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ABSTRACT: Unlike other upwelling areas where sardine and anchovy species dominate the pela-
gic ecosystems, the Western Iberian ecosystem has been consistently dominated by European sar-
dine Engraulis encrasicolus, while anchovy had a residual presence from the start of acoustic sur-
veys, in 1989, to 2014. Since 2015, the abundance of anchovy in the Western Iberian margins has
sharply increased and continues to show an increasing trend as of 2023. It is unclear if this increase
is a result of dispersal from nearby recruitment areas, higher survival rates of early life stages due
to favorable environmental conditions, or both. We used a set of different models to simulate the
dispersion and survival of anchovy early life stages in the Iberian region for the years preceding the
increase in anchovy abundance. An ocean model simulation with the model CROCO provided the
fields used as background for Lagrangian simulations coupled to an individual-based model of
anchovy eggs and larvae. We simulated the years 2013—2015, and the results show that in 2014 and
2015, anomalous upper-ocean circulation patterns with strong and persistent eastward currents
transported a large number of eggs and larvae from the Bay of Biscay (BoB) eastward along the
Northern Iberian margin. The maximum transport occurred in June and July 2015, when 8 and 4 %,
respectively, of the eggs spawned in the BoB potentially reached the Iberian west coast as larvae.
This process might explain the increase in anchovy abundance in the Western Iberian ecosystem.
The results of the study show that episodes of anomalous intense ocean currents, when coincident
with high presence of eggs, can lead to the colonization of new areas, and connectivity between
areas varies dramatically with time.
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Connectivity
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1. INTRODUCTION

Small pelagic fish (SPF) species are subject to
heavy exploitation, and their transformation products
are increasingly being incorporated into the global
food chain (FAO 2016). Managing these species is
challenging due to significant inter-annual popula-
tion variability in biomass, believed to be influenced
by environmental changes impacting the survival of
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early life stages (Kaplan et al. 2016, Peck et al. 2021).
The impact of environmental conditions in popula-
tion dynamics is extremely important for SPF, whose
stocks can potentially recover with 1 year of good
recruitment (number of fish surviving to enter the
fishery) or collapse with a short series of low-recruit-
ment years (Katara 2014).

The European anchovy Engraulis encrasicolus is a
small pelagic coastal marine fish, 20 cm total length
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with a 3 yr life span, distributed from the North Sea to
southeast Africa, including the Mediterranean basin.
This species supports significant fisheries and eco-
nomic activities in the countries bordering the Iberian
Peninsula and Mediterranean Sea (Uriarte et al. 1996,
Lleonart & Maynou 2003). Due to its market value,
production, and widespread distribution across the
East Atlantic and Mediterranean countries, anchovy
is a major shared resource in the region.

Historically, the European anchovy has had 2 main
distribution areas off Iberia: the Bay of Biscay (BoB) in
the north and the Gulf of Cadiz (GoC) in the south,
with limited presence along the western Iberian coast
(Fig. 1). For management purposes, the anchovy
inhabiting the north coast (BoB and Cantabrian Sea)
is considered a different stock than that of the south,
while the populations inhabiting western and south-
ern Iberia are managed as a single stock. However,
spatial distribution provided by acoustic surveys
shows a persistent discontinuity between the western
and southern anchovy for several life stages (eggs,
juveniles, and adults), which is also reflected on land-
ings, and for that reason, although it is considered a
single stock, advice is provided separately for the
western and southern components (ICES 2022).

Several studies conducted at, or in the vicinity of,
Portuguese estuaries have shown a persistent pres-
ence of recruits in numerous estuaries, mainly in
northwestern Iberia (Ribeiro et al. 1996, Pombo &

Rebelo 2002, Marques et al. 2003, Chicharo et al.
2006, Ramos et al. 2006, Cardoso et al. 2011, Franca et
al. 2011, Chicharo et al. 2012, Nyitrai et al. 2012).
However, before 2016, yearly spring acoustic surveys,
validated by trawls, carried out in Atlantic Iberian
waters showed a very low abundance off western Ibe-
ria, and for some years even absence, which agrees
with the very low landings (ICES 2022).

The abundance of anchovy registered in acoustic
surveys was low (<5000 t) for the large majority of the
years before 2016. Only in 2011, the abundance was
significantly higher (28 550 t), but it was not reflected
in the following years when it dropped to very low
numbers. In 2016, a large boost of anchovy biomass
was registered in the area (38507 t), and there has
been an increasing trend since then, with >50000 t
registered in 2020, 2021, and 2022 (ICES 2022). It is
unknown if these eruptions are the result of good
environmental conditions favoring the residual pop-
ulations inhabiting the estuaries or migration from
nearby recruitment areas (GoC or BoB), where
anchovy are ubiquitous.

Several works have studied the connectivity of
anchovy populations off Iberia. Morphometric studies
found a differentiation between anchovy populations
from northwestern Iberia and those from the BoB
(Junquera & Pérez-Gandaras 1993), while a more
recent study sampling fish in 2000 and 2001 found, by
cluster analysis, a separation between anchovies from

10.5°W  9° 7.5° 6° 4.5° 3° 1.5°
TS o 2 T
a W b
ga . Bayof
S S | 4350
’ B o N
,I 42°
|
40.5°
39°
Fig. 1. (a) Study area. (b) Shaded areas represent the
anchovy spawning locations in the Bay of Biscay
(BoB, pink) and Gulf of Cadiz (GoC, blue). The lines 37.5°
delineate geographical sub-divisions and areas
within ICES Divisions 8c and 9a. Counterclockwise:
ICES subdivisions 8c East (8c.E), 8c West (8c.W), 9a 3
North (9a.N), 9a Central-North (9a.CN), 9a Cen- 36
tral-South (9a.CS), 9a South Portugal (9a.SP) and 9a
South Spain (9a.SS)
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the BoB and those from western and southern Iberia
(Caneco et al. 2004). However, genetic studies have
not provided conclusive evidence regarding the pop-
ulation structure of anchovy due to its complex evo-
lutionary history. The species exhibits 2 ecotypes
(oceanic and coastal), which display more differentia-
tion between them than between distant locations
such as the Atlantic Ocean and Mediterranean Sea (Le
Moan et al. 2016, Catanese et al. 2017). This complex
evolutionary history hinders the inference of popula-
tion connectivity through molecular identification
unless an intense sampling scheme at different lati-
tudes and distances to the coast is achieved. Modeling
larval dispersal can help understand the degree of
connectivity of Iberian populations at the early life
stages, and in particular investigate the potential of
recruitment areas in north and south Iberia to be
responsible for the recent surge in anchovy abun-
dance in the western region.

