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Abstract 

Movement data are essential to the effective conservation and management of migratory species. European sea bass, an ecologically 
and economically important migratory species in the northeast Atlantic, has expanded its range northward in recent decades. However, 
the dynamics of its large-scale and seasonal movement patterns across much of its range remain poorly understood. Notably, increasing 

sea bass abundance in the Wadden Sea, amidst widespread population declines across its broader range, highlights the potential 
significance of seasonal habitats for the species’ overall stability. We used acoustic telemetry to explore the importance of northern 

summer foraging grounds for sea bass, including examination of large-scale migratory connectivity, seasonal residency, and site fidelity. 
Acoustic detections from 130 adult sea bass (LT = 40-75 cm) revealed extensive seasonal migrations spanning 700 km between the 
Wadden Sea, North Sea, and English Channel. Migration occurred primarily in spring and autumn and highlighted strong regional 
connectivity between the Wadden Sea and southern North Sea. Larger individuals were associated with shorter migration distances. 
Within the Wadden Sea, sea bass arrived in spring (median date = May 22) and departed in autumn (median date = Oct 13) and had 

a median residence period of 136 days. For most fish, the extent of core area use ranged from 0-54 km. Additionally, 79% of returning 

individuals were detected within 10 km of their activity centres in previous years. Repeatability analyses showed high consistency 
between years in departure timing, core area extent, and site fidelity, emphasising greater among-individual than within-individual 
variation. These findings underscore the significance of the Wadden Sea as a summer habitat and shed light on the seasonal and 

regional behaviours of sea bass across their migration routes. This knowledge is vital for informing management strategies that account 
for both local and large-scale movements in this highly migratory population. 

Keywords: movement ecology; acoustic telemetry; migration; residency; repeatability; Wadden Sea; North Sea; English Channel; Dicentrarchus labrax 
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Introduction 

Seasonal migrations allow individuals to optimize trade-offs 
in growth, survival, and reproduction by tracking favourable 
conditions across space and time (Olsson et al. 2006 , Brön- 
mark et al. 2008 , 2014 , Jørgensen et al. 2008 ). For migratory 
species, the quality of habitats used at either end of the migra- 
tory pathway has consequences for individual fitness (Merkle 
et al. 2022 ). Understanding migration timing and seasonal 
habitat use is critical for identifying the ecological factors 
that shape population abundance and distribution, thereby in- 
forming management at both local and regional scales. 

The European sea bass ( Dicentrarchus labrax , hereafter 
“sea bass”) is a partially migratory species that inhabits 
coastal waters, estuaries, and brackish lagoons across the 
northeast Atlantic, including the North, Irish, and Mediter- 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
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reuse, distribution, and reproduction in any medium, provided the original work
anean Seas (ICES 2012 , Froese and Pauly 2023 ). Within the
ortheast Atlantic, sea bass exhibit high variability in individ- 
al migration patterns and site fidelity, resulting in a complex
opulation structure that complicates management (Robinet 
t al. 2020 , Goossens et al. 2024 ). The International Council
or the Exploration of the Sea (ICES) treats sea bass in the
ortheast Atlantic as four distinct stocks in their management 
dvice and stock assessments (ICES 2012 , 2018 ). However, a
ack of genetic differentiation and variability in migration pat- 
erns suggest that current stock divisions may not accurately 
apture the true population structure (Fritsch et al. 2007 , Paw-
on et al. 2007 , ICES 2012 , Goossens et al. 2024 ). 

Most sea bass research in the northeast Atlantic has ex-
mined seasonal migrations between offshore winter spawn- 
ng sites ( e.g. the English Channel, Iroise Sea, and northern
tional Council for the Exploration of the Sea. This is an Open Access
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ay of Biscay), and coastal summer feeding areas, primarily in
K and Irish waters (Kennedy and Fitzmaurice 1972 , Holden
nd Williams 1974 , Pawson et al. 1987 , Pawson et al. 2007 ,
008 , Quayle et al. 2009 , de Pontual et al. 2019 ). These studies
ound small home ranges and strong interannual site fidelity
uring summer, contributing to an increased susceptibility to
ocal depletion (Pawson et al. 2008 , Doyle et al. 2017 ). Site
delity to winter spawning sites was also observed in France,
long with further evidence of partial migration (de Pontual
t al. 2013 , 2019 , Le Luherne et al. 2022 ). 

