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Large-scale electronic tagging is a very powerful tool to study how sh movements and migrations shape the internal dynamics of populations.
This knowledge, crucial for improving shery management, was still limited for the European seabass, whose stocks in the Northeast Atlantic
have declined drastically over the last decade. To better understand the species ecology and the spatio-temporal structure of the population, we
tagged seabass in the North Sea, the English Channel, and the Bay of Biscay, from 2014 to 2016. Out of 1220 deployed DSTs, 482 have been
recovered by November 2022. Approximately half of them included a period of potential spawning migration. Reconstructed trajectories con-

rmed seabass to be a partial migratory species, as individuals exhibited either long-distance migrations or residence. Most migrants exhibited

delity to summer feeding areas and winter spawning areas. Our dataset enriches the knowledge of seabass biological traits (e.g. temperature
and depth ranges, vulnerability to predation and shing). Our results suggest a spatial structure of the Atlantic population that differs from the
stock structure currently considered for assessment and management. The consequences should be explored at both the European level and
by regional managers involved in conservation outcomes.
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ecology, spawning site delity, stock structure, temperature.

Introduction

As internal dynamics and population structure are shaped
by animal movements and migrations (Nathan et al., 2008;
Spiegel et al., 2017), the choice of inappropriate spatial and/or
temporal scales for monitoring and assessing wild populations
can have disastrous effects on their exploitation and conserva-
tion (Kerr et al., 2017; Cadrin, 2020). The management units
for exploited marine sh—hereafter called stocks, de ned as
““a marine biological resource that occurs in a given manage-
ment area”, (Anon, 2013)—have not been always spatially
delimited on a biological basis. A mismatch between stocks
and biological populations—*“a group of interbreeding indi-
viduals that exist together in time and space” (Hedrick, 2000;
in Waples and Gaggiottil, 2006)—can lead to inappropriate
management measures. The consequences are detrimental to
varying degrees: loss of productivity, loss of biodiversity, and
reduced resilience, or, ultimately, the collapse of populations
(Kerr et al., 2017; Cadrin, 2020). There have been situations
where different populations have failed to be managed as a
single stock, for example, the collapse of the walleye pollock

shery in the Aleutian Basin (Bailey, 2011) or the dif culties
to rebuild the Atlantic cod sheries (e.g Hutchinson, 2008;
Zemeckis et al., 2014b).

Numerous methods have been developed for delineating
populations and exploring their connectivity either at an evo-
lutionary scale—genetics methods—or at a demographical
scale—tagging, morphometric/meristic characters, life history

traits such as growth and age at rst maturity, chemistry of
calci ed structures, parasites, etc. (e.g. Cadrin, 2020). Tagging
is one of the oldest methods of providing information on sh
movement, and Walton reported in “the Compleat Angler”,

rst published in 1653 (in Mc Farlane et al., 1990), its use
on Atlantic salmon juveniles, showing natal homing of this
Species.

The European seabass (Dicentrarchus labrax) is one of the
most prized species in the Northeast Atlantic. In 2018, com-
mercial landings reached 43.8 M€ in rstsale in Europe, while
the economic value of recreational shing was estimated at c.a.
356 M€ (EUMOFA, 2021). The species’ distribution ranges
from the Scottish and Norwegian coasts in the north and the
coasts of Morocco, the Mediterranean Sea, and the Black Sea
in the south. Essential habitats vary during the life cycle (Pick-
ett and Pawson, 1994; Lopez et al., 2015). Reproduction gen-
erally takes place offshore, although coastal spawning has also
been reported. Successful reproduction depends on the advec-
tion of eggs and larvae towards estuarine or sheltered coastal
areas, which provide favourable habitats to the survival and
growth of the juveniles. These nursery areas support the ju-
veniles until they reach maturity at 35 cm for males and

42 cm for females (Kennedy and Fitzmaurice, 1972; Paw-
son and Pickett, 1996). Adults alternate migrations between
coastal/inshore feeding areas and offshore spawning grounds.

