of recruitment is well reproduced by hydroclimatic influences and syn-
thetic connectivity estimates. Self-recruitment (i.e., the ratio of retained locally produced larvae
to the total number of incoming larvae) is the most powerful metric as it integrates the roles of
retained local recruits and immigrants from surrounding subpopulations and is able to capture
circulation patterns affecting recruitment at the scale of management units. We also reveal that
the climatic impact on recruitment is spatially structured at regional scale due to contrasting
biophysical processes not related to dispersal. Self-recruitment calculated for each management
unit explains between 19% and 32.9% of the variance of recruitment variability, that is much
larger than the one explained by spawning stock biomass alone, supporting an increase of con-
sideration of connectivity processes into stocks assessment. By acknowledging the structural
and ecological complexity of marine populations, this study provides the scientific basis to link
spatial management and temporal assessment within large marine metapopulations. Our
results suggest that fisheries management could be improved by combining information of
physical oceanography (from observing systems and operational models), opening new oppor-
tunities such as the development of short-term projections and dynamic spatial management.
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INTRODUCTION

Understanding the complex dynamics of large marine
fish stocks is one of the most pressing challenges for
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fisheries science, as it is the fundamental basis to
improve the reliability of future projections of fish pro-
duction (Cheung et al. 2013) and since species shift their
distributions due to climate change, increasing the num-
ber of transboundary stocks (Pinsky et al. 2018).
Besides, there is a general acceptance that the spatial
and demographic structure of marine populations is
more complex than currently accounted for in assess-
ment and management frameworks (e.g., Stephenson
et al. 2009; Kerr et al. 2017). Indeed, marine popula-
tions are often structured as a metapopulation, that is, a
set of sub-populations connected through the exchange
of individuals (Carson et al. 2011, Castorani et al. 2015)
and whose spatial boundaries rarely coincide with man-
agement units (Kerr et al. 2017). This limitation comes
along the contemporary challenge in fisheries
assessment and management of making the best use of
physical predictions (from earth-system models up to
high-resolution biophysical ocean models) to include
them in the short-term projections of abundance of fish
stocks (Hinrichsen et al. 2011). Despite a recent expan-
sion of spatially explicit fish stock assessment procedures
to cope with the populations’ complexity (e.g., adult
movement; Goethel et al. 2011), they still overlook the
dynamics of early life stages potentially connecting sub-
populations. Apart from those species whose adults
migrate substantially (Frisk et al. 2014), connectivity is
largely driven by physical dispersion due to multi-scale
oceanic currents (Cowen and Sponaugle 2009), and has
a profound impact on fish recruitment success and fish
population dynamics (Botsford et al. 2009a,b, Harrison
et al. 2012, Huwer et al. 2016).
Recruitment success (i.e., survival of progeny that

enters a population in a given year) is a pivotal ecologi-
cal process in fisheries ecology that relates quantitative
observations of young fish to a measure of spawning
potential (stock–recruitment relationships). Most of the
fish recruitment research is still co-opted by contempo-
rary topics such as assessing the effects of global changes
on marine ecosystems and fisheries by exploring how
large-scale climatic variability influences key ecological
processes like survival (Rice and Browman 2014). Most
of these studies, however, do not take into account the
stochastic and fine-scale structures of the seascape,
which shape both larval dispersal and survival resulting
in “realized” connective pathways (Carson et al. 2011).
Incorporating realistic larval dispersal schemes into pop-
ulation dynamics and fisheries studies could improve
our comprehension of population structuring and its
temporal variability (Castorani et al. 2015). By embrac-
ing simultaneously connectivity and environmental
processes, we test here whether the combination of high-
resolution connectivity patterns with climate influences
and biological factors improves our capability of
reproducing fish recruitment dynamics in a ubiquitous
harvested nektobenthic species.
Empirical studies in the prominent field of ocean con-

nectivity have largely concentrated on small scales,

particularly for the spatial design of Marine Protected
Areas (MPAs) networks in coastal and coral-reef seas-
capes (e.g., Botsford et al. 2009a,b, Almany et al. 2017).
Recent large-scale modeling studies linked connectivity,
MPAs and fishery sciences (Botsford et al. 2009a,b,
Dubois et al. 2016, Krueck et al. 2017) but they
remained eminently theoretical and they mainly focused
on the implications for spatial management at transna-
tional scale and long dispersal organisms (e.g., Kough
et al. 2013, Andrello et al. 2017). However, they did not
explore, nor provide observational evidence of, how con-
nectivity temporally affects fishery assessment exercises.
Indeed, the effects of broad-scale connectivity on the
spatiotemporal population dynamics of large popula-
tions has received little attention (Hidalgo et al. 2017),
mostly focused on nearshore systems, or sedentary and
benthic species with reduced mobility (Siegel et al. 2008,
Carson et al. 2011, Watson et al. 2012, Rochette et al.
2013, Castorani et al. 2015). In the meantime, numerical
models are becoming mature enough to study the influ-
ence of environmental variability on recruitment success,
to improve stock management frameworks (Hinrichsen
et al. 2011), as well as to explore the spatiotemporal
variability of larval connectivity over several years (e.g.,
Ospina-Alvarez et al. 2015). Daewel et al. (2015)
recently documented a relative predictive ability of mod-
eled larval survival for observed cod recruitment in the
North Sea, but their entire time-series were not signifi-
cantly correlated due to non-resolved trophic interac-
tions. Simulated multi-annual connectivity estimates
have been indirectly interpreted in the context of fish-
eries (e.g., Huwer et al. 2016, Andrello et al. 2017) but,
to our knowledge, there is no report of significant and
coherent relationship between modeled connectivity
proxies and observed population estimates (e.g., assess-
ment outputs of segregated stocks). Many biophysical
models are being developed by the community to
address this challenge but they often use different formu-
lations and they generate various connectivity indices,
which are not necessarily harmonized or inter-compar-
able. Nevertheless, most recent research suggests that the
mechanistic and deterministic models currently used in
fisheries assessment can be substantially improved by
including realistic information of physical processes
related with both larval dispersal and survival.
The reliability of fish assessment and management