The objective of this study was to develop a model-
ing approach to study the dispersion of anchovy eggs
from the main spawning grounds in the BoB and in
the GoC for the years preceding the observed in-
crease in anchovy abundance along the west coast of
Iberia, with the aim of identifying a potential source
area.

2. MATERIALS AND METHODS

An individual-based model (IBM) for anchovy eggs
and larvae was developed and coupled to a Lagran-
gian model to simulate the transport of anchovy eggs
and larvae by ocean currents, from the spawning
grounds in the GoC and BoB (Fig. 1). Each particle
represents a population of anchovy eggs and larvae
that experience similar environmental conditions and
follow similar trajectories. In our IBM, the survival
and evolution of the early life stages of anchovy
depend on (1) the temperature they experience along
the trajectories and (2) on a food availability index
estimated from satellite-derived chlorophyll a (chl a)
values. The ocean current velocity and the tempera-
ture fields were obtained from a regional ocean model
simulation of Iberia (Section 2.1), and the chl a data
are from a satellite product (GLOBCOLOUR, http://
globcolour.info).

2.1. Regional ocean model

The ocean currents and temperature fields used are
outputs from IBv2.0, a regional ocean model simula-

tion for the Iberian region, performed with the Coas-
tal and Regional Ocean Community model (CROCO).
CROCO is a primitive equation, hydrostatic, sigma-
coordinate, free-surface ocean model (Shchepetkin &
McWilliams 2003, 2005).

This simulation had a horizontal resolution of
about 1.6 to 1.9 km and 60 vertical levels. It ran in a
2-way nested grid configuration, where the smaller,
higher-resolution grid extends from 35°N, 12°W to
45°N, 1°W. The atmospheric variables are obtained
from ERAS5 (Hersbach et al. 2020), and the heat and
freshwater fluxes are computed internally using a
bulk flux parameterization. The model was initial-
ized with data from the global ocean reanalysis
GLORYS12V1 (https://doi.org/10.48670/moi-00021)
and continuously fed along the open boundaries
with monthly fields of the same GLORYS12V1 re-
analysis. The regional simulation used here is an
updated version of the one described by Teles-Mac-
hado et al. (2016a).

2.2. Lagrangian model and IBM of anchovy eggs
and larvae

To study the advection of the particles, which repre-
sent anchovy eggs and larvae, we used the Lagran-
gian model Parcels (10.5281/zenodo.8427125) (De-
landmeter & van Sebille 2019, Kehl et al. 2023).
Parcels is a group of Python functions and scripts that
uses 3D outputs from ocean circulation models to
perform particle tracking simulations. We chose Par-
cels due to its versatility, and because it is easily cus-
tomizable to attribute characteristics, sensitivities,
and behaviors to the tracked particles. Particles were
advected using the Runge-Kutta4 advection scheme,
already implemented in Parcels, and we included
Smagorinski diffusion. We programmed the IBM as 3
different kernels inside Parcels, so that the Lagran-
gian model and the IBM are coupled and interact.

We used as inputs 3D horizontal velocity and tem-
perature fields from CROCO, and 2D satellite chl a
fields. The particles are advected by the ocean cur-
rents, and their evolution and survival are dependent
on the average temperature and chl a values experi-
enced along the trajectories. The impact of tempera-
ture and chl a depends on the ontogeny phase and is
detailed below.

We developed an IBM for anchovy eggs and larvae
that simulates 4 different stages of evolution as illus-
trated in Fig. 2:

Stage 0 is the egg phase. For eggs, we considered
the optimal thermal interval of survival to be between
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2.3. Description of the experiments
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Fig. 2. Schematics of the anchovy individual-based model (IBM) representing
the different early life stages considered. DPH: days post hatch; DVM: diurnal
vertical migration. See Section 2.2 for more details

14 and 22°C (Shannon 1998). Eggs that experienced
temperatures above or below this interval were elimi-
nated. Each particle remained an egg for 48 h (Gar-
rido et al. 2012)

Stage 1 represents the yolk-sac larva. The particle
remains in this stage for 3.5 d post hatching (Alda-
nondo et al. 2008). After that, the larvae evolve to
Stage 2, when they open their mouth and start feeding.

Stage 2 represents a larva that already feeds itself
but still has no swimming capacity. During this
stage, we considered that a larva can die of starva-
tion if the chl a values it experiences along the way
are too low (average value along the trajectory below
0.2 mg m—3, which is just a statistical threshold).
Growth of the larvae was simulated depending on
the temperature values they experience along their
trajectories, using the equations obtained by Alda-
nondo et al. (2008): L = 2.88 + 0.15age, at 17.6°C;
L =221 + 0.26age, at 19.3°C; L = 2.4 + 0.33age, at
20.8°C, L = 2.69 + 0.29age, at 22.3°C (L is larval
length, and age is in days); at each time step, we
used the equation for the temperature closest to the
mean temperature experienced by the larvae along
their trajectories, which was recomputed at each
time step. Larvae evolve to Stage 3 when they reach
7 mm in length, the moment when the first schooling
behavior begins, that coincides with the notochord
flex and onset of vertical migrations (Somarakis &
Nikolioudakis 2010).

Stage 3 represents larvae that can already control
their buoyancy and begin diurnal vertical migrations.
We considered that they oscillate between the sur-
face and 25 m depth (Coombs et al. 2003).

The particles were passively advected by the ocean
currents and the only active movement included were
the diurnal vertical migrations that moved them up
and down every day, subjecting them to different
horizontal velocities whenever there is vertical shear
in the horizontal velocity fields.
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BN larvae o vertical In our simulations, we deployed par-
Temp limits Starvation if migrations ticles (eggs) at the 2 main spawning
[14°-22°C] SgllL?;(;par:)élllgw grounds of the region: the GoC and
BoB (shaded areas in Fig. 1). The

release was done during the period
from March to August, which are the
main months of the spawning season,
for the years 2013, 2014, and 2015. We
computed the trajectory of each par-
ticle for 40 d, i.e. the average duration
of the larval phase. The number of par-
ticles deployed is proportional to the
spawning area dimension; 930 and 1683 particles
were deployed every day from the GoC and the BoB,
respectively.

3. RESULTS

3.1. Dispersion patterns from GoC and BoB
spawning grounds

The annual percentage of eggs that reaches each of
the areas of Fig. 1 (equivalent to ICES sub-divisions
8c East [8c.E], 8c West [8c.W], 9a North [9a.N], 9a
Central-North [9a.CN], 9a Central-South [9a.CS], 9a
South Portugal [9a.SP], and 9a South Spain [9a.SS]) is
represented in Fig. 3. The number of particles that
were released and that arrived in each of the areas
were weighted by the average spawning curves of
both BoB and GoC to take into consideration the fact
that the average number of particles deployed in each
month is different. For the BoB, we used the shape of
the gonadosomatic index mean seasonal cycle calcu-
lated for the period 1987—2015 (Erauskin-Extramiana
et al. 2019). For the GoC, we computed the average
seasonal cycle of the gonadosomatic index from the
seasonal cycles of the years 1989 to 1992 obtained
from Millan (1999).