Classi ed as coastal and demersal (Froese and Pauly, 2021),
seabass was managed locally by national jurisdictions until
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the southern Channel/North Sea sheries showed strong signs
of decline in the 2010s. Since 2015, the European Commis-
sion has had to take emergency measures for its conservation
(e.g. European Commission, 2015). The rst international ad-
vice regarded NE Atlantic seabass as a single stock (ICES,
2012). Practical considerations then led experts to consider
four stocks, two of which are now being assessed by ICES
with an analytical assessment (ICES, 2018). The 48th paral-
lel north separates the “northern stock™, hereafter designed as
NS, comprising the Irish Sea, Celtic Sea, English Channel, and
southern North Sea (ICES divisions IVb—c and Vlla, d-h), and
the “Bay of Biscay stock™, hereafter designed as BOB (ICES
divisions Vllla-b). The two other stocks are in Southern Ire-
land and Western Scotland (ICES areas Vla, VIIb, and VIIj)
and Portugal and Northern Spain (ICES areas VllIc and 1Xa).
ICES recurrently stresses the need for research on the spatial
population structure (ICES, 2021).

Seasonal migrations between inshore feeding areas and off-
shore spawning areas were shown by conventional tagging
(external tags) around British islands (Pawson et al., 1987;
Pawson et al., 2007; Pawson et al., 2008). This approach also
evidenced delity to summer habitats. Fritsch et al. (2007)
found low connectivity between the NS and the BOB, but their
data showed a very low recapture rate and short time at lib-
erty of recoveries. Electronic tagging (acoustic and archival
tags) revealed ne-scale behaviours and con rmed delity to
summer feeding areas (Quayle et al., 2009; Doyle et al., 2017;
de Pontual et al., 2019). Fidelity on spawning grounds in win-
ter was also evidenced as well as the existence of a probable
mixing zone of NS/BOB stocks in western Brittany (de Pon-
tual et al., 2019). Seabass is a partially migratory species, with
some individuals showing residency in coastal areas (Doyle et
al., 2017; O’Neill et al., 2018; de Pontual et al., 2019). Acous-
tic telemetry recently evidenced residency of juveniles and sub-
adults in inshore habitat (Stamp et al., 2021). Despite these ad-
vances, knowledge remains patchy and mainly focused on the
NS. The extent to which the identi ed behaviours and move-
ment patterns are representative for the whole population re-
mains a key question. To address this issue, we carried out a
large-scale electronic tagging programme from 2014 to 2016
at 10 sites along the French coast from Dunkirk (southern
North Sea) to Capbreton (southern Bay of Biscay). Our ob-
jectives were (1) to con rm site delity particularly on winter
spawning grounds (2) to analyse the connectivity between NS
and BOB stocks, and (3) to highlight particular behavioural
traits. These objectives required the prior analysis of vertical
behaviours (Heerah et al., 2017), with the aim to improve the
geolocation model previously developed (Woillez et al., 2016).
We then discussed how this new insight on the spatial struc-
ture of the Atlantic population challenges the current func-
tioning of its management.

Material and methods

Tagging protocol

Ten tagging surveys were carried out along the French coasts
during the summers of 2014, 2015, and 2016 (Table 1
and Figure 1). Tagging followed the protocol developed dur-
ing a pilot study in the Iroise Sea (de Pontual et al., 2019).
The national shery committee (CNPMEM) charted two to
three professional shing vessels per survey. One or two ves-
sels were in charge of shing (rods and lines), while another
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was used as a support vessel, moored in sheltered waters,
where sh were transferred to, tagged, and released on the
same day they were caught. Carefully selected sh [>41.5cm
total length (TL), tag to body mass ratio <2%, apparently
good condition] were tagged following the protocol of de Pon-
tual et al. (2019). Fish were tattooed by intradermal injec-
tion with alcian blue. Ethics rules were strictly observed, and
tagging was carried out under a project licence no 01987.02
authorized by the French Ministry of Agriculture and
Environment.

The DST type was Cefas G5 long-life 2 Mb, with tempera-
ture and pressure sensors and a battery life of 2 years. Tags
were calibrated with a pressure range of 0-2000 kPa, allowing
a maximum depth record of 230 m. Pressure and tempera-
ture were recorded at 90 s intervals for the rst 680 days and
at 3 min for the 50 remaining days. Logging regimes were the
same for all surveys. In order to increase the recovery rate of
DSTs, we used oating tags that could drift ashore in case sh
died at sea, regardless of the cause of death.

Experiments were advertised through various media,
posters, and mailings to shers and stakeholders all along the
French coasts. Posters in English and Spanish were sent to
research institutes in the United Kingdom, Belgium, Nether-
lands, and Spain to promote the return of tagged sh re-
captured abroad. A reward of 100€ was offered for each
tagged sh returned to the laboratory (50€ for a DST alone),
and a further 1000€ awarded in a prize draw among all
participants.