strategies are often questioned worldwide because of the
mismatch between biological and management scales
(Kerr et al. 2017). In the Mediterranean Sea, this has
been recently challenged as a priority to ensure sustain-
ability of assessed fish stocks (Fiorentino et al. 2014), of
which more than 90% are in overexploitation state (Fer-
nandes et al. 2017). This urges for effective measures
and population dynamics modeling that realistically cap-
ture the ecological complexity of harvested populations.
Focusing on the European hake (Merluccius merluccius),
which is the most overexploited nektobenthic species of
the Mediterranean Sea, the present study aims at
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addressing the following specific objectives. First, we
assess the potential larval connectivity within and
among six discrete subpopulations of hake in the Wes-
tern Mediterranean. Second, we evaluate whether the
connectivity estimates help to explain the temporal
dynamics of recruitment and survival (i.e., the rate of
individuals that survived from birth to the age of recruit-
ment) in three contiguous geographical areas (hereafter
referred to as “management units”) that currently frame
independent assessment procedures for this species. By
combining ocean circulation models, time-series of
regional climate and biological variables, we model the
spatiotemporal dynamics of hake recruitment. We then
quantify the relative influence of the regional circula-
tion-driven dispersal and the hydroclimate as selective
forces shaping recruitment and survival across the
metapopulation sub-units. Our results are discussed to
question whether connectivity estimates provided by
ocean models are able to effectively capture the temporal
dynamics of key biophysical processes shaping fish
recruitment and how they can improve the ecological
basis of fisheries assessment and management.

MATERIALS AND METHODS

Metapopulation system

This work focuses on the northwestern Mediterranean
metapopulation of European hake (Merluccius merluc-
cius), an exploited nekton-benthic species of high eco-
nomic value. The study system is structured by
recognized physical and environmental recognized
boundaries, and the phenology of key ecological pro-
cesses such as spawning and recruitment. On the south-
ern border, the Almeria-Oran front represents a physical
barrier of transport by ocean currents, which confines
the population structure and act as a gene-flow barrier
for many marine species (Galarza et al. 2009). In addi-
tion, the recruitment of hake in the southwestern
Mediterranean occurs in autumn whereas it peaks in late
winter / early spring in the study area (Rey et al. 2004,
Recasens et al. 2008). In the north-east, the spawning
phenology of hake in the Ligurian and Thyrrenian seas
is seasonally opposed to that in the Gulf of Lion, off the
Iberian Peninsula and around the Balearic Islands,
which occurs in autumn (Recasens et al. 2008, Hidalgo
et al. 2009). Altogether, this allows us to simplify our
metapopulation to six distinct eco-regions consistent
with recent studies (Hidalgo et al. 2009, Puerta et al.
2016): Gulf of Lion, Catalan coast, Ebro delta, Valencia
gulf, Northern and Southern Balearic Islands (Fig. 1).
This structure of the metapopulation system implies that
all larvae ending their dispersal phase outside of these
regions are considered lost. Similarly, it presupposes that
the potential arrival of dispersed larvae from other hake
metapopulations is very unlikely and the effect minimal.
From now on and in the entire paper, we assumed that

each of these eco-regions constitutes a metapopulation

subunit. That is, a subpopulation of hake sensu stricto as
defined by Cowen and Sponaugle (2009) “a set of individ-
uals that live in the same habitat patch and interact with
each other.” We consistently use the term
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FIG. 1. Normalized estimates of larval exchanges (arrows)
and retention (colored circles) among the different subpopula-
tions of hake (colored clusters composed of several individual
nodes of the transport network). To facilitate the interpretation,
only fluxes greater or equal to 5% of the total annual exchanges
are displayed. Two panels are examples illustrating the two con-
trasting scenarios of connectivity. (A) Year 1989 shows the main
southwestward transport pattern along the mainland with
almost no import into the Balearic archipelago. (B) Year 2005
exhibits a reduced southwestward transport and stronger con-
nections with the Balearic Islands. The six subpopulations are
Gulf of Lion (red), Catalan coast (dark blue), Ebro delta
(green), Valencia gulf (light blue), northern Balearic Islands
(yellow), and southern Balearic Islands (magenta). Widths of
arrows and diameters of circles are proportional to the strength
of larval Import (Imp) and Local Retention (LR), respectively.
Gray thick lines represent the three Geographic Sub-Areas
(GSAs) that correspond with management units used by the
General Fisheries Commission of the Mediterranean: Gulf of
Lion (GSA-7), Iberian Peninsula (GSA-6), and Balearic Archi-
pelago (GSA-5). Black thin contours show the 200-m isobaths.
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“subpopulation” throughout this study for clarity purpose
while alternative semantic choices and their scientific
implications are further discussed in the light of our
results. Our six hypothesized subpopulations correspond
to three of the 30 current Geographical Sub-Areas (GSAs,
gray contours on Fig. 1), currently used for assessment
and management purposes in the General Fisheries Com-
mission for the Mediterranean (GFCM): Gulf of Lion
(GSA-7), Iberian Peninsula (which includes Catalan
coast, Ebro Delta, and Valencia gulf subpopulations;
GSA-6) and the Balearic Islands (encompassing both
northern and southern Balearic subpopulations; GSA-5;
map available online).8 We consistently use the term “man-
agement unit” to refer to these areas in this study.