Nearly half of the eggs/larvae deployed in the
spawning area of the GoC ended up in area 9a.SS (49,
44, and 58% in 2013, 2014, and 2015, respectively)
(Fig. 3). Around 10% reached area 9a.SP (10, 11, and
11%, in 2013, 2014, and 2015, respectively), while 1%
reached the southwest coast, more specifically, area
9a.CS, recurrently in the 3 years. The remaining eggs
died, were lost offshore, or were transported into the
Mediterranean Sea (Fig. 4).

At least half of the eggs/larvae deployed in the BoB
remained in area 8c.E (51, 65, and 52%, respectively,
in 2013, 2014, and 2015). Some larvae followed west-
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Fig. 3. Percentage of eggs deployed from the Bay of Biscay (BoB; numbers in pink) and the Gulf of Cadiz (GoC; numbers in blue)
in 2013, 2014, and 2015, that survived and arrived in each of the areas. The spawning areas are represented in pink (BoB)
and blue (GoC), asin Fig. 1
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Fig. 4. Trajectories of anchovy larvae deployed from the spawning grounds in the Bay of Biscay (BoB, pink) and Gulf of Cadiz
(GoC, blue) in the main months of the spawning season (March to August) from 2013 to 2015

ward trajectories along the Iberian northern coast,
reaching area 8c.W (2, 4, and 16%, respectively, in
2013, 2014, and 2015) (Figs. 3 & 4). In 2015, 3% of the
larvae reached the Iberian west coast: 2% area 9a.N
and 1% area 9a.CN (Fig. 3).

Transport between areas was estimated for each
month of the spawning season (Fig. 5). Larvae arriv-
ing in area 9a.CS in 2014 (Fig. 5) were mainly those
that evolved from eggs spawned in the GoC, mostly

during March and May. In 2015, larvae resulted from
eggs deployed in the GoC also in March and May. In
2013, most larvae resulted from eggs deployed in the
GoC in June, followed by March.

In 2015, 5% of the eggs deployed in June and 3% of
the eggs deployed in July arrived in area 9a.N as lar-
vae (Fig. 5). In June and July of the same year, 3 and
1% of the eggs, respectively, reached area 9a.CN
(Fig. 9).
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each month of the spawning season (x-axis), in 2013 (blue), 2014 (yellow), and 2015 (red), that arrived in the different ICES

areas shown in Fig. 1. Each plot represents a different destination area

3.2. Interannual variability of the alongshore
currents in northern Iberia

In order to verify if this was an anomalous or recur-
rent event in terms of ocean circulation, we computed
the average surface zonal (east—west) velocity along
the northern Iberian Coast (Fig. 6). Each bar in Fig. 6
represents the monthly average, and we represent the
months of April to July, the main months of the
anchovy spawning season. The years 2014, 2015, and
2016 stand out as 3 consecutive years of strong west-

ward velocities, especially in July 2014, June and July
2015, and July 2016. The year 2015 was particularly
anomalous due to the consecutive months of west-
ward intense surface velocities.

4. DISCUSSION

This study investigated the sudden increase in
anchovy abundance off the western Iberian coast that
occurred in 2016 after decades of very low abun-
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Fig. 6. (a) Time series of monthly averages of zonal (E—W) velocity, spatially averaged (avgU) in an area that covers the Iberian
northern coast. The area is represented as a blue box in inset panel (b). Only the months corresponding to anchovy peak
spawning season are represented (April to July)
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dance. Our approach involved the use of a Lagran-
gian model coupled to an IBM specifically developed
for the European anchovy to study the dispersion and
survival of anchovy eggs and larvae, deployed from
the 2 main spawning grounds in Iberiag, situated in the
BoB and in the GoC, with the aim of identifying
anomalous oceanographic events that might explain
this surge on the Iberian west coast. We modeled the
3 years that preceded the increase, i.e. 2013, 2014, and
2015, to compare the oceanographic conditions dur-
ing consecutive years when anchovy abundance in
the spawning areas off the Iberia was high but only
one resulted in a proliferation off western Iberia.

Our results show that during 2013 and 2014, no lar-
vae were transported from the spawning grounds in
the BoB to the west coast, and few were transported to
the Cantabrian Sea. In contrast, in 2015, 3% of the
eggs deployed in the BoB survived the egg and larvae
stages and reached the west coast (Fig. 3). The larger
transport of potentially surviving larvae occurred
during June and July 2015, when 8 and 4%, respec-
tively, of the eggs deployed in the BoB survived and
reached the west Iberian coast (Fig. 5, area 9a.N +
area 9a.CN). Analysis of the interannual variability of
the zonal currents in northern Iberia showed that
2014, 2015, and 2016 were characterized by the pres-
ence of anomalous intense and persistent westward
surface currents (Fig. 6). The stronger currents oc-
curred during July 2014, June and July 2015, and July
2016. These anomalous events were observed by
coastal radar and acoustic Doppler current profiler
moorings located in the BoB (von Schuckmann et al.
2019) that identified anomalous intense summer west-
ward currents in 2014, 2015, and 2016. The 2015 event
was observed by the coastal radar, and occurred in
June and July 2015 (von Schuckmann et al. 2019, their
Fig. 2.2.2). These events also have a clear signal in
salinity, as they transport fresher waters from the BoB
along the northern Iberian Coast (data not shown).
These results suggest that the sudden increase in the
anchovy abundance in 2016 could be explained by
the increased transport of larvae from the spawning
grounds in the BoB, more specifically in June and
July 2015.