While sea bass populations have declined along Europe’s
tlantic coasts (ICES 2022 ), they have expanded their range
nd increased in abundance in northeastern regions, likely as a
esult of climate warming. One example of this is the Wadden
ea, in which the species is considered a recent coloniser and
upports both commercial and recreational fisheries (Tulp et
l. 2008 , Cardoso et al. 2015 , Tulp et al. 2017 : 2). However,
ittle is known about how migratory patterns and movements
n such areas are shaped by environmental or anthropogenic
actors. Initial tagging results suggest a predominantly west-
ard seasonal migration toward the southern North Sea and
nglish Channel, highlighting the Wadden Sea as a strategic

ocation for studying movement dynamics in seasonally occu-
ied coastal habitats (Goossens et al. 2024 ). 
We used acoustic telemetry to investigate the movement

atterns of adult sea bass tagged in the western Dutch Wadden
ea, addressing knowledge gaps on the role of coastal habitats
n their annual migrations. By integrating data from local and
egional receiver arrays, we examined migration timing and
ovement within the Wadden Sea and southern North Sea,
ith additional focus on individual variation and repeatabil-

ty across multiple years. 

ethods 

tudy area 

he Wadden Sea is a dynamic coastal system and UNESCO
orld Heritage Site (Common Wadden Sea Secretariat 2016 ,
NESCO 2023 ) shaped by tidal gullies, river outlets, and in-

ertidal mudflats that cover approximately 50% of its surface
rea (de Jonge et al. 1993 ). Its diverse habitats include salt
arshes along the mainland and Wadden Islands, soft sedi-
ents, and patches of hard substrate formed by oyster and
ussel reefs (Baptist et al. 2019 ). The western Dutch Wadden

ea spans roughly ∼1530 km2 and encompasses three tidal
asins: Marsdiep, Eierlandse Gat, and Vlie (Baptist et al. 2019 )
 Fig. 1 b). With an average depth of 3.5 m, the deepest areas are
onfined to the gullies and dredged shipping channels (Zim-
erman 1976 ). 
In recent decades, warming temperatures and anthro-

ogenic activities such as fishing, dredging, and resource ex-
raction have degraded the Wadden Sea’s function as a nursery
nd feeding ground for North Sea migratory fish populations
Tulp et al. 2008 , van Aken 2008 , van der Veer et al. 2011 ,
015 , 2022 ). 

ish tagging and ethics statement 

dult sea bass ( ≥40 cm total length) were captured in the
estern Dutch Wadden Sea ( Fig. 1 ) using the Royal Nether-

ands Institute for Sea Research (NIOZ) kom-fyke sampling
rogram (van Walraven et al. 2017 ) and commercial gillnet-
ing (11 cm stretched mesh) (see Supplementary Materials for
etails). A total of 208 fish were caught and tagged from early
ay to early September in 2021 and 2022. Tagging was per-

ormed in the manner described by (Edwards et al. 2025 ), us-
ng V13-1x, V13AP-1x, V16-4x acoustic transmitters (Inno-
asea Systems Inc., Bedford, Canada) and an external T-bar
ag anterior to the first dorsal fin. Prior to tagging, fish were
edated in a 0.04% solution of 2-phenoxyethanol in seawater.
coustic transmitters were surgically implanted into the peri-

oneal cavity and incisions were closed with 2–4 interrupted
utures. Following surgery, fish were held in recovery tanks
ith fresh seawater until normal buoyancy, respiration, and

wimming behaviour resumed. Tagging was performed in ac-
ordance with the Experiments on Animals Act in the Nether-
ands and approved by the Animal Ethical Commission un-
er permit numbers 2016.D-0041 and 2021.D-0002. See Sup-
lementary Materials for additional details and tag program-
ing. 

coustic arrays 

his study includes detections recorded by multiple receiver
rrays in the Wadden Sea, southern North Sea, and En-
lish Channel ( Fig. 1 ), sourced from the European Track-
ng Network data portal ( https://www.lifewatch.be/etn/) (see
ppendix 1 for array acknowledgements). Data were col-

ected between May 12, 2021, and June 1, 2024. 
Range testing was conducted within the Wadden Sea using

eceivers in the Swimway array ( Fig. 1 a), indicating midpoint
50%) detection ranges of 149 m for V13 tags and 311 m for
16 tags (or equivalent power output) (Edwards et al. 2024 ).

ata analysis 

ata filtering and analyses were conducted using R software
R Core Team 2023 ). 

ata filtering 
etection data were first subjected to a three-step filtering pro-

ess to remove potential false detections (Brownscombe et al.
023 , Edwards et al. 2025 ). Detections were removed if they:
) occurred before tag deployment, ii) were part of a pair of de-
ections for the same tag that were simultaneous or occurred
ithin the minimum transmission delay, or iii) were single de-

ections at a station within a 24 h period. In cases of simul-
aneous detections or those occurring within the minimum
ransmission delay, only the second detection was removed.
etections were first sorted chronologically, and delays were

alculated relative to the previous detection. Detections with
elays shorter than the transmission interval − including 0-
econd delays − were flagged for deletion. For paired simul-
aneous detections, the first of the pair was compared to the
ast valid detection and was subsequently retained, while the
econd detection in the pair was removed. 