Lagrangian flow network and connectivity metrics

We evaluate the dispersion of hake0s larvae among
those six subpopulations using the Lagrangian flow net-
work (LFN) methodology that has been inspired from
network theory and dynamical systems perspectives
(Ser-Giacomi et al. 2015). This framework has been
applied to depict connectivity patterns within the entire
Mediterranean basin (Rossi et al. 2014, Dubois et al.
2016). The oceanic surface is subdivided in thousands of
equal-area rectangular subregions that serve as nodes
(small boxes in Fig. 1) in our transport network. These
nodes, equivalent of discrete habitat patches, are inter-
connected by weighted and directed links that represent,
using the most adequate numerical and biological
parameters (Monroy et al. 2017), passive transport of
hake’s propagules (eggs and larvae) by ocean currents.
Those links are orientated by the oceanic flow and are
weighted proportionally to the normalized larval fluxes
occurring over the entire period of the pelagic phase. To
characterize such links, Lagrangian particle trajectories
are computed by integrating the horizontal (two-dimen-
sional) flow field generated by an eddy-resolving hydro-
dynamical model implemented at 1/16° horizontal
resolution in the Mediterranean over years 1987–2011
(Oddo et al. 2009). A total of 100 particles were seeded
evenly in each node of 1/8° width (this means releasing
about 1 particle/km2) at a fixed subsurface layer. We
retained here the layer at 90 m depth, where hake larvae
have been mostly observed (Olivar et al. 2003). The pela-
gic larval duration (PLD) simulated is 40 days (Hidalgo
et al. 2009). We considered repeated spawning events
each year during the main autumnal spawning period of
the species with seven starting times (15 days apart)
from 1 September to 30 November (Hidalgo et al.
2009). We also performed additional sensitivity tests to
further support the robustness of our conclusions (see
Appendix S1).
From several millions of virtual trajectories represent-

ing the transport of free-swimming propagules, LFN
builds high-resolution connectivity matrices between all

possible origin and destination nodes (i.e., for each node,
it stores the numbers and weights of all links emanating
from it and entering it) of the region under study. Matri-
ces are post-processed to discard specific sites (through
an adequate selection of nodes) and to vary the scales of
interest (through the grouping of selected nodes) without
the need to recompute any trajectory. In particular, we
consider as origin/destination sites only those with pref-
erential habitats of hake (e.g., nodes inshore of the 300-
m isobath). Within those nodes, local larval release and
success of recruitment are homogeneous; they are null in
the remaining nodes. Overall, 175 numerical experiments
(seven spawning events per year over 25 years) generate
175 connectivity matrices that are then further analyzed
to compute metrics, which measure larval retention and
directional exchanges applying formulations derived
from population dynamics concepts (Dubois et al.
2016). We assume that recruitment of a given subpopula-
tion is at primary controlled by locally produced larvae
and the immigration of distantly released larvae. Conse-
quently, the three complementary connectivity metrics
exploited here are: import, local retention and self-
recruitment. Import (Imp) is the total number of incom-
ing larvae from all origins (produced elsewhere only).
Local Retention (LR) is the proportion of locally pro-
duced larvae that are locally retained. Self-Recruitment
(SR) is the ratio of locally produced larvae retained in
each area to the total number of incoming larvae (in-
cluding those produced locally). In this respect, LR is
only a local measure whereas SR encompasses informa-
tion of both local (LR) and remote directional influences
(Imp). LR and SR relate to the self-persistence of a given
subpopulation while Imp and SR evaluate the network
persistence of the whole metapopulation (Castorani
et al. 2015, Dubois et al. 2016). Imp is expressed in
absolute number of particles. LR and SR are probabili-
ties with values between 0 and 1 (0 indicates no reten-
tion). While some authors suggested that SR can be a
good predictor of LR under certain conditions (e.g., Lett
et al. 2015), Dubois et al. (2016) generalized the formu-
lations of these connectivity estimates applied to larval
transport and showed that the relative difference
between LR and SR provides insight into the source or
sink behavior of the subpopulation of interest. We report
here the annual averages of these three connectivity met-
rics with associated uncertainties (standard deviations),
calculated among the successive spawning events within
the main reproductive season.
The sensitivity and robustness of those connectivity

metrics to the most relevant parameters of the LFN were
extensively assessed (Dubois et al. 2016, Monroy et al.
2017; Appendix S1). In order to compare modeled con-
nectivity estimates with fisheries assessment outputs (see
also Statistical Approach), we calculated the metrics at
two hierarchical scales: for the six aforementioned sub-
populations of hake and at the scale of the three regional
management units described previously. This lets us eval-
uate (1) which is the best connectivity metric to reproduce8 http://www.fao.org/gfcm/data/map-geographical-subareas/es/
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the fisheries assessment estimates and (2) at which spatial
scale (subpopulation or management unit) the impact of
larval retention and exchange is better captured.