Geolocation model

Trajectories were reconstructed with a geolocation modelling
approach (Woillez et al., 2016). The likelihood of daily sh
positions was thus estimated with a hidden Markov model
(HMM), consisting of a movement model and an observation
model (Pedersen et al., 2008; Thygesen et al., 2009). From the
daily posterior probability distributions, individual sh tracks
were computed as the most probable sequence of positions,
i.e. the Viterbi track. Full details on the geolocation approach
were outlined in Woillez et al. (2016), but we described the
model re nements for the current analysis in the text below.

The observation model linked the time series of mea-
sured depth and temperature to the environmental reference

elds of temperature at depth and bathymetry. We used the
Atlantic-European North West Shelf-Ocean Physics Reanaly-
sis provided by E.U. Copernicus Marine Service Information
(CMEMS-NWS Physics) as the temperature reference eld.
This reanalysis provides ocean temperature at depth produced
by a hydrodynamic model at 7 km horizontal resolution. The
model assimilates observations (e.g. surface sea temperature
from satellite and in situ vertical pro les of temperature) to
minimize bias and errors of the temperature at depth elds
predicted by the model. For simplicity, we set the standard de-
viations of temperature at depth to the typical levels of un-
certainty for temperatures derived from this hydrodynamic
model, i.e. 0.85°C. We used the 2014 30-arcsecond gridded
bathymetry data from the General Bathymetric Chart of the
Oceans (GEBCO).

The model was adapted to include a behavioural switch.
A HMM to identify behavioural states series (Heerah et al.,
2017) was applied on the archival depth series to discern
low (presence of tidal signals) from high activity states. Fol-
lowing the approach of Pedersen et al. (2008), this daily ac-
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Table 1. Synopsis of the tagging surveys.

#Tagged Recovery Max. time post
Survey Location sh # Recoveries rate (%) tagging (days)?
DK (3-13 June 2014) Dunkirk 150 57 38.0 1474
SQ (17-27 June 2014) Saint-Quay-Portrieux 152 65 42.8 1437
CB (1-11 September 2014) Capbreton 123 59 48.0 1237
LT (9-19 September 2014) La Turballe 143 70 49.0 1533
PB (1-12 June 2015) Port-en-Bessin 89 39 43.8 1073
ad (9-19 June 2015) Audierne 179 66 36.9 1230
SM (9-11 September 2015) Saint-Malo 16 5 31.3 822
10 (7-16 September 2015) lle d’Oléron 132 41 311 579
SV (21-24 June 2016) Saint-Vaast-la-Hougue 129 37 28.7 739
NO (31 August-4 September 2016) Noirmoutier 107 43 40.2 833
Total DSTs 1220 482 39.5 1474

aFor recovered sh only (i.e. excluding DSTs found on the coast).
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Figure 1. The ICES seabass stocks and locations of the tagging surveys
(DK: Dunkirk; PB: Port-en-Bessin; SV: Saint Vaast-la-hougue; SM: Saint
Malo; SQ: Saint Quay-Portrieux; AD: Audierne; LT: La Turballe; NO:
Noirmoutier; OL: lle d’Oléron; and CB: Capbreton). The area off the Bay
of Biscay is considered for migration analysis. Figure in colour is available
in the online open access version.

tivity state was then incorporated in the movement model
and the depth likelihood of the observation model. For the
movement model, the parameter of diffusivity (D) was es-
timated in a separate maximum likelihood estimation pro-
cedure for the two behavioural states. D would be smaller
for the low activity state (D estimated between bounds of
1 and 6 km?/day) than for high activity (D estimated above
6 km?/day). Tide signals were not used to geolocate sh,
as it was inef cient for seabass, particularly in BOB, where
tide phases and amplitudes are very similar across the whole
area.

For the observation model, we implemented a continuous
approach for the depth likelihood if the sh showed a high
activity level. The depth likelihood computation method as-
sumes that the observed depth at a given position is Gaussian
distributed with mean equal to the depth of the bathymetry
and variance equal to the estimated bathymetry variance (Ped-
ersen et al., 2008). When a low activity state was detected
(with the presence of tidal signals), the depth likelihood re-
sulted in a seabed matching with few meters of uncertainty.
The temperature likelihood was estimated for each depth layer
of the reference eld (0, 3, 10, 15, 20, 30, 50, 75, 100, 125,
and 150 m). The depth and temperature likelihood at depth
were then multiplied resulting in a single observation likeli-
hood layer per day. When available, the recapture position was
used for geolocation if the DST was still actively recording at
the time of the recapture.