Understanding the variability of alongshore cur-
rents in the Cantabrian Sea is crucial, as these cur-
rents serve as the mechanism facilitating the trans-
port of larvae between the BoB and the Iberian west
coast. Seasonal variability is a well-documented as-
pect of this system, with winter exhibiting an east-
ward and more intense average circulation, while
summer witnesses a predominantly westward and less
intense flow (Charria et al. 2013). During winter, the

eastward currents are an extension of the Iberian
Poleward Current (IPC), which characterizes the
winter circulation on the west coast; it flows along the
Iberian west coast and then turns eastward along the
northern coast, transporting warmer and saltier
waters from the south (Pingree & Le Cann, 1990, Peliz
et al. 2005, Teles-Machado et al. 2016a). The IPC's
intensity and progression along the northern coast
are subject to interannual variability (e.g. Llope et al.
2006, Le Cann & Serpette 2009), particularly on the
west coast, where it is largely influenced by wind
intensity (Teles-Machado et al. 2015). In spring and
summer, the average circulation along the Iberian
northern coast is predominantly eastward, peaking
from July to September (Charria et al. 2013). This sea-
son coincides with an increased number of upwelling
events, also with significant interannual variability
(Alvarez et al. 2010) that impacts the strength of west-
ward currents. The pronounced interannual variabil-
ity is evident in Fig. 6 for the months of April to July,
where, although average velocities are westward,
numerous months exhibit eastward velocities, even
during the summer. Along the Iberian northern coast,
alongshore currents are known to destabilize, giving
rise to eddies that enhance transport between the
shelf and offshore regions (Pingree & Le Cann 1992,
Teles-Machado et al. 2016b). This variability, coupled
with the presence or absence and positioning of
mesoscale eddies, significantly influences larval
transport, with greater persistence of currents result-
ing in larger larval transport. The mechanisms re-
sponsible for the occurrence of anomalous intense
westward currents between 2014 and 2016 are not
explored in this paper, but require further investiga-
tion in future studies. Understanding the drivers
behind these events would offer valuable insights into
the connectivity of anchovy and other species.

There were also larvae reaching the west coast that
came from the south Iberia spawning grounds in the
GoC. In this case, larvae were transported to the
southernmost area of 9a.CS and the percentage was
constant over the years, with 1% of the eggs deployed
in GoC surviving and reaching the southwestern
coast (9a.CS) in 2013, 2014, and 2015 (Fig. 3).
Although the percentage was constant for the 3 years,
the transport did not occur constantly in time, but in
pulses occurring in March and May in 2014 and 2015,
and in June in 2013 (Fig. 5, 9a.CS). These pulses are
associated with events of the GoC counter-current
that develops in the GoC under the influence of
easterly winds, carrying warm waters westward in the
GoC and northward along the western Iberian shelf
(e.g. Relvas & Barton 2005, Teles-Machado et al.
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2007). A strong counter-current event in 2016 trans-
ported early anchovy life stages to the western coast,
increasing the connectivity between southern and
western subdomains (Casaucao et al. 2021). As our
results show, these events might be recurrent, as they
occurred in all of the years that are part of this study
(2013—2015), but the larvae never reached areas 9a.N
nor 9a.CN. Acoustic surveys show that the large
majority of anchovy off western Iberia concentrate on
the northwestern Portuguese coast (mean 88%), fol-
lowed by Galician waters (10%), while the proportion
of fish on the southwestern Portuguese coast is signif-
icantly lower (mean 2%) (ICES 2022). This further
suggests that migration to western Iberia is more
likely to come from the northern BoB than from the
southern GoC.

The year 2015 was also characterized by high abun-
dance of eggs in the BoB when compared to previous
years, as shown by data collected during the BIOMass
of ANchovy (BIOMAN) survey in May 2015 (M. San-
tos et al. 2018). This year clearly stands out both in the
higher number of eggs, and also in the larger spatial
extent of their distribution (ICES 2016), expanding
until 5° W along the Iberian northern coast (probably
already as a response to the strong westward flow).
The westernmost section of the BIOMAN survey in
May 2015 detected the presence of anchovy eggs,
suggesting that their presence could extend even
further west. Thus, if in the simulation, eggs were
deployed not from the main spawning area in the time
series but specifically according to egg surveys, eggs
would be deployed further west in the Cantabrian Sea
during 2015, and this would have resulted in a higher
percentage of larvae reaching the west Iberian coast
areas at even lower latitudes. We used the same
number and distribution of eggs for the 3 years
because the objective was to focus on the differences
in the environmental conditions. The fact that the
anomalous connectivity identified in our results coin-
cides with this maximum in the number and westward
distribution of eggs in the BoB amplifies the impact of
these results.

This study highlights the importance of studying
potential dispersal during the larval phase to under-
stand population dynamics. Although the larval
phase is short compared to the average life spans of
pelagic fish, its vulnerability to environmental con-
ditions and weak or absent swimming capacities
makes it significantly more susceptible to environ-
mental changes and extremes, with larval survival
and dispersion playing determinant roles in defining
the spatial and temporal structure of the populations
(e.g. Bonanno et al. 2013, A. M. P. Santos et al. 2018,

Somarakis et al. 2019). With recent advances in the
quality of ocean numerical models, such as the one
used in this study, and of modern techniques of
genetic analysis, we are slowly learning about the
connectivity of the different species and the way it is
changing in time and in the actual context of global
warming.

For several species, such as the European anchovy,
different morphometric and genetic studies have
been conducted regarding its population structure
within the Atlantic Ocean. These studies reached
inconclusive or contrasting results. Molecular analy-
sis studies report the existence of 2 ecotypes, oceanic
and coastal (Montes et al. 2016), and apparently more
differentiation between these ecotypes than between
populations of the Atlantic Ocean and Mediterranean
Sea within the same ecotype (Le Moan et al. 2016).
Additional analyses based on mitochondrial DNA
have found 2 lineages in each area that are not related
to the oceanic and coastal ecotypes (Magoulas et al.
2006, Silva et al. 2014). Some differentiation was also
obtained between West Galicia and North of Portugal
with the Gulf of Cadiz anchovies (Zarraonaindia et al.
2012, Silva et al. 2014). However, currently the results
of traditional stock structure analyses are not yet
helpful to understand the connectivity between the
different anchovy populations, and a large sampling
scheme covering the different latitudes and, within
each area, different ecotypes and lineages is recom-
mended to obtain useful results (ICES 2022).

The advances in the realism of regional ocean
models makes them powerful tools to study larval dis-
persion and its variability in time, and infer the impact
it can have on the explanation of population oscilla-
tions and connectivity. Due to the nonexistent or lim-
ited swimming capacities of eggs and early larvae,
they are primarily transported by ocean currents.
Therefore, an accurate representation of ocean cur-
rents and their spatiotemporal variability is crucial for
capturing the patterns of connectivity during early
life stages, which can be achieved using Lagrangian
numerical tools that compute particle trajectories in
the ocean.

The coastal ocean is characterized by the presence
of intense alongshore currents, river plumes, fronts,
eddies, and filaments (Peliz et al. 2005, Teles-Mac-
hado 2016b, Cordeiro 2015) that significantly in-
fluence larval dispersal. These phenomena can only
be accurately reproduced through high-resolution
ocean model simulations that incorporate the re-
gion's most relevant oceanographic processes. The
simulation employed in this study includes realistic
atmospheric forcing, the discharge of the main rivers
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in the region, realistic ocean conditions along the
model open boundaries, and it solves the exchange of
Atlantic and Mediterranean waters through the Strait
of Gibraltar. This simulation has evolved over the
years (e.g. Peliz et al. 2007, 2013, Teles-Machado et al.
2016a).