Statistical approach

Prior to the modeling of fisheries-based information,
we first assessed the relative contribution of LR and Imp
on SR, applying general additive modeling (GAMs) on
SR as response variable and LR and log(Imp) as nonlin-
ear covariates.
We then statistically assessed and quantified the

impact of our physical-dependent drivers on recruitment
and survival (i.e., the ratio of recruitment at time t to the
spawners biomass at time t � 1), which were obtained
from GFCM fisheries assessment groups of the three
corresponding management units that take into account
information from scientific bottom trawl surveys (SAC-
GFCM 2015). As physical covariates, we investigated
the potential linear effects of the simulated connectivity
metrics (LR, SR, and log(Imp)) along with the regional
hydroclimatic index (RHI) that can capture biophysical
processes not related to dispersal. Connectivity estimates
included in the models were calculated at both “subpop-
ulation” and “management unit” levels to assess the spa-
tial scale at which including connectivity maximizes
models’ performance (Metadata S1, Data S1). RHI is
calculated attending to air–sea heat exchange anomalies
in the northwestern Mediterranean, and has been related
to the inter-annual variability of intermediate water
mass formation in winter in the Western Mediterranean.
Negative values of this index are associated to higher
formation rate of winter intermediate water mass, which
influences the seasonal surface circulation patterns
resulting in greater regional primary production than
average (Balb�ın et al. 2014), with a positive impact on
the recruitment success of hake in the Balearic Islands
(Massut�ı et al. 2008). While it suggests that the RHI
captures biophysical processes mainly related to early
life stages survival, it is not yet clear if and how they
could be related to dispersal.
Besides physical drivers, we also accounted for den-

sity-dependent regulation in our statistical modeling. In
the case of recruitment, we included the potential non-
linear effect of spawning stock biomass (SSB) applying a
GAM framework (Hidalgo et al. 2012). If the density-
dependent effect was not significant, the model resulted
in a linear model. In the case of survival, we used the
classic Ricker model extended to environmental drivers,
Rt = a0 SSBt�1 e

�b
SSBt�1+∑

c
i
Pi,t eɛt, applying its trans-

formation to a linear model, log(Rt/SSBt�1) = log(a0) �
b SSBt�1 + ∑ciPi,t + ɛt, where Rt is the recruitment
(age-0) at year t and log(Rt/SSBt�1) the survival, SSBt�1

the spawning abundance at year t � 1, Pi,t represent a
vector of the i physical drivers, a0, b, and ci are the
estimated parameters, and ɛt the error term.
To account for the temporal lag induced by the succes-

sive spawning, dispersal, settlement and finally

recruitment process, connectivity metrics of year t were
regressed against fisheries assessment variables of year
t + 1. To test whether density dependence influences
recruitment survival at larger spatial scales than
expected in the meta-population, spawning biomasses of
contiguous management units were combined. Given
that the length of the time-series of fisheries assessment
variables differs among areas, a final model with three,
two and one covariate(s) were considered for the Balea-
ric Islands, Gulf of Lion, and the Iberian Peninsula,
respectively.
Prior statistical analyses, absence of correlation and

collinearity among physical and biological covariates
was confirmed by applying, respectively, Spearman cor-
relations and the variance inflation factor test (Zuur
et al. 2009). The best model was obtained by minimizing
the Akaike information criterion (AIC). For every
model, residuals were checked for variance homogeneity
and absence of temporal autocorrelation applying the
autocorrelation function (acf). To quantify the benefits
of considering connectivity and climate proxies to model
fish recruitment, we compare the percentage of deviance
explained of models including those metrics with the
standard models based solely on SSB. Once the best
model was obtained for each management unit, all time-
series were normalized to mean 0 and variance 1 and
pooled in a unique and centered (i.e., intercept equals 0)
linear model to compare the size (slope) of each effect
(connectivity, hydroclimate, and spawning stock) for
each management unit.

RESULTS

Connectivity estimates

Larval exchanges simulated by the Lagrangian flow
network (LFN) among the six discrete subpopulations
of hake suggest that the subsurface circulation in the
northwestern Mediterranean, dominated by the Liguro-
Provencal-Catalan current, drives a southwestward
directional pattern of connectivity (Fig. 1). The Gulf of
Lion is thus the main source of particles Import (Imp)
into the Iberian Peninsula. While this southwestward
connectivity prevails in all 25 years under study (see the
annual mean patterns of connectivity over 1987–2011 in
Appendix S2: Fig. S1), two distinct scenarios can be dis-
tinguished. The first connectivity pattern consists in a
southwestward flux to the mainland, with a weak or null
transport towards the Balearic Islands (Fig. 1a). The
second one reveals a reduced transport towards the Ibe-
rian Peninsula shelf and an eastward retroflection of the
main transport pathways, resulting in stronger connec-
tions with the Balearic Archipelago (Fig. 1b). Larval
Local Retention (LR) also displays consequent spa-
tiotemporal variability, which seems less prominent than
the changes of directional connectivity patterns (Fig. 1;
Appendix S2: Fig. S1). The lowest LR values occur over
the narrow shelves of the Catalan coast (0.32 � 0.1
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[mean � standard deviation]) and the northern Balearic
Islands (0.33 � 0.07). In contrast, relatively extended
continental shelves tend to favor retention rates: the
Gulf of Lion has intermediate LR (0.42 � 0.07), while
the highest LR values are obtained for the Ebro delta
(0.46 � 0.06), the Valencia channel (0.47 � 0.06) and
the southern Balearic Islands (0.47 � 0.05; see pairwise
comparisons in Appendix S2: Table S1).
The high variability of ocean currents is reflected in all