Suspected mortalities were also assessed via: i) the recapture
f internal tags by fishermen or beach combers, or ii) exam-
nation of detection profiles (see Supplementary Materials).
ndividuals identified as likely mortalities were excluded from
nalyses. 

ea bass presence and migration across European habitats 
he filtered detection dataset was used to compare seasonality
nd temporal overlap in sea bass presence across the Wadden
ea, southern North Sea, and the English Channel. Temporal

https://www.lifewatch.be/etn/
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf190#supplementary-data
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Figure 1. Locations of acoustic receiver stations in (A) the western Dutch Wadden Sea and (C) the southern North Sea and English Channel. Locations in 
panel C include only stations with sea bass ( Dicentrarchus labrax ) detections. Depth contours in the Wadden Sea represent zones described by (Baptist 
et al. 2019 ), ranging from areas exposed at low tide (salt marsh to low littoral) to a maximum of ∼40 m depth in sublittoral regions. Panel B highlights 
locations referenced in the text, including the three tidal basins and the Balgzand subregion. Acoustic receiver locations in panels A and C encompass 
multiple acoustic arrays: (i) Wadden Sea—Swimway and RBVV2 arrays, (ii) North Sea—Apelafico, bpns, CODEVCO fish detectors, cpodnetwork, Fish 
Intel Network, Haringvlietdam, PelFish, and ws1, and (iii) English Channel—Fish Intel Network. Additional detection data were obt ained via the dat abase 
of the European Tracking Network: https://www.lifewatch.be/ etn/ . 
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patterns and recurrence rates were examined for individual 
sea bass in each region. 

To assess large-scale connectivity, we calculated the propor- 
tion of fish detected in each area to characterise regional de- 
tection rates and undetected movements. For receiver stations 
outside the Wadden Sea, distances from the outermost sta- 
tion in the Swimway array (S 11, Marsdiep Channel) served 

as a proxy for maximum travel distance. To test whether 
fish length at capture or season of detection influenced maxi- 
mum distance travelled, we fitted a Gamma generalised linear 
mixed model (GLMM) with a log link using the glmmTMB 
o  
ackage (Brooks et al. 2017 ). The model included fish ID as
 random intercept to account for repeated seasonal mea- 
ures, fish length as a continuous fixed effect, and season
s a categorical fixed effect, with winter set as the reference
evel. 

atterns of occurrence in the Wadden Sea 
etection data were separated by year and visually examined 

or spatial patterns in sea bass presence and absence across the
estern Dutch Wadden Sea. Stations were considered absent 
f sea bass if they had the potential to detect tagged individ-

https://www.lifewatch.be/etn/
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als but recorded no detections. To avoid bias from lost or
amaged receivers with reduced detection opportunity, only
hose that remained functional for at least 90 days in the given
ear − approximately half of the 6-month deployment pe-
iod − were included in the analysis. Data from two consecu-
ive deployment periods were then combined to show patterns
f detection per year. 
To distinguish individual core areas from short-term tran-

ient movements, we filtered the detection history of each fish
ased on detection frequency per receiver station. For each in-
ividual, receiver stations were ranked by detection count, and
nly those contributing to a cumulative sum of 90% of total
etections were retained. These high-use stations were inter-
reted as core areas, under the assumption that higher detec-
ion frequencies reflect longer residence times or repeated use.
tations contributing to the remaining 10% of detections were
xcluded as they likely represent short-term or exploratory
isits. The resulting core area dataset was then compared to
he full dataset to evaluate the influence of transient move-
ents on overall spatial distribution. 

iming and duration of Wadden Sea residence 
iming of arrival and departure from the Wadden Sea were
valuated using the dates of first and last detection in each
ear. As the time of arrival in the tagging year was not known,
rrival and departure dates were only examined in subsequent
eturn years. Individual residence duration was defined as the
ime between first and last detection. To prevent the inclusion
f partial residence periods in our analyses, only individuals
ith residence durations of > 5 d were included (Edwards et
l. 2025 ). 

To quantify the spatial extent of detections within the Wad-
en Sea, we calculated the number of unique receiver stations
hat detected each individual per year. These counts were sum-
arised to characterise the distribution of detections per in-
ividual and across years. Differences in individual station
ounts across years were assessed using a Kruskal-Wallis rank
um test. 

etection frequency 
o assess individual mobility and space use within the Wadden
ea, we first determined the total number of stations where
ach fish was detected. We then calculated a Residency In-
ex (RI), adapted here to reflect individual differences in de-
ectability that may be linked to variation in movement and
abitat use during Wadden Sea residence. Although this is
ot the conventional application of RI, this approach has
reviously been used to compare detectability between grey
ullet species in the Wadden Sea (Edwards et al. 2025 ). RI
as calculated as the number of days a fish was detected in

he Wadden Sea divided by the residence duration in days
Cochran et al. 2019 , Appert et al. 2023 , Kraft et al. 2023 ).
esidence duration was defined as the time between an indi-
idual’s first and last detection and was calculated only for
eturn years in which the timing of arrival could be deter-
ined. To minimize the inclusion of partial residence peri-
ds − e.g. during which a fish was detected only while entering
r leaving the array − only individuals with residence dura-
ions > 5 days were included in the analysis (Edwards et al.
025 ). 