For the tags showing evidence of a time spent in warm wa-
ter of power plant plume (expert visual inspection of 5-10°C
differences in the temperature time series), an autoregressive
model in which the mean of the process switches between two
regimes was t to the temperature time series (Chang-Jin and
Nelson, 1999). Thus, a speci c observation likelihood model
was de ned for the days likely spent in the warm plume; with
an equal non-null value of data likelihood for grid cells where
a nuclear power plant is located and a null value for the rest
of the grid cells. Thirteen power plants from France, Belgium,
Netherland, and the United Kingdom were considered (Sup-
plementary Table S1).

Individual sh tracks were collated per tagging sites to
illustrate post-tagging individual migration histories show-
ing sh location with respect to time and seasons. For ev-
ery individual, we summarized the estimated sh locations
by its daily membership to ICES seabass stocks (as de ned in
Figure 1). Site delity is de ned as the delity behaviour to a
given region. Here, site delity or residency to summer feeding
grounds was de ned as the sh returning or being presentin a
50 km radius of its tagging site (as in de Pontual et al., 2019),
as seabass are known to return to or stay in very speci c lo-
cations (Doyle et al., 2017). Site delity to spawning grounds
was de ned as sh returning in the same ICES stock area to
reproduce.

Results

Out of the 1220 tags deployed across the 10 sites, 482 (39.5%)
tagged sh or tags alone were found by November 2022

€20z AInF 1 uo 1sanb AQ L0E06 | £/280PESY/SWISB0/EE0L "0 L/I0P/3[0IE-00UBADE/SWIS301/WO9"dNO"DIWPEDE//:SANY WO} PAPEOJUMOQ



Migration strategies: DK

Migration strategies: PB

H. de Pontual etal. g

Migration strategies: SV
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Figure 2. Individual movement histories showing seasonal migrations and occurrences of tagging site delity. Results for seabass tagged in the
southern North Sea (Dunkirk) and Eastern English Channel (Port-en-Bessin, Saint-Vaast-la-Hougue). The colours indicate sh position according to those
of the ICES stocks (shown in the inset plot). The grey colour illustrates the delity to the tagging site ( sh within 50 km of its tagging site). Time series
are temporally aligned among tagging sites using 1 January of the tagging year as a time reference. Vertical dotted lines separate the seasons (W:

winter; Sp: spring; Su: summer; F: fall). Solid vertical lines separate the years.

(Table 1). A total of 443 DSTs were physically recovered. Re-
covery rates varied across sites from 28.7% (Saint-Vaast-la-
Hougue) to 49.0% (La Turballe), with the maximum time at
liberty ranging from 579 to 1474 days (see Table 1 for all the
recovery rates per tagging sites). The tattoo and the tag ota-
tion device proved to be very useful to improve subsequent sh
detection or tag recovery. Tags were (1) returned by profes-
sional or recreational shers; (2) discovered at some stage of
the commercialization (auction room, sh market, consumer,
etc.); or (3) found on the coast after having drifted after the
death of the sh (Supplementary Figure S0). Fish were mostly
recaptured by net, longline and other lines. Bottom trawlers
contributed less (Supplementary Figure S0), whereas the sh
returns from other shing techniques were very few. The con-
tributions of spear shing and surfcasting were marginal.

For some individuals tagged in Dunkirk (n =17, i.e. 4.7%),
sudden rises of 10°C above normal temperature at shal-
low depths were observed all along the year. Those ther-

mal signatures were interpreted as sh incursions into power
plant plumes, which positions need to be taken into account
in the geolocation model. Supplementary Figure S1 shows
depth/temperature series of a sh that stayed in a power
plant plume from December to April. Supplementary Figure
S2 shows another sh exhibited a quasi-resident behaviour
in such water bodies, with a maximum temperature above
32°C.

The experienced thermal minimum was 6.5°C (e.g. Sup-
plementary Figure S3). This winter’s temperature was more
representative of continental or estuarine waters than marine
waters. Thermocline position did not limit the amplitude of
vertical movements (e.g. Supplementary Figure S4), and tem-
perature gradient that the sh can withstand can be very high
(e.g. 10°C in <1 hour for individual #CB_A11107).