modeled connectivity metrics; Imp (not shown), LR,
and Self-Recruitment (SR) displayed consistent
inter-annual (Fig. 2a) and geographical variations
(Appendix S2: Figs S1, S2). The relative position of a
given cloud of points in the scatter plot LR vs. SR
(Fig. 2b) illustrates the different contributions of reten-
tion (LR) and exchange (Imp) processes in each subpop-
ulation. In this sense, SR results in a synthetic index that
integrates both local and distant connectivity processes.
The inter-annual variability of SR is more dependent on
Imp in the Ebro Delta, the Gulf of Valencia, and the
southern Balearic Islands (Fig. 2b and Appendix S2:
Figs S1, S2). In contrast, both the Catalan coast and the
northern Balearic Islands show a more even contribu-
tion of LR and Imp variability on SR (Fig. 2b and
Appendix S2: Fig. S2). Overall, the whole meta-popula-
tion shows a balanced contribution of LR and Imp on
SR, with relatively high SR at moderate LR. Following
Dubois et al. (2016), who showed that the greater devia-
tion between SR and LR, the more pronounced is the
source or sink behavior, it indicates that the 6 subpopu-
lations mostly behave as sources in which larval export
dominates import (Fig. 2b). This further suggests a
dynamical system in which both self-replenishment and
exchanges among distant sub-populations (i.e., network
persistence) play key roles in controlling its connectivity.
While the inter-annual variability of SR is elevated,
reflecting the variations of both LR and Imp, means of

SR for each subpopulation still show significant geo-
graphic discrepancies: high in the southern Balearic
Islands (0.84 � 0.07) and Gulf of Valencia
(0.87 � 0.06), medium in the Ebro delta (0.68 � 0.1)
and northern Balearic Islands (0.72 � 0.09), and rela-
tively low in the Catalan coast (0.53 � 0.1; Fig. 2b; see
also pairwise comparisons in Appendix S2: Table S2).
Note that SR in the Gulf of Lion is always close to 1
(0.99 � 0.003), demonstrating it is mostly influenced by
local processes (LR) as Imp is very weak or null due to
the dominant southwestward directional connectivity
and its positioning on the north-eastern boundary of
our simplified meta-population system.
We also evaluated LR and Imp contribution to SR

variability for the three corresponding management
units to match the scale used in fisheries assessment pro-
cedures (Fig. 3). The Iberian Peninsula shows that the
rate of change of SR is similar to the positive effect of
LR and the negative one of Imp. The LR and Imp com-
ponents in SR variability for the Gulf of Lion are similar
to the corresponding values presented above and com-
puted at the subpopulation scale. The Balearic archipe-
lago exhibits a connectivity behavior close to the one of
the southern Balearic Islands with SR variability mostly
controlled by Imp (Fig. 3 and Appendix S2: Fig. S2).
This suggests that the local influence of LR inter-annual
variability in the northern Balearic Islands becomes neg-
ligible in comparison with the growing external influ-
ences when the scale of study accounts for the whole
management unit.
Sensitivity tests performed at both levels of analyses

(six subpopulations and three management units) reveal
that our connectivity metrics and their inter-annual vari-
ability are robust to variations of the three critical
parameters (Appendix S1: pelagic larval duration,
Fig. S1; spawning frequency, Fig. S2; and dispersal
depths, Table S1 and S2).
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Recruitment dynamics

The best statistical model of recruitment for each
management unit reveals the influence of SR and RHI
as the most relevant drivers (Table 1). SSB was not sig-
nificant in all models in which its effect was considered,
including those in which SSB was the unique covariate
(Table 1). There was a considerable increase of the
deviance explained (DE) from models exclusively based
on SSB to the best models obtained for each manage-
ment unit (from 27.3% in the Gulf of Lions to 36.2% in
the Balearic Islands, Table 1). An increase of 21.3% of