By coupling Lagrangian models with IBMs that sim-
ulate biological behaviors observed in laboratory
experiments and field data, these numerical tools
become more realistic and powerful for studying not
only larval dispersion but also the growth and sur-
vival of early life stages (e.g. Peck et al. 2018). In the
present study, the model incorporates temperature-
associated mortality during the egg phase, as well as
temperature-dependent growth rates and durations
in certain larval stages. The IBM also considers mor-
tality due to starvation, employing a simple condition
where larvae in environments with low chl a values
are eliminated. However, further research on the
trophic ecology of anchovy larvae is necessary (Gar-
rido & van der Lingen 2014), particularly with regard
to starvation and the influence of food availability on
growth, development, and survival.

Other factors not included in the individual model
can impact larval survival and can therefore be con-
sidered in future modeling exercises. Food availabil-
ity for spawning females strongly influences the
amount of fat accumulated by sardines prior to the
spawning season (Garrido et al. 2007, 2008), with
implications for changes in egg quality and con-
sequently larval survival (Garrido et al. 2015b).
However, there is still no sufficient knowledge of the
differential survival of larvae with respect to female
condition, and for that reason, this information was
not included in the model. Female age impacts batch
fecundity and also the extent of the spawning season,
and therefore, the variability in age composition can
also be considered in future studies.

In the past, there were single years when anchovy
abundance increased, but this did not persist in time,
and in following years, the abundance was again low.
The increase in abundance off western Iberia occur-
ring in 2016 has persisted until present day. Several
top-down and bottom-up mechanisms can explain
this. Off western Iberia, the European sardine has
been persistently the most abundant coastal pelagic
fish species (ICES 2022). The fact that the increase in
the anchovy populations coincided with the mini-
mum historical abundance of sardine may be related
to the fact that both species have high trophic over-
lap and may compete for food (Garrido et al. 2015a,
Fonseca et al. 2022), at least during the juvenile and
adult stages, and because juvenile and adult sardines

are important predators of anchovy eggs in the stud-
ied area, impacting egg survival. However, other fac-
tors to explain the dynamics of both species must be
explored, particularly in light of recent literature
showing that it is unlikely that the dynamics of sar-
dine and anchovy species around the world are com-
pensatory enough to cause relevant changes in their
abundance (Siple et al. 2020). Other species can also
impact anchovy abundance such as the Atlantic
chub mackerel, which also has high trophic overlap
with anchovy and also includes pelagic fish eggs in
the diet (Garrido et al. 2015a, Fonseca et al. 2022).
The opposite fluctuation observed for both species
in recent years may also be the result of different
physical or biological factors impacting their dyna-
mics. It is known that environmental variability sig-
nificantly impacts sardine recruitment, with high
recruitments being generally associated with higher
productivity and low temperature during the spawn-
ing season (Garrido et al. 2017, Ferreira et al. 2023).
Further studies are needed to understand the inter-
annual variability in the connectivity patterns for
anchovy to ascertain if the BoB can be a source area
for western Iberia recurrently, and to understand the
impacts of the local environmental and biological
conditions on the survival of the larvae into juvenile
and adult stages.

5. CONCLUSIONS

In this study, we investigated the dispersion and
survival of European anchovy eggs and larvae in Ibe-
rian waters, with a focus on understanding the poten-
tial factors contributing to the recent increase in
anchovy abundance along the Iberian west coast. By
utilizing a combination of oceanic and Lagrangian
models coupled with an IBM of anchovy early life
stages, we simulated the transport and evolution of
anchovy eggs and larvae from the main spawning
grounds in the BoB and the GoC for the years preced-
ing the observed increase in anchovy recruitment.

Our findings revealed that anomalous upper-
ocean circulation patterns, characterized by strong
and persistent eastward currents, played a crucial
role in transporting a substantial number of eggs
and larvae from the BoB eastward along the North-
ern Iberian margin. The peak of this transport
occurred in June and July 2015, with approximately
8 and 4 %, respectively, of the eggs reaching the
Iberian west coast (as larvae). These findings sug-
gest that episodes of intense ocean currents, coin-
ciding with high egg presence, can facilitate the col-
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onization of new areas and potentially contribute to
the increase in anchovy abundance in the Western
Iberian upwelling ecosystem.

This study highlights the importance of consider-
ing oceanographic processes and larval dispersal
dynamics in understanding the population dynamics
of small pelagic fish species like the European
anchovy. By integrating oceanic models, Lagrangian
transport simulations, and an IBM, we were able to
simulate the dispersion and survival of anchovy early
life stages, shedding light on the mechanisms under-
lying the observed changes in anchovy abundance.

Acknowledgements. This study was funded by the project
'SARDINHA?2020 - Abordagem Ecossistémica para a gestdo
da pesca da sardinha (MAR-01.04.02-FEAMP-0009)', from
the Programa Operacional MAR 2020 (Portugal). A.T.M.,
S.M.P., and A.P. acknowledge ROADMAP (JPIOCEANS/
0001/2019) and the Portuguese Fundacéo para a Ciéncia e a
Tecnologia (FCT) IP/MCTES through national funds (PID-
DAC) — UIDB/50019/2020. We also thank the Portuguese
Biological Sampling Program from the EU Data Collection
Framework (PNAB/DCF) funded by the European Maritime
and Fisheries Fund through the national operational pro-
gram MAR2020 (MAR-03.02.01-FEAMP-000%).

LITERATURE CITED

ﬁiAldanondo N, Cotano U, Etxebeste E, Irigoien X, Alvarez P,
de Murguia AM, Herrero DL (2008) Validation of daily
increments deposition in the otoliths of European
anchovy larvae (Engraulis encrasicolus L.) reared under
different temperature conditions. Fish Res 93:257—264

] Alvarez I, Gomez-Gesteira M, deCastro M, Gomez-Gesteira
JL, Dias JM (2010) Summer upwelling frequency along
the western Cantabrian coast from 1967 to 2007. J Mar
Syst 79:218—226 DOI: 10.1016/j.jmarsys.2009.09.004.