RI = N detection days 
Residence duration 

(
days 

)

RI values approaching 1 indicate near-continuous detection
hroughout the seasonal residence period, while lower values
uggest infrequent detection, possibly due to movement or res-
dency beyond detection range. 

pace use and site fidelity 
tations included in the 90% core use areas were used to as-
ess variation in space use and site fidelity both within and
mong individuals. Space use extent was quantified as the
aximum pairwise distance between stations within each in-
ividual’s 90% core area, serving as a coarse proxy to com-
are the relative scale of space use among individual sea
ass. 
Site fidelity was assessed based on annual shifts in the cen-

re of activity, calculated as the weighted mean position of
eceiver stations in the core area with detection frequency
sed as the weighting factor. This provides a simplified and
tandardised estimate of central tendency in space use. Pair-
ise distances between an individual’s annual centres of ac-

ivity were used as a proxy for interannual site fidelity, with
maller distances reflecting greater consistency in space use
cross years. 

epeatability analyses 
or individuals detected in the Wadden Sea across multiple
ears, repeatability analyses were conducted using the rptR
ackage (Stoffel et al. 2017 ) to assess annual repeatability in
rrival and departure timing, core area extent, and the dis-
ance between activity centres within individuals. This ap-
roach applies mixed-effects models with parametric boot-
trapping to calculate a repeatability index (R), which quan-
ifies the proportion of total variance attributed to individual
ifferences. R is computed as the among-individual variance
ivided by the sum of among- and within-individual variances,
anging from 0 to 1, where higher values indicate greater in-
ividual consistency over time. 
Prior to assessing repeatability, linear mixed-effects mod-

ls were fitted to each response variable using the lmer func-
ion in the lme4 package (Bates et al. 2015 ), with year as
 fixed effect and fish ID as a random effect, to assess
esidual normality. Simulated residuals were generated us-
ng the simulateResiduals function in the DHARMa pack-
ge (Hartig 2024 ). Residuals for distance between activ-
ty centres showed right-skew and were normalised using
 natural log transformation. However, transformations for
eparture timing and core area extent failed to normalise
he residuals, therefore results should be interpreted with
aution. 

To evaluate the potential effects of zero inflation, repeata-
ility analyses were conducted using both the full dataset and
 filtered subset excluding zeros. As results were highly corre-
ated, final analyses used the full dataset for increased sample
ize (see Supplementary Materials). Final models were fitted
sing the rptR package assuming a Gaussian distribution, us-
ng the recommended number of 1000 parametric bootstrap
terations and 0 permutations (Stoffel et al. 2017 ). Fish ID was
ncluded as a random effect (also referred to as the grouping
actor the rptR syntax), and year was included as a fixed effect
or arrival timing, departure timing, and core area extent. As
he distance between activity centres, which is a relative mea-
ure based on comparisons between two return years, paired
ears of detection were included as the fixed effect. 
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Results 

Tagging summary 

A total of 208 adult sea bass were tagged with acoustic 
transmitters ( Fig. 1 a), of which 140 individuals were detected 

(67%). Among these, 10 were identified as confirmed mortal- 
ities (via animal or internal tag recovery) or potential mortal- 
ities (via prolonged detection at a single station) (see Supple- 
mentary Materials). Detection rates were higher for fish cap- 
tured with fyke nets (94%, 48 fish tagged) than with gillnets 
(59%, 160 fish tagged). As capture method coincided with fac- 
tors such as location, timing, and fish size, these differences 
should be interpreted as associations rather than causal ef- 
fects. 

Sea bass detections at regional scales 

A total of 127 037 filtered detections were recorded by 214 

receiver stations in the Dutch Wadden Sea (105 stations,
65% of detections), North Sea (78 stations, 34% of detec- 
tions), and English Channel (31 stations, 1% of detections) 
( Table 2 , see Supplementary Materials for array summaries).
Excluding mortalities, 130 fish were included in the follow- 
ing analyses (40-75 cm total length [TL]; median = 51.1 

cm). 
Sea bass were detected in each region—Wadden Sea, North 

Sea, and English Channel—across all seasons ( Fig. 1 , 2 , Table 
2 ). Temporal overlap in fish presence occurred year-round,
with fish detected in all regions simultaneously from March- 
August and from November-December. 

Presence in the Wadden Sea spanned from March to De- 
cember ( Table 2 ). In total, 123 fish were detected in the 
Wadden Sea, of which 50 (41%) were detected over multi- 
ple years (two years: N = 24 [20%], three years: N = 25 

[20%], four years: N = 1 [ < 1%]) ( Fig. 2 b). Peak detec- 
tions occurred in May-June and September-October each year,
indicating a summer residency period and potential migra- 
tion through the array en route from and to the North Sea 
( Fig. 2 a). 