DE was observed in the model of Balearic Islands
including RHI and SR from the model exclusively based
on RHI. Besides the minimization of AIC, DE of mod-
els including SR were between 2.7% and 7.6% higher
compared to those including the other connectivity met-
rics tested here, that is LRor IMP (Table 1).
As SR and RHI effects were linear and the most repre-

sentative in all management units (Fig. 4a), they were
standardized in a unique model for the whole metapopu-
lation (DE = 37.6%; Appendix S3: Fig. S1) to compare
these effects across areas. SR is a significant variable
influencing the recruitment in both the Iberian Peninsula
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and the Balearic Islands with a similar effect size (i.e.,
slope, Fig. 4b). However, in the model for the Iberian
Peninsula management unit, SR calculated in the Catalan
coast subpopulation emerges as the most relevant SR
metric. For the Balearic Islands case, the most relevant
SR metric turns out to be SR calculated at the manage-
ment unit level (Table 1). None of our connectivity met-
rics was a significant predictor of recruitment in the Gulf
of Lion. However, for the RHI, a clear directional change
is observed from a negative significant effect on recruit-
ment in the Balearic Islands (i.e., recruitment is favored
under negative values of RHI) to a positive significant
effect in the Gulf of Lion, and no effect observed in the
Iberian Peninsula (Fig. 4c). The size of RHI effects were
of the same order as those of SR (Fig. 4b, c).
The models applied to the recruitment survival (lin-

earized Ricker model) return results that are consistent
with the best models found for recruitment, including a
negative effect of spawners’ biomass (i.e., density depen-
dence) of similar strength for the Balearic Islands and
the Gulf of Lion (Appendix S3: Table S1, Fig. S2 and
Fig. S3; DE = 38.1%). Concerning the Spanish main-
land, although density dependence was not included in
the best model, the effect of SR in the Catalan coast was
only observed when the survival combines the density
dependence of two contiguous management units (Span-
ish mainland and Gulf of Lion; Appendix S3: Table S2).

DISCUSSION

Our study demonstrates that, making reasonable
assumptions, the inter-annual variability of recruitment

of large fish stocks can be modeled incorporating phy-
sics-dependent drivers related to dispersal and survival:
the spatiotemporal connectivity estimates derived from a
high-resolution circulation model and an index captur-
ing the temporal variability of the regional hydroclimate.
While nearshore connectivity is sometimes suggested to
be heterogeneous at short time scales due to stochastic
transport of pelagic larvae (Siegel et al. 2008, Watson
et al. 2012), and although basin-scale models are known
to poorly simulate complex coastal currents, our statisti-
cal analyses derived from such model provide signals
consistent with both inter-annual variability and geo-
graphical discrepancies of LR associated with local
topography and hydrodynamics (Dubois et al. 2016).
Moreover, we demonstrate that our connectivity metrics
integrate both larval retention and exchanges (Watson
et al. 2012, Lett et al. 2015) and are able to capture
recurrent annual circulation patterns (Dubois et al.
2016), that significantly affect the recruitment success of
hake on larger spatial-scales (i.e., both at “subpopula-
tion” and “management unit” levels). Given that recruit-
ment dynamics is the main ecological basis and the
unique mechanistic insight of fishery assessment, our
study presents a novel framework to incorporate physi-
cal information into assessment procedures to improve
stock–recruitment relationships and short-term predic-
tions of fisheries production. The two main steps consist
of (1) identifying the spatial scale at which the influence
of connectivity processes on the population is prominent
and (2) mechanistically comparing fisheries recruitment
data and ad hoc connectivity metrics (namely import,
local retention, and self-recruitment) adequately
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computed over the region previously defined. Earlier
studies have explored how estimates of larval dispersion
could be integrated into fisheries or demographic mod-
els. They include theoretical perspectives (e.g., Botsford
et al. 2009b, Castorani et al. 2015), but also studies for
small regions and highly sedentary species (e.g., Roch-
ette et al. 2013, Johnson et al. 2018). For large fish
stocks, connectivity information derived from genetic,
tagging and otolith is often used to spatially delineate
subpopulations rather than to model temporal dynamics
(e.g., Holmes et al. 2014). Here, we propose a framework
to link dispersal simulations with temporal dynamics of
recruitment data of open and large stocks such as the
European hake with wide distribution and complex spa-
tial structure.
Historically, marine populations tended to be classified

as open or closed according to their replenishments being
ensured primarily by immigrants or by local production
(Hixon et al. 2002). While this dichotomy and its man-
agement implications could be applied in small metapop-
ulation of littoral sedentary species (i.e., when
connectivity processes are relatively well captured by local
retention), it does not hold for most offshore fish stocks
for which there is an increasing awareness that spatial
and demographic structure is more complex than