] Bonanno A, Zgozi S, Cuttitta A, El Turki A and others (2013)
Influence of environmental variability on anchovy early
life stages (Engraulis encrasicolus) in two different areas
of the Central Mediterranean Sea. Hydrobiologia 701:

. 273-287

A’ Caneco B, Silva A, Morais A (2004) Morphometric variation
among anchovy (Engraulis encrasicholus [sic] L.) popula-
tions from the Bay of Biscay and Iberian waters. ICES
CM 2004/EE:24. International Council for the Explora-
tion of the Sea (ICES), Copenhagen

] Cardoso I, Pessanha Pais M, Henriques S, Cancela da Fon-
seca L, Cabral HN (2011) Ecological quality assessment
of small estuaries from the Portuguese coast based on fish
assemblages indices. Mar Pollut Bull 62:992—1001

A’ Casaucao A, Gonzalez- -Ortegon E, Jiménez MP, Teles-Mac-
hado A, Plecha S, Peliz A, Laiz I (2021) Assessment of the
spawning habitat, spatial distribution, and Lagrangian
dispersion of the European anchovy (Engraulis encrasi-
colus) early stages in the Gulf of Cadiz during an appar-
ent anomalous episode in 2016. Sci Total Environ 781:

. 146530

N Catanese G, Watteaux R, Montes I, Barra M and others
(2017) Insights on the drivers of genetic divergence in the
European anchovy. Sci Rep 7:4180

’\'g Charria G, Lazure P, Le Cann B, Serpette A and others (2013)
Surface layer circulation derived from Lagrangian drift-
ers in the Bay of Biscay. J Mar Syst 109-110:S60—S76

] Chicharo MA, Chicharo LMZ, Morais P (2006) Inter-annual
differences of ichthyofauna structure of the Guadiana
estuary and adjacent coastal area (SE Portugal/SW
Spain): before and after Alqueva dam construction.

. Estuar Coast Shelf Sci 70:39—51

A Chicharo MA, Amaral A, Faria A, Morais R and others (2012)
Are tidal lagoons ecologically relevant to larval recruit-
ment of small pelagic fish? An approach using nutritional
condition and growth rate. Estuar Coast Shelf Sci 112:

o 265-279

A Coombs SH, Giovanardi O, Halliday NC, Franceschini G
and others (2003) Wind mixing, food availability and
mortality of anchovy larvae Engraulis encrasicolus in the
northern Adriatic Sea. Mar Ecol Prog Ser 248:221—-235

] Cordeiro NGF, Nolasco R, Cordeiro-Pires A, Barton ED,
Dubert J (2015) Filaments on the Western Iberian Mar-
gin: a modeling study. J Geophys Res Oceans 120:

., 0400-5416

A Delandmeter P, van Sebille E (2019) The Parcels v2.0 Lagran-

gian framework: new field interpolation schemes. Geosci
., Model Dev 12:3571—3584

A Erauskin-Extramiana M, Alvarez P, Arrizabalaga H, Ibaibar-
riaga L and others (2019) Historical trends and future dis-
tribution of anchovy spawning in the Bay of Biscay. Deep

., SeaReslIl 159:169—182

H FAO (2016) The state of world fisheries and aquaculture
2016: contributing to food security and nutrition for all.
Food and Agriculture Organization of the United Nations

. (FAO), Rome

N Ferreira A, Garrido S, Costa JL, Teles-Machado A, Brotas V,
Brito AC (2023) What drives the recruitment of European
sardine in Atlanto-Iberian waters (SW Europe)? Insights
from a 22-year analysis. Sci Total Environ 881:163421

] Fonseca P, Silva AD, Angélico MM, Garrido S (2022) Sea-
sonal and spatial variability of Atlanto-Iberian pelagic
fish diet with estimates of intraguild predation. Mar Ecol

. Prog Ser687:95—111

M Franca S, Costa MJ, Cabral HN (2011) Inter- and intra-
estuarine fish assemblage variability patterns along the
Portuguese coast. Estuar Coast Shelf Sci 91:262—271

] Garrido S, van der Lingen CD (2014) Feeding biology
and ecology. In: Ganias K (ed) Biology and ecology of
sardines and anchovies. CRC Press, Boca Raton, FL,
p 123—189

] Garrido S, Rosa R, Ben-Hamadou R, Cunha M, Chicharo M,
van der Lingen C (2007) Effect of maternal fat reserves on
the fatty acid composition of sardine (Sardina pilchardus)
oocytes. Comp Biochem Physiol B 148:398—409

] Garrido S, Rosa R, Ben-Hamadou R, Cunha M, Chicharo
MA, van der Lingen C (2008) Spatio-temporal variability
in fatty acid trophic biomarkers in stomach contents and
muscle of Iberian sardine (Sardina pilchardus) and its
relationship with spawning. Mar Biol 154:1053—1065

] Garrido S, Saiz E, Peters J, Ré P and others (2012) Effect of
food type and concentration on growth and fatty acid
composition of early larvae of the anchovy (Engraulis
encrasicolus) reared under laboratory conditions. J Exp

. Mar Biol Ecol 434—435:16—24

A Garrido S, Silva A, Pastor J, Dominguez R, Silva AV, Santos
AM (2015a) Trophic ecology of pelagic fish species off
the Iberian coast: diet overlap, cannibalism and intra-
guild predation. Mar Ecol Prog Ser 539:271—-285


https://doi.org/10.1016/j.fishres.2008.04.012
https://doi.org/10.1016/j.jmarsys.2009.09.004
https://doi.org/10.1007/s10750-012-1285-8
https://www.ices.dk/sites/pub/CM Doccuments/2004/EE/EE2404.pdf
https://doi.org/10.1016/j.marpolbul.2011.02.037
https://doi.org/10.1016/j.scitotenv.2021.146530
https://doi.org/10.1038/s41598-017-03926-z
https://doi.org/10.1016/j.jmarsys.2011.09.015
https://doi.org/10.1016/j.ecss.2006.05.036
https://doi.org/10.1016/j.ecss.2012.07.033
https://doi.org/10.3354/meps248221
https://doi.org/10.3354/meps11506
https://doi.org/10.1016/j.jembe.2012.07.021
https://doi.org/10.1007/s00227-008-0999-7
https://doi.org/10.1016/j.cbpb.2007.07.008
https://www.taylorfrancis.com/chapters/edit/10.1201/b16682-10/feeding-biology-ecology-susana-garrido-carl-david-van-der-lingen?context=ubx&refId=523e49dd-8b27-4c29-891a-57eaf2a89cae
https://doi.org/10.1016/j.ecss.2010.10.035
https://doi.org/10.3354/meps14011
https://doi.org/10.1016/j.scitotenv.2023.163421
http://www.fao.org/3/i5555e/i5555e.pdf
https://doi.org/10.1016/j.dsr2.2018.07.007
https://doi.org/10.5194/gmd-12-3571-2019
https://doi.org/10.1002/2014JC010688