In the North Sea, fish were detected during all months 
( Table 2 ). Peak occurrence aligned closely with trends from 

the Wadden Sea, with most detections and highest fish 

counts recorded in spring (April-May) and autumn (October- 
November) ( Fig. 2 a). Over 55% of all detected fish were ob- 
served in the North Sea (N = 72), of which 22 were rede- 
tected for two or three years (N = 22, N = 4, respectively) 
( Fig. 2 b). 

Lastly, 16 fish were detected in the English Channel, of 
which 2 were redetected over two years. Detections were 
recorded throughout most of the year, except September and 

October, with peak detections recorded in April, May, and De- 
cember ( Table 2 , Fig. 2 ). 

Regional connectivity and seasonal migrations 

Sea bass detections outside the Wadden Sea revealed large- 
scale regional connectivity ( Fig. 3 ). During the study period,
55% of detected fish exhibited westward movements from 

the Wadden Sea to the southern North Sea (48% detected 

in both regions; median distance = 200 km, IQR = 186–
228), while 12% reached the English Channel—the furthest 
extent of observed migrations (median distance = 452 km,
IQR = 244–600). Thirteen fish were detected in all three re- 
gions ( Fig. 2 ), but only one individual was detected east of the 
WIMWAY array area near the Ems-Dollard (Fish ID: SB220) 
 Fig. 1 c, 3 ). 

Westward migrations from the Wadden Sea peaked in au- 
umn (destination North Sea: N = 43 and English Channel:
 = 10), with fewer movements in spring (N = 7, N = 2) and

ummer (N = 11, N = 1) ( Fig. 3 ). Three individuals were de-
ected in the North Sea before reaching the English Channel.
astward migrations from the English Channel were less fre- 
uent, occurring mostly in spring (North Sea: N = 6, Wadden
ea: N = 2). In contrast, the North Sea showed high bidirec-
ional connectivity with the Wadden Sea, with many fish mov-
ng eastward in spring (N = 20), followed by autumn (N = 11)
nd summer (N = 9) ( Fig. 3 ). 

While many large-scale movements were observed, some 
sh traversed large areas undetected. Six fish were first de-
ected in the North Sea after being tagged in the Wad-
en Sea, while seven were detected only in the Wadden Sea
nd English Channel ( Fig. 3 ). Two fish were exclusively de-
ected in the North Sea over 2–3 years (Fish ID: SB26,
B132; Fig. 2 b). A further eight fish left and returned to the
adden Sea over multiple years without detections elsewhere 

 Fig. 2 b). 
Maximum distance travelled ranged from 191 to 700 km 

median = 244 km) across 74 fish detected outside the Wad-
en Sea. Fish length had a significant negative effect on max-
mum distance ( β = –0.029 ± 0.010, P < 0.01), suggesting
hat larger individuals tended to remain closer to the Wad-
en Sea. Maximum distance travelled also varied significantly 
y season, with the shortest distances observed in summer 
 β = –1.36 ± 0.27, P < 0.001), followed by autumn ( β =
0.70 ± 0.26, P < 0.001) and spring ( β = –0.58 ± 0.27,
 = 0.03), relative to those observed in winter. 

iming and duration of Wadden Sea residence 

ea bass showed a strong seasonal association with the 
adden Sea with arrival beginning in late March (median 

ate = May 22) ( Table 3 , Fig. 4 a). Departures ranged from
arly April to late December (median date = Oct 13) ( Fig.
 a, Table 3 ). While in the Wadden Sea, most sea bass were
etected by few receiver stations (median = 4, IQR = 3–6)
ith no significant differences in the median number of sta-

ions by which fish were detected across years ( χ2 = 0.96,
f = 1, p-value = 0.33) ( Fig. 4 b). In general, sea bass ex-
ibited low RI values (median = 0.10, IQR = 0.04–0.25),
owever, strong residency near one or more receiver sta- 
ions was also observed, reaching a maximum RI of 0.82
 Fig. 4 b). 

atterns of occurrence in the Wadden Sea 

ver three years, sea bass detections were broadly distributed 

hroughout the array area, with higher concentrations near 
he tidal inlets and fewer fish detected in the central Wadden
ea near the inner reaches of the tidal gully systems ( Fig. 5 a).
elative to the full dataset, 90% core areas included fewer

otal stations, but showed little difference in overall distribu- 
ion, indicating that some stations detected only brief forays 
utside the core use areas (grey dots, Fig. 5 b). Receiver sta-
ions detected a median 25 fish per year (IQR = 6–156), with
ost detections recorded in the first tagging year near release

ocations in the Marsdiep Channel and near Terschelling ( Fig.
 b, 5 b). 
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Table 1. Overview of sea bass (Dicentrarchus labrax) tagged in the Dutch Wadden Sea in summer 2021 and 2022, excluding likely mortalities. 