currently accounted for (Cadrin and Secor 2009, Kerr
et al. 2017). This inherently calls for indicators that prop-
erly parameterize the observed continuum between open
and closed systems beyond stock boundaries and that are
able to account for both local and distant connectivity
processes. In this view, Self-Recruitment (SR), which was
defined to take into account the influences of both local
recruits and immigration from the surrounding subpopu-
lations (Botsford et al. 2009a), seems best adapted.
Indeed, our study shows that larval SR is, according to
our statistical models, the best synthetic predictor of fish-
eries recruitment, as it constitutes the mechanistic link
among the three management units of the European hake
in the Western Mediterranean. Furthermore, to precisely
assess the demographic role of each subpopulation
(source/sink) and the global metapopulation persistence
(Lett et al. 2015), we advocate for the simultaneous inter-
pretation of both SR and local retention (LR). Dubois
et al. (2016) indeed showed that the greater the relative
difference between SR and LR, the more pronounced is
the source or sink behavior. We found that SR of four
hake subpopulations are mainly controlled by the inter-
annual variations of import (Imp), emphasizing the role
of network persistence. We also showed that variability in
both LR and Imp in the Catalan Coast and in the north-
ern Balearic Islands contribute to meaningful changes in
their respective SRs, indicating the importance of both
network and self-replenishment. Our model suggests that
all subpopulations behave as sources, with stronger larval
export than import. It is worth distinguishing the effective
sources (e.g., Gulf of Lion, Catalan coast), whose
exported larvae successfully sustain other identified sub-
populations due to favorable dispersal pathways, as com-
pared to the non-effective ones (e.g., north Balearic
Islands) whose exported larvae are lost from the
metapopulation system under its hypothesized geographi-
cal structure. While those larvae would be, in reality, lost
in the open ocean with low likelihood of surviving, they
could reach other subpopulations outside of our studied
region. However, the phenology of reproduction and
recruitment season of neighbored areas upstream (Lig-
urian and Tyrrhenian Seas [Recasens et al. 2008]) and
southward Almeria–Oran front (Alboran Sea [Rey et al.
2004]) are seasonally opposed. In addition, the absence of
favorable nursery habitats upstream from the “source”
area of the Gulf of Lions makes the success of potential
settlement very unlikely (Druon et al. 2015). From a spa-
tial management perspective, the subpopulations whose
SR represent a balanced contribution of local (LR) and
remote (Imp) connectivity processes are of crucial impor-
tance for the global persistence of a metapopulation
(Botsford et al. 2009a, Lett et al. 2015). In this view, SR
emerges as a crucial variable to be properly estimated by
scientists and to be adequately considered by managers
for ensuring population persistence.
The spatial heterogeneity of climate effects on fish

recruitment has been reported for global indices, but not
yet at regional scales. Our study presents evidence of a

TABLE 1. Best fisheries recruitment models obtained for each
management unit.

Management unit and covariates AIC Delta AIC DE (%)

Balearic Islands
SSBns 35.24 13.72 6.95
RHI 39.99 18.47 18.25
RHI + SRBI 21.52 0 36.39
RHI + ImpBI 22.44 0.92 34.02
RHI + SRNBI 23.63 2.11 30.78
RHI + ImpNBI 25.46 3.94 25.54

Iberian peninsula
SSBns 9.74 8.02 1
SRCC 1.92 0 32.9
SRIP 2.68 0.76 27.5
LRCC 4.19 1.51 15.69
LRIP 4.82 2.90 10.16

Gulf of Lions
SSBns 11.28 5.6 20.4
RHI 5.68 0 47.85

Notes: Covariates included are self-recruitment (SR), import
(Imp), local retention (LR), regional hydroclimatic index
(RHI), and spawning stock biomass (SSB). Akaike information
criteria (AIC), delta AIC, and deviance explained (DE, %) are
also presented. Connectivity metrics were calculated at two geo-
graphical levels: management unit and subpopulations (see
Materials and Methods). CC and NBI refer, respectively, to
Catalan coast and Northern Balearic Islands subpopulations.
IP and BI refer, respectively, to Iberian Peninsula and Balearic
Islands management units. An ns means nonsignificant
(P > 0.05) effect of the SSB covariate, which is presented for
comparison with other models in terms of DE. Note that infor-
mation provided for models using SSB as unique covariate were
fit applying general additive models, while the rest applies linear
models. Bold values represent the best model.

July 2019 CONNECTIVITY IN LARGE FISH STOCKS Article e01913; page 9



clear regional gradient with antagonist effects in nearby
areas located only about 500 km away. Together with
SR, the climatic index has an elevated explanatory
power in two of the three management units. Our results
reinforce the inverse relationship between this index and
hake recruitment already documented in the Balearic
Islands (Massut�ı et al. 2008). Low values of the index
are related to anomalously intense formation of interme-
diate waters in the Gulf of Lion forced by winter
wind-driven vertical mixing (Balb�ın et al. 2014). These
nutrient-rich waters then flow further south and increase
biological productivity in the Balearic sea, an area espe-
cially oligotrophic in the western Mediterranean,
enhancing food availability for hake larvae and juveniles
there (Massut�ı et al. 2008). In contrast, we also demon-
strate for the first time a strong positive correlation
between this index and hake recruitment in the Gulf of
Lion. We hypothesize that stronger than average mixing
events homogenize the water column down to several
hundred meters’ depth (and even down to the seabed in
extreme events; Balb�ın et al. 2014) can trigger high mor-
tality rates of locally produced hake larvae, negatively
impacting recruitment success in the Gulf of Lion. Other
indirect mechanisms could be that, under intense winter
convection, hake larvae could entrain in water masses
with no food supply and/or within unfavorable dispersal
routes toward the open ocean. These findings reveal how
the link between climate variability and its ecological
impact is geographically structured at regional scales. In
this case, the same local oceanographic event (winter
wind-driven vertical mixing in the Gulf of Lion) has
opposite impacts in close-by regions. Locally, strong
mixing events considerably reduce the survival of hake
larvae and recruitment in the Gulf of Lion, whereas they
increase food availability over the northwestern Mediter-
ranean region, affecting positively hake recruitment in
the Balearic Islands.
Although climate indices are able to capitalize a broad