Teles-Machado et al.: Dispersal of European anchovy 11

ﬁ< Garrido S, Ben-Hamadou R, Santos AMP, Ferreira S and
others (2015b) Born small, die young: intrinsic, size-
selective mortality in marine larval fish. Sci Rep 5:17065
#A'Garrido S, Silva A, Marques V, Figueiredo I, Bryere P, Man-
gin A, Santos AMP (2017) Temperature and food-medi-
ated variability of European Atlantic sardine recruitment.
Prog Oceanogr 159:267—275
] Hersbach H, Bell B, Berrisford P, Hirahara S and others
(2020) The ERAS global reanalysis. Q J R Meteorol Soc
. 146:1999-2049
HICES (2016) Second interim report of the Working Group on
Acoustic and Egg Surveys for Sardine and Anchovy in
ICES Areas VII, VIII and IX (WGACEGG). ICES CM
2015/SSGIEOM:31. International Council for the Explo-
ration of the Sea (ICES), Copenhagen
] ICES (2022) Working Group on Southern Horse Mackerel,
Anchovy and Sardine (WGHANSA) report. ICES Scien-
tific Reports 4:51. International Council for the Explora-
tion of the Sea (ICES), Copenhagen
] Junquera S, Pérez-Gandaras G (1993) Population diversity in
Bay of Biscay anchovy (Engraulis encrasicolus L. 1758) as
revealed by multivariate analysis of morphometric and
., eristic characters. ICES J Mar Sci 50:383—391
A Kaplan IC, Williams GD, Bond NA, Hermann AJ, Siedlecki
SA (2016) Cloudy with a chance of sardines: forecasting
sardine distributions using regional climate models. Fish
Oceanogr 25:15—27
] Katara I (2014) Recruitment variability. In: Ganias K (ed) Bio-
logy and ecology of sardines and anchovies. CRC Press,
Boca Raton, FL, p 242—284
] Kehl C, Nooteboom PD, Kaandorp MLA, van Sebille E (2023)
Efficiently simulating Lagrangian particles in large-scale
ocean flows—data structures and their impact on geo-
_, bhysical applications. Comput Geosci 175:105322
B Cann B, Serpette A (2009) Intense warm and saline upper
ocean inflow in the southern Bay of Biscay in autumn—
. winter 2006—2007. Cont Shelf Res 29:1014—1025
M Le Moan A, Gagnaire PA, Bonhomme F (2016) Parallel
genetic divergence among coastal—marine ecotype pairs
of European anchovy explained by differential introgres-
sion after secondary contact. Mol Ecol 25:3187—3202
] Lleonart J, Maynou F (2003) Fish stock assessments in the
Mediterranean: state of the art. Sci Mar 67 (Suppl 1):
., 3749
ﬁ* Llope M, Anadon R, Viesca L, Quevedo M, Gonzdalez-Quiros
R, Stenseth NC (2006) Hydrography of the southern Bay
of Biscay shelf-break region: integrating the multiscale
physical variability over the period 1993—-2003. J Geo-
., bhysRes Oceans 111:C09021
A Magoulas A, Castilho R, Caetano S, Marcato S, Patarnello T
(2006) Mitochondrial DNA reveals a mosaic pattern of
phylogeographical structure in Atlantic and Mediterran-
ean populations of anchovy (Engraulis encrasicolus). Mol
Phylogenet Evol 39:734—746
X Marques JC, Nielsen SN, Pardal MA, Jgrgensen SE (2003)
Impact of eutrophication and river management within a
framework of ecosystem theories. Ecol Model 166:
. 147-168
A Milldn M (1999) Reproductive characteristics and condition
status of anchovy Engraulis encrasicolus L. from the Bay
of Cadiz (SW Spain). Fish Res 41:73—83
] Montes], Iriondo M, Manzano C, Santos M and others (2016)
No loss of genetic diversity in the exploited and recently
collapsed population of Bay of Biscay anchovy (Engraulis
encrasicolus, L.). Mar Biol 163:98

#‘Nyitrai D, Martinho F, Dolbeth M, Baptista J, Pardal MA
(2012) Trends in estuarine fish assemblages facing differ-
ent environmental conditions: combining diversity with
functional attributes. Aquat Ecol 46:201—214

] Peck MA, Arvanitidis C, Butenschén M, Canu D and others
(2018) Projecting changes in the distribution and produc-
tivity of living marine resources: a critical review of the
suite of modelling approaches used in the large Euro-
pean project VECTORS. Estuar Coast Shelf Sci 201:
40-55

Peck MA, Alheit J, Bertrand A, Catalan I and others (2021)
Small pelagic fish in the new millennium: a bottom-up
view of global research effort. Prog Oceanogr 191:102494

] Peliz A, Dubert J, Santos AMP, Oliveira P, Le Cann B (2005)
‘Winter upper ocean circulation in the Western Iberian
Basin — fronts, eddies and poleward flows: an overview.
Deep Sea Res 1 52:621—646

] Peliz A, Dubert J, Marchesiello P, Teles-Machado A (2007)
Surface circulation in the Gulf of Cadiz: model and mean
flow structure. J Geophys Res Oceans 112:C11015

] Peliz A, Boutov D, Cardoso R, Delgado J, Soares P (2013) The
Gulf of Cadiz—Alboran Sea sub-basin: model setup,
exchange and seasonal variability. Ocean Model 61:

. 49-67

A Pingree RD, Le Cann B (1990) Structure, strength and sea-

sonality of the slope currents in the Bay of Biscay region.
., JMar Biol Assoc UK 70:857—885

A Pingree RD, Le Cann B (1992) Three anticyclonic slope water
oceanic eddies (SWODDIES) in the Southern Bay of Bis-
cay in 1990. Deep Sea Res A 39:1147—1175

] Pombo L, Rebelo JE (2002) Spatial and temporal organiza-
tion of a coastal lagoon fish community — Ria de Aveiro,
Portugal. Cybium 26:185—196

] Ramos S, Cowen RK, Paris C, Ré P, Bordalo AA (2006) Envi-
ronmental forcing and larval fish assemblage dynamics in
the Lima River estuary (northwest Portugal). J Plankton

. Res28:275-286

A Relvas P, Barton E (2005) A separated jet and coastal coun-
terflow during upwelling relaxation off Cape Sao Vicente
(Iberian Peninsula). Cont Shelf Res 25:29—49

] Ribeiro R, Reis J, Santos C, Gongalves F, Soares AM (1996)
Spawning of anchovy Engraulis encrasicolus in the Mon-
dego Estuary, Portugal. Estuar Coast Shelf Sci 42:467—482