Capture region 
Capture 
method 

Tagging 
months N tagged N detected Median length Length IQR V13AP V13 V16 

Texel Fyke May-July 48 43 51 46–58 10 31 2 
Balgzand Gillnet June-July, Sept 94 38 52 49–57 0 28 10 
Terschelling Gillnet June 32 24 51 49–56 5 18 1 
Eierlandse Gat Gillnet June-July 24 16 51 48–54 0 12 4 
Texel Gillnet June 9 9 48 44–50 0 9 0 
Kornwerderzand Gillnet July 1 1 60 0 0 1 

Lengths refer to total length in cm. V13AP, V13, and V16 refer to transmitter models and are listed with numbers deployed. 

Table 2. Summary of acoustic detections from May 2021 to June 2024 for 130 sea bass (Dicentrarchus labrax) tagged in the western Dutch Wadden Sea. 

Region N fish N stations N detections N Years Months 

Wadden Sea 123 105 81 946 4 March-Dec 
North Sea 72 78 43 633 4 Jan-Dec 
English Channel 16 31 1458 3 Jan-Aug, Nov-Dec 

Data sourced from the Swimway array and the European Tracking Network database: https://www.lifewatch.be/etn/
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ndividual space use and site fidelity in the Wadden 

ea 

ndividual sea bass exhibited diverse movement behaviours
haracterised by differences in detection frequency, core area
xtent, and site fidelity. Core area extent and the distance
etween core area centres were analysed for 34 individuals
etected in at least two years, allowing for an assessment
f individual repeatability (illustrated for 4 individuals in
ig. 6 ). 
In general, limited space use (small core area extent) was as-

ociated with high detection counts and increased site fidelity
short distances between core area centres), whereas larger-
cale space use tended to correspond with lower detection
ounts and reduced site fidelity. Core area extent in a given
ear ranged from 0 to 54 km (IQR = 0–7.9) with a median of
 km, indicating limited spatial dispersion during the summer
esidence period ( Fig. 7 ). For 14 individuals in each year (24
verall), core areas consisted of a single receiver station and
ere associated with high detection counts (median = 122,

QR = 49–369). In contrast, core areas spanning 2 to 7 sta-
ions (median = 2, IQR: 2–3) had lower detection counts (me-
ian = 45, IQR: 20–113). 
Site fidelity was quantified using pairwise distances between

ctivity centres (the weighted mean coordinates of core area
tations) across all detected years. The median distance be-
ween activity centres was 3.3 km (IQR = 0–7.5), demonstrat-
ng a general pattern of small-scale site fidelity ( Fig. 7 ). Six-
een individuals showed minimal interannual variation, with
ore area centres separated by < 1 km in at least two consec-
tive years. For four individuals, this pattern persisted across
ll three years ( Fig. 7 ). Most fish (79%, N = 27) had core area
hifts of < 10 km between years, while only one individual
SB77) exhibited a shift greater than 25 km. 

epeatability in migration timing and space use 

epeatability analyses were conducted for 42 sea bass that
eturned to the Wadden Sea over 2–3 consecutive years to as-
ess individual variation in migration timing and space use.
rrival timing showed moderate repeatability, with among-

ndividual variation accounting for 31% of the total variance
R = 0.31, SE = 0.2, P = 0.08) ( Fig. 8 ). Within-individual vari-
tion accounted for 69% of the total variance, with significant
ifferences across years (SE = 7.97, t = 2.14, P < 0.05). 
In contrast, sea bass exhibited high repeatability in de-

arture timing, with among-individual differences explain-
ng 86% of the total variance (R = 0.86, SE = 0.06,
 < 0.05) ( Fig. 8 ). Space use (core area extent) was also
ighly repeatable, indicating consistent individual scales of
pace use over time (R ( Fig. 8 ). Repeatability in the dis-
ance between activity centres was very high (R = 0.79,
E = 0.08, P < 0.05), reflecting strong site fidelity across years
 Fig. 8 ). 

iscussion 

ea bass tagged in the Wadden Sea demonstrated large-scale
easonal migrations linking this region to coastal and offshore
aters in the Netherlands, Belgium, and the UK. Temporal
verlap in sea bass presence was observed across the Wadden
ea, southern North Sea, and English Channel, with most indi-
iduals exhibiting summer residency in the Wadden Sea, punc-
uated by spring and autumn migrations to and from the area
nd achieving maximum migration distances in winter. Fish
ength had a negative influence on migration distance, with
arger individuals remaining closer to the Wadden Sea. No sea
ass were detected in the Wadden Sea during winter, providing
o evidence for partial migration in the region. Median arrival
nd departure dates were in May and October, with a typical
ummer residence period of ∼4.5 months. While migration
iming varied among fish, departure dates were highly repeat-
ble. Within the Wadden Sea, individual detection profiles il-
ustrated diverse movement behaviours underlying a broader
istribution. Limited space use, characterized by small core ar-
as, was associated with high detection counts and strong site
delity, while large-scale space use was often associated with
ower detection counts and reduced site fidelity. 