spectrum of environmental processes with simplistic for-
mulations (standardized air temperature anomalies in our
case), they often integrate various processes acting over
different time and space windows, with the potential risk
of redundancy between drivers, dispersal, and hydrocli-
mate. This suggests the need to complement the formula-
tions of climatic indexes with additional information
(e.g., from high-resolution ocean model simulations as
well as observations gathered by ocean observing sys-
tems) that would parameterize adequately the local mani-
festation of large-scale climatic signals and its associated
ecological response. Indeed, while the climate influence of
fish populations has been largely demonstrated, it is
rarely included in fisheries assessment due to the diffi-
culty to link climate indices with a specific ecological pro-
cess within age-structured modeling frameworks. Our
study demonstrates that the combination of spatially
structured connectivity and climatic effects could be
applied in a simple and synthetic way (e.g., Rochette et al.
2013), beyond classic stock–recruitment relationships and

independently of the functional form of density depen-
dence. The two physical-dependent drivers can be calcu-
lated in winter, increasing the short-term predictive ability
of hake recruitment mainly concentrated during the fol-
lowing spring. This suggests that our approach could be
of general applicability for many stocks recruiting to the
fishery during their first year of life.
The population structure of marine species falls in a

continuum from truly panmictic to numerous isolated
subpopulations, and the majority exhibits complex
structures within this range (often referred to as biocom-
plexity, e.g., salmon in Alaska [Hilborn et al. 2003], her-
ring in the east Atlantic [Ruzzante et al. 2006], cod in
the North Sea [Wright et al. 2006]). A growing concern
among fishery scientists during the last decade is to
understand how the loss of biocomplexity influences the
resilience and stability of exploited marine populations.
This general objective triggered an increasing considera-
tion of complex metapopulation structures and combi-
nes in fact two current challenges: a historic questioning
about fish stocks boundaries and also a more recent
recognition of sub-structuring within management areas
as a set of “sub-units” displaying different ecological or
demographic functions. Although a panmictic scenario
has been suggested for hake in the western Mediter-
ranean (Morales-Nin et al. 2014), our study provides
evidence that demographic connectivity is more relevant
than genetic connectivity to provide scientific support
for the management of hake’s metapopulation in the
Mediterranean Sea as it is able to explain a sizeable com-
ponent of the inter-annual variability of the observed
recruitment. The Gulf of Lion is linked to the Iberian
Peninsula management unit mostly by a unidirectional
south-westward connection that shapes the hake recruit-
ment dynamics of the latter, consistent with recent
research on small pelagic fish (Ospina-Alvarez et al.
2015). Furthermore, the Catalan coast emerges as the
critical transitional subpopulation connecting both man-
agement units since its simulated larval SR significantly
correlates to the observed recruitment of the entire Ibe-
rian Peninsula unit, questioning the current geographi-
cal delimitation for assessment and management. In
contrast, Atlantic populations of the same species show
a different scenario with documented gene flows
between geographically separated management units but
relative demographic independence (Pita et al. 2016),
supporting the current management separation.

CONCLUDING REMARKS AND FUTURE CHALLENGES

Recognizing subpopulations and providing specific
demographic metrics that reflect their heterogeneous
contributions to the global dynamic of a metapopulation
is a current but accessible challenge for fisheries ecolo-
gists (Kerr et al. 2017). Our study provides a method-
ological framework to calculate and compare these
metrics, which acknowledge the complexity of marine
populations and ecosystems in a relatively simple
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manner, providing a research pathway alternative to the
development of complex models (e.g., end-to-end
ecosystem models). Efficient ways to embrace physics
and fisheries assessment to improve management of
large metapopulations include, as we showed here, the
integrated analysis of a limited number of controlling
ecological and environmental processes that are critical
to understand and reproduce the functioning and
dynamics of marine systems. In this sense, mechanistic
modeling constitutes a valuable tool to circumvent the
lack of observations and understanding of these pro-
cesses. Further research also needs to assess the wider
implications of our results for: the population dynamics
(i.e., short- and long-term persistence at both sub- and
meta-population levels) by incorporating our connectiv-
ity indices into population models; for the determination
of biological reference points (e.g., maximum sustainable
yield) obtained from stock assessment models; or for the
design of dynamic and adaptive spatial management. To
support the application of spatially and temporally per-
tinent conservation measures, future research also needs
to include other elements such as the relevance of spa-
tially structured ecological functions (e.g., spawning
areas, nursery and feeding grounds) along with the
impact of adult-mediated connectivity (Goethel et al.
2011). Finally, a more efficient use of the environmental
information generated by ocean models and observing
systems is required to pursue the fast development of
“operational fisheries oceanography” (Alvarez-Beraste-
gui et al. 2016). Besides the abundant research dedicated
at including climatic influences in long-term projections
of fish production (Rice and Browman 2014), a new
paradigm should focus in those oceanographic and cli-
matic processes that considerably affect short-term pre-
dictions, which are the relevant scales for management
purposes. While our study supports the predictive power
of SR in a fisheries assessment context, it generally calls
for further effort to incorporate connectivity estimates
and mesoscale climatic indexes derived from ocean
observations and models into fisheries modeling, assess-
ment and stewardship. Over longer time scales, human-
induced climate change is projected to increase ocean
temperature, affecting the distribution of fish stocks and
increasing the number of transboundary stocks (Pinsky
et al. 2018). In addition, climate change is also expected
to modify circulation patterns and favor extreme events,
influencing the transport and survival of marine plank-
tonic larvae and, thus, altering connectivity (Lett et al.
2010). Our modelling framework, backed-up by decadal
observations, could help to investigate those long-term
effects toward the sustainable protection and manage-
ment of marine ecosystems.
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