] Santos AMP, Nieblas AE, Verley P, Teles-Machado A
and others (2018) Sardine (Sardina pilchardus) larval
dispersal in the Iberian upwelling system, using cou-
pled biophysical techniques. Prog Oceanogr 162:83—97

] Santos M, Uriarte A, Boyra G, Ibaibarriaga L (2018) Anchovy
DEPM surveys 2003—2012 in the Bay of Biscay (subarea
VIII) BIOMAN. In: Massé J, Uriarte A, Angelico MM, Car-
rera P (eds) Pelagic surveys series for sardine and anchovy
in ICES Areas VIl and IX: towards an ecosystem approach.
ICES Coop Res Rep 332. International Council for the
Exploration of the Sea (ICES), Copenhagen, p 85—102

] Shannon LJ (1998) Modelling environmental effects on the
early life history of the South African anchovy and sar-
dine: a comparative approach. S Afr J Mar Sci 19:291—-304

] Shchepetkin AF, McWilliams JC (2003) A method for com-
puting horizontal pressure-gradient force in an oceanic
model with a nonaligned vertical coordinate. J Geophys

. Res Oceans 108:3090

A Shchepetkin AF, McWilliams JC (2005) The regional ocean
modeling system: a split-explicit, free-surface, topogra-
phy-following-coordinate ocean model. Ocean Model 9:
347—404


https://doi.org/10.1038/srep17065
https://doi.org/10.1016/j.pocean.2017.10.006
https://doi.org/10.1002/qj.3803
https://archimer.ifremer.fr/doc/00359/46997/46926.pdf
https://doi.org/10.17895/ices.pub.19982720
https://doi.org/10.1006/jmsc.1993.1043
https://doi.org/10.1111/fog.12131
https://www.taylorfrancis.com/chapters/edit/10.1201/b16682-12/recruitment-variability-isidora-katara?context=ubx&refId=03f3c865-6263-43ca-b743-093dea9ba5fc
https://doi.org/10.1016/j.cageo.2023.105322
https://doi.org/10.1016/j.csr.2008.11.015
https://doi.org/10.1111/mec.13627
https://doi.org/10.3989/scimar.2003.67s137
https://doi.org/10.1029/2005JC002963
https://doi.org/10.1016/j.ympev.2006.01.016
https://doi.org/10.1016/S0304-3800(03)00134-0
https://doi.org/10.1016/S0165-7836(99)00010-7
https://doi.org/10.1016/j.ocemod.2004.08.002
https://doi.org/10.1029/2001JC001047
https://doi.org/10.2989/025776198784126638
https://archimer.ifremer.fr/doc/00585/69728/67618.pdf
https://doi.org/10.1016/j.pocean.2018.02.011
https://doi.org/10.1006/ecss.1996.0030
https://doi.org/10.1016/j.csr.2004.09.006
https://doi.org/10.1093/plankt/fbi104
https://ia601901.us.archive.org/2/items/cybium-26-003-185-196/cybium-26-003-185-196.pdf
https://doi.org/10.1016/0198-0149(92)90062-X
https://doi.org/10.1017/S0025315400059117
https://doi.org/10.1016/j.ocemod.2012.10.007
https://doi.org/10.1029/2007JC004159
https://doi.org/10.1016/j.dsr.2004.11.005
https://doi.org/10.1016/j.ecss.2016.05.019
https://doi.org/10.1007/s10452-012-9392-1
https://doi.org/10.1007/s00227-016-2866-2

12 Mar Ecol Prog Ser - Advance View

ﬁ< Silva G, Horne JB, Castilho R (2014) Anchovies go north and
west without losing diversity: post-glacial range expan-
sions in a small pelagic fish. J Biogeogr 41:1171—1182

] Siple MC, Essington TE, Barnett LAK, Scheuerell MD (2020)
Limited evidence for sardine and anchovy asynchrony:
re-examining an old story. Proc R Soc B 287:20192781

] Somarakis S, Nikolioudakis N (2010) What makes a late
anchovy larva? The development of the caudal fin seen
as a milestone in fish ontogeny. J Plankton Res 32:

. 317-326

N Somarakis S, Tsoukali S, Giannoulaki M, Schismenou E,
Nikolioudakis N (2019) Spawning stock, egg production
and larval survival in relation to small pelagic fish
recruitment. Mar Ecol Prog Ser 617-618:113—136

] Teles-Machado A, Peliz A, Dubert J, Sanchez RF (2007) On
the onset of the Gulf of Cadiz Coastal Countercurrent.
Geophys Res Lett 34:L12601

] Teles-Machado A, Peliz A, McWilliams JC, Cardoso RM,
Soares PMM, Miranda PMA (2015) On the year-to-year

Editorial responsibility: Isaac Kaplan (Guest Editor),
Seattle, Washington, USA
Reviewed by: A. R. Thompson and 1 anonymous referee

changes of the Iberian Poleward Current. J Geophys Res
., Oceans 120:4980—4999
N Teles-Machado A, Peliz A, McWilliams JC, Couvelard X,
Ambar I (2016a) Circulation on the Northwestern Iberian
Margin: vertical structure and seasonality of the along-
shore flows. Prog Oceanogr 140:134—153
] Teles-Machado A, Peliz A, McWilliams JC, Dubert J, Le
Cann B (2016b) Circulation on the Northwestern Iberian
Margin: Swoddies. Prog Oceanogr 140:116—133
Uriarte A, Prouzet P, Villamor B (1996) Bay of Biscay and
Ibero Atlantic anchovy populations and their fisheries.
. SciMar 60 (Suppl 2):237—-255
M von Schuckmann K, le Traon PY, Smith N, Pascual A and
others (2019) Copernicus Marine Service Ocean State
» Report, Issue 3. J Oper Oceanogr 12 (Suppl 1): S1-S123
A Zarraonaindia I, Iriondo M, Albaina A, Pardo MA and others
(2012) Multiple SNP markers reveal fine-scale popula-
tion and deep phylogeographic structure in European
anchovy (Engraulis encrasicolus L.). PLOS ONE 7:e42201

Submitted: July 18, 2023
Accepted: January 3, 2024
Proofs received from author(s): April 2, 2024


https://doi.org/10.1111/jbi.12275
https://doi.org/10.1098/rspb.2019.2781
https://doi.org/10.1093/plankt/fbp132
https://doi.org/10.3354/meps12642
https://doi.org/10.1029/2007GL030091
https://doi.org/10.1371/journal.pone.0042201
https://doi.org/10.1080/1755876X.2019.1633075
https://doi.org/10.1016/j.pocean.2015.09.011
https://doi.org/10.1016/j.pocean.2015.05.021
https://doi.org/10.1002/2015JC010758