For migratory species, decisions regarding the timing, fre-
uency, and destinations of migration can have profound
onsequences for both survival and reproductive success
Reséndiz-Infante and Gauthier 2020 , Hulthén et al. 2022 ).
nderstanding these movements is particularly important for
ommercially exploited species, where individual migration

https://www.lifewatch.be/etn/
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Figure 2. Detection profiles of sea bass ( Dicentrarchus labrax ) tagged in the Dutch Wadden Sea from May-September 2021 and 2022 and detected from 

2021–2024. (A) Number of unique fish detected per week in three regions. (B) Individual detection profiles coloured by region with open circles 
indicating the date of tagging and release. 

s  

t  

n
o

patterns also reveal regional connectivity between local pop- 
ulations and stocks, thereby informing fisheries management 
(Crossin et al. 2017 , Özgül et al. 2024 ). This study used acous- 
tic telemetry to characterise large-scale migrations and local 
pace use over a vast study area. Many individuals were de-
ected across the Wadden Sea, North Sea, and English Chan-
el, with extensive receiver networks enabling the tracking 
f full migratory cycles and highlighting strong connectiv- 
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Figure 3. Sea bass ( Dicentrarchus labrax ) movements between the Wadden Sea, North Sea, and English Channel across seasons. Nodes represent 
individual receiver stations, scaled in size by the number of fish detected. Curved lines represent fish movements between receiver stations and are 
right-hand curved from origin to destination. 

Table 3. Arrival and departure dates, residence duration, and Residency 
Index (RI) for 42 sea bass (Dicentrarchus labrax) detected in the Dutch 
Wadden Sea in subsequent years after tagging (N = 59 observations). 

Category Median Median date IQR 

Arrival 141 May 22 126–159 
Departure 285 Oct 13 263–296 
Residence duration 136 98–159 
RI 0.10 0.04–0.25 

Data include only residence periods > 5 d. Median arrival and departure 
dates and interquartile ranges (IQR) are shown as day-of-year (DOY). 
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ty between the southern North Sea and Wadden Sea ( Fig.
 , 3 ). However, limited winter detections suggest that poten-
ial overwintering and spawning areas used by Wadden Sea
igrants are not covered by current receiver networks ( Fig. 3 ).

n addition, incompatibility between tags and receivers from
ifferent manufacturers continues to limit broad-scale detec-
ions, as shown by our inability to track movements into re-
ions covered by alternative systems ( e.g. along the northern
rench coastline), likely preventing the detection of fish mi-
rating to and from the southern English Channel. Greater
ompatibility across European telemetry networks is needed
o enhance data collection and clarify stock mixing (Reubens
t al. 2021 ). Meanwhile, tagging studies from France, Belgium,
nd the UK have demonstrated the value of data storage tags
or identifying important areas beyond current receiver cov-
rage (Quayle et al. 2009 , de Pontual et al. 2013 , Le Luherne
t al. 2022 , Goossens et al. 2024 ). These studies not only im-
rove our understanding of sea bass behaviour, particularly
n areas not covered by the current arrays, and but also high-
ight opportunities to better align receiver networks with fish
igrations and spawning habitats. 
Constraints on receiver placement in the Wadden Sea re-

ulted in incomplete and unbalanced coverage, posing chal-
enges for analysing sea bass movements. Low RI values (me-
ian = 0.10) suggest that fish spent time outside the array or
eyond detection range ( Table 3 , Fig. 4 ). Receiver placement
as limited to the subtidal gully systems, potentially leading to
nderestimation of fish presence in intertidal areas. Field ob-
ervations of large fish crossing submerged mudflats at high
ide suggest that use of intertidal areas beyond receiver cov-
rage may have contributed to low RI. Archived depth and
emperature data, combined with periods of absence in detec-
ions, could provide insights into habitat associations related
o tidal height and temperature. 

Differences in post-tagging detection probability may re-
ect both unequal mortality between capture methods and
ariation in the proximity of release sites to nearby receivers.
hile physical injuries and longer handling times associated
ith gillnetting may have increased mortality rates relative

o fyke-captured fish, receiver placement may have also con-
ributed to reduced detection rates. Specifically, fyke-captured
sh were released near a dense array of receivers in the
arsdiep, a major tidal inlet and migration corridor. In con-

rast, most gillnet-captured fish were released in the Balgzand,
here receiver coverage was sparse due to the extensive inter-

idal areas. 
Although our four-year dataset does not allow direct as-

essment of climate-driven changes, broader evidence indi-
ates that warming can influence migration strategies in par-
ially migratory species (Berthold 2001 , Boom 2022 ). While
artial migration occurs elsewhere in the species’ range, our
ata showed no evidence of full-time residency among sea
ass tagged in the Wadden Sea, suggesting that strong sea-
onal cooling may drive sea bass to deeper waters in winter.
n Belgium, tagged sea bass overwintered in a marine har-
our with a median winter temperature of 6.9◦C (Goossens
t al. 2023 ). Anecdotal reports also indicate overwintering
ear warm-water outflows in Dutch coastal waters (Bierman
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Figure 4. Timing and duration of seasonal residence for sea bass ( Dicentrarchus labrax ) detected in the Dutch Wadden Sea in subsequent years after 
t agging . Individuals included had residence durations of > 5 d. (A) Timing of arrival and departure inferred from first and last detections per year. (B) 
Timing of individual detections (dots) and residence duration (bands). Colour gradient corresponds to the Residency Index (RI) values displayed to the 
right of each detection profile. 