Seabass showed some ability to dive deep; some individuals
exceeded the maximum depth ( 230 m) de ned during the
DST calibration (e.g. Supplementary Figure S4).
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Figure 3. Seven typical reconstructed tracks derived from DST data of seabass tagged in the southern North Sea and in the eastern English Channel
(#DK_A10508, #DK_A10506, #DK_A10600, #PB_A11999, #PB_A12015, #SV_A12763, and #SV_A11937), with daily position estimates of the most
probable track coloured by calendar month and release and recapture positions represented respectively by green and red triangles. Number inside the
triangles corresponds to the rank of the tags ID listed above. Bathymetry data originate from the GEBCO.

DST records provided other environmental signals. For in-
stance, tidal signals could be identi ed on more or less long
time sequences (e.g. Supplementary Figure S5). These were vis-
ible on a signi cant number of tags ( 35%), whether in the
Channel or in the Bay of Biscay.

Predation events of seabass by a marine mammals, tuna
or lamnid [sharks with varying degrees of thermoregulation
capacity (see e.g. Clarke and O’Connor, 2014; Schlaff et al.,
2014)] were observed (not counted on the whole dataset). For
instance, we found a predation event probably by a lamnid
capable of increasing its body temperature by ca. 10°C above
that of the surrounding environment (Supplementary Figure
S6). Fish #SV_A11857 (Supplementary Figure S7) had been
likely eaten by a marine mammal as indicated by a temper-
ature increase to 35°C. Fishing events on seabass by shers
were also observed in the time series (example of a net; Sup-
plementary Figure S8), which were con rmed by their decla-
ration when reporting the recapture information.

Migration strategies

Tagged sh with the longest time at liberty are the most useful
to analyse the spatio-temporal structuring of the population
in terms of behaviour strategies (residency vs. migration, feed-
ing, and spawning site delity at the scale of the stock units).
Consequently, trajectories of tagged seabass, whose data were
recovered until 31 August 2021, were reconstructed. Most of
the time the model runs converged, but some either failed to
converge, as diffusion parameters were likely too high, or con-
verged, but they estimated very high values of diffusion pa-
rameters, which may be not ecologically relevant (D > 200
km?/day). For those latter tags (n = 128, i.e. 32% of the total
number of reconstructed tracks), in order to increase the num-
ber of reconstructions, the diffusion parameters were xed
to the median values estimated from non-problematic tags of

the same tagging site (see supplementary material, Appendix
S4, Table S2 for more details). Ultimately, migration strategies
were analysed using 364 reconstructions.

Most seabass tagged in Dunkirk (southern North Sea) re-
mained in the NS area except for six sh (#DK_A10639,
#DK_A10600, #DK_A10602, #DK_A10611, #DK_A10572,
and #DK_A10552), which made incursions in wintertime into
the BOB area (Figure 2). However, their trajectories were tan-
gent to the 48th parallel (separating NS and BOB) and did not
show any reproductive migration in central BOB (Figure 3).
Tagging site delity in summer was observed for only three

sh tagged in Dunkirk.

The Eastern Channel data (PB and SV) showed the same
patterns as in the southern North Sea (Figure 2). Most sh
remained in the NS area except nine sh (#PB_A12083,
#PB_A11986, etc.), which made incursions, in wintertime (ex-
cept one in fall), into the BOB area or the area off the BOB.
Here again, the trajectories stayed close to the 48°N, and did
not go to the central BOB. Feeding site delity in summer was
observed for ten individuals, which returned to their tagging
sites one year after the release date. During wintertime, sh
migrate towards west to spawn (Figure 3).

For the western English Channel ( sh from Saint-Quay-
Portrieux and one sh from Saint-Malo; A12612), a very dif-
ferent pattern is observed (Figure 4). The main migration strat-
egy is towards the south (719%b), i.e. mainly the BOB area, and
in a lower extent to the area off BOB and the Iberian Penin-
sula. The occurrences of site delity are numerous and concern
both feeding site delity (in summer; 81% of the DST data
that last at least 1 year) and spawning site delity ( sh mi-
grating to BOB two successive winters; 92% of the DST data
that last at least 1.5 years). Two individuals (#SQ_A10788;
TL = 67.3 cm, and #SM_A12612; TL = 51.9 cm) remained
in the NS (Figure 5), and a third individual showed a mixed
tactic (#SQ_A10700; TL = 47 cm) with the rst winter in NS
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