m
g
t

et al. 2010 ), though these sites were not detected in our ar- 
ray. Given the 1.5◦C increase in the Wadden Sea’s temperature 
over the past 25 years (van Aken 2008 ), continued warming 
ay gradually promote year-round residency and partial mi- 
ration, highlighting the importance of ongoing monitoring at 
he leading edge of the species’ range. 
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Figure 5. Distribution of sea bass ( Dicentrarchus labrax ) detections in the Wadden Sea. Open circles represent receiver stations without detections. 
Tagging locations in 2021 and 2022 are denoted by an X. Top panels (A) show 100% of recorded detections while lower panels (B) show receivers 
included in the 90% core areas of detected individuals (orange) and receivers with detections excluded from the 90% core areas (dark grey). 
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Consistent individual differences in migratory behaviour
nd space use have been observed across taxa (Chapman et al.
011 , Ersoy et al. 2024 ). For sea bass, departure timing, core
rea size, and distance between activity centres were highly
epeatable, indicating individually consistent migratory be-
aviour and local space use within the Wadden Sea. Compar-
ng the full detection from within the Wadden Sea to the 90%
ore areas illustrated a broad overall distribution of sea bass
ith limited individual movements during the summer resi-
ence period ( Fig. 5 ). The exclusion of brief forays showed
hat most fish had core areas covering < 10 km, often includ-
ng only a single receiver station. This, along with high de-
ection rates for short-ranging individuals, indicates fine-scale
easonal residency and strong site fidelity, similar to other
ummer foraging habitats across Europe (Kennedy and Fitz-
aurice 1972 , Pawson et al. 1987 , Pawson et al. 2007 , 2008 ,
oyle et al. 2017 , Stamp et al. 2021 , Goossens et al. 2023 ). 
Previous studies have shown that fine-scale residency and

igh site fidelity increase the vulnerability of sea bass pop-
lations to local depletion in coastal foraging areas, po-
entially affecting mixed populations across their migratory
ange (Doyle et al. 2017 , Goossens et al. 2024 ). As one of
urope’s most valuable fish species, sea bass are targeted in
utch waters by both recreational and inshore commercial
sheries (vessels < 12 m), contributing approximately 3% of
otal EU landings (EUMOFA 2021 ). Despite being common
cross the Wadden Sea (Jager et al. 2009 ), their low catch-
bility in regional surveys limits our understanding of local
opulation status (Bolle et al. 2009 ). 
Acoustic telemetry is a powerful tool for assessing be-

aviours shaping population distribution and abundance.
his study highlights the risk of local depletion in sea-
onal habitats like the Wadden Sea and emphasises the need
or coordinated management across the Wadden Sea, south-
rn North Sea, and English Channel. Further research on
ne-scale behaviours in seasonal habitats and the identifica-
ion of overwintering and spawning habitats in the North
ea and English Channel would be beneficial for effective
anagement. 

onclusion 

n the northeast Atlantic, understanding the large-scale con-
ectivity and seasonal movements of European sea bass
s essential for effective fisheries management. Over recent
ecades, sea bass have expanded their range and increased
n abundance in the Wadden Sea, contrasting with declines
long the Atlantic coasts and the English Channel. Within the
adden Sea, sea bass exhibited diverse movement behaviours,

ncluding frequent fine-scale residency and localised site fi-
elity. Our findings also highlight strong regional connectiv-
ty between the Wadden Sea, southern North Sea, and English
hannel, along with consistent movement patterns within a

ummer feeding ground. 
By linking these movement patterns to stock delineation

nd potential risks such as localized depletion, this study pro-
ides valuable insights for the sustainable management of sea
ass populations. Expanding telemetry networks to identify
nd monitor overwintering and spawning areas will be essen-
ial for gaining a more comprehensive understanding of the
ull migratory cycle. 
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Figure 6. Individual multi-year movement patterns for four sea bass ( Dicentrarchus labrax ) detected in the Wadden Sea. X indicates tagging location. 
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Figure 7. Repeated measurements of space use for individual sea bass ( Dicentrarchus labrax ) (depicted by each line) during consecutive years of 
summer residence in the Wadden Sea. (a) Maximum extent between receivers in the 90% core area examined per individual across years. (b) Pairwise 
dist ance bet ween core area centres, compared across groups of 2–3 years. 

Figure 8. Individual repeat abilit y in migration timing (arrival and departure dates) and space use (extent of 90% core areas and dist ance bet ween activit y 
centres) for sea bass ( Dicentrarchus labrax ) detected over multiple years in the Wadden Sea. 